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The convers ion  o f  w i l d  t ype  (p') t o  cy top lasmic  p e t i t e s  (p - )  i n  
Saccharomyces cerevis iae,  a m u t a t i o n  i n  m i t o c h o n d r i a l  DNA, can be 
brought  about w i t h  h i g h  e f f i c i e n c y  by low concen t ra t i ons  o f  e t h i -  
dium bromide (EB). The r a t e  and e x t e n t  o f  mutagenesis and i t s  
exp ress ion  can be i n f l u e n c e d ,  and even reversed,  by a number o f  
g e n e t i c  l e s i o n s ,  agents o r  t reatments a f f e c t i n g  m i t o c h o n d r i a l  
s t r u c t u r e  and metabolism. Among them a r e  i n c u b a t i o n  a t  45" ,  expo- 
su re  t o  An t imyc in  A ,  growth on d i f f e r e n t  carbon sources and the  
presence o r  absence o f  2 d i f f e r e n t  gene products  p r e v i o u s l y  i m -  
p l i c a t e d  i n  t h e  r e p a i r  o f  UV induced l e s i o n s  i n  m i t o c h o n d r i a l  DNA. 
Based on these obse rva t i ons  a model f o r  EB mutagenesis i s  advanced 
which p o s t u l a t e s  a complex between m i t o c h o n d r i a l  DNA and the  i n n e r  
membrane as the  t a r g e t  s u s c e p t i b l e  t o  m o d i f i c a t i o n  by EB. T h i s  
model p r e d i c t s  t h a t  a l t e r e d  membranes should l ead  t o  changes i n  
t h e  s u s c e p t i b i l i t y  o f  c e l l s  t o  t h e  mutagenic a c t i o n  o f  EB. Th i s  
p r e d i c t i o n  has been v e r i f i e d  by comparing c e l l s  t h a t  c o n t a i n  one 
o f  2 s t r u c t u r a l l y  q u i t e  d i s t i n c t  monounsaturated C 1 8  f a t t y  ac ids  
i n  t h e i r  m i t o c h o n d r i a l  p h o s p h o l i p i d s :  g r e a t e r  r e s i s t a n c e  t o  
mutagenesis and ease o f  thermal p r o t e c t i o n  i s  e x h i b i t e d  when 
c e l  Is - and m i tochondr ia  - c o n t a i n  o l e i c  (Ageis, m.p. <5")  r a t h e r  
than p e t r o s e l i n i c  (A6cis, m.p. 28') a c i d  i n  t h e i r  phospho l i p ids .  
As a c o r o l l a r y ,  s t u d i e s  on EB mutagenesis and m i t o c h o n d r i a l  DNA may 
be used as probes f o r  t h e  m i t o c h o n d r i a l  i n n e r  membrane t o  reveal  
some perhaps novel  f u n c t i o n s .  

1, INTRODUCTION 

The phenan th r id in ium dye e t h i d i u m  bromide (EB) i s  f i n d i n g  i n c r e a s i n g  use as a 
most v e r s a t i l e  probe f o r  v a r i o u s  aspects o f  t he  s t r u c t u r e  and f u n c t i o n  o f  ex- 
trachromosomal genomes (1 -8 ) .  When added t o  yeas t  c e l l s  o f  v a r i o u s  species,  
f o r  i ns tance ,  t he  dye a t  low concen t ra t i ons  has been shown t o  be capable o f  
s e l e c t i v e l y  i n t e r f e r i n g  w i t h  t h e  d u p l i c a t i o n  (9-12) ,  t r a n s c r i p t i o n  (13, Ik)  
and even tua l  exp ress ion  o f  m i  t o c h o n d r i a l  DNA (mtDNA) ( l2 ,15-18) .  Among i t s  
most s t r i k i n g  e f f e c t s  - e x e r t e d  on f a c u l t a t i v e  anaerobic  yeas t  such as Sac- 
charomgees cereuisiae - i s  i t s  a b i l i t y  t o  induce t h e  cy top lasmic  p e t i t e  ( p - )  
m u t a t i o n  i n  a l l  t h e  c e l l s  o f  a p o p u l a t i o n  ( l 6 , 1 9 ) .  I n  t h i s  regard,  as w e l l  
as i t s  m u t a g e n i c i t y  i n  t h e  complete absence o f  c e l l u l a r ,  o r  m i t o c h o n d r i a l ,  
growth and d i v i s i o n ,  i t  appears t o  d i f f e r  fundamenta l ly  f rom the  s u p e r f i c i a l l y  

t Present  address: Department o f  Genet ics ,  Ohio S t a t e  U n i v e r s i t y ,  
621 B i o l o g i c a l  Sciences Bldg. ,  484 W .  12 th  Ave., Columbus, Ohio 43210. 

$ P u b l i c a t i o n  No. 2030. 

Copyr ight  0 1972 Alan R. L i ss .  Inc.  
150 F i f t h  Avenue, New York, N.Y. 10011 105 



VOL.  1 ,  NO. 2 J O U R N A L  OF SUPRAMOLECULAR S T R U C T U R E  

s i m i l a r  a c t i o n  o f  o t h e r  i n t e r c a l a t i n g  molecules such as t h e  a c r i d i n e s  (20,21). 
The mo lecu la r  c o r r e l a t e  o f  t h e  f o r m a t i o n  o f  mtDNA-containing p- c e l l s  i n  a 
p o p u l a t i o n  i s  t h e  gradual  disappearance o f  p a r e n t a l  mtDNA and i t s  replacement 
by a c o l l e c t i o n  o f  progeny molecules,  heterogeneous i n  s i z e ,  buoyant d e n s i t y  
and con ten t  o f  g e n e t i c  markers (9,10,22,23). 

I t  i s  t h e  purpose o f  t h i s  r e p o r t  t o  demonstrate t h a t  c e r t a i n  aspects  o f  
t h i s  mutagenesis by EB appear t o  be s u s c e p t i b l e  t o  a v a r i e t y  o f  s u b t l e  a l t e r -  
a t i o n s  i n  c e l l u l a r  and m i t o c h o n d r i a l  phenotype and genotype, n o t  r e a d i l y  i n t e r -  
p r e t a b l e  i n  terms o f  a l t e r a t i o n s  e x c l u s i v e l y  i n  mtDNA.  I n  consequence, i t  seems 
reasonable t o  p o s t u l a t e  a complex between m t D N A  and t h e  i n n e r  m i t o c h o n d r i a l  
membrane as t h e  i n i t i a l  t a r g e t  f o r  i n t e r a c t i o n  w i t h  EB. As a c o r r e l a t e ,  s t u d i e s  
on E B  mutagenesis may revea l  h i t h e r t o  u n a n t i c i p a t e d  f u n c t i o n s  o f  t h e  mitochon- 
d r i a l  i n n e r  membrane. 

(a) S t ra ins  and growth conditions 

The f o l l o w i n g  s t r a i n s  were used i n  these s t u d i e s .  

Genotype S t r a i n  P l o i d y  Source Remarks 
n u c l e a r  m i t o c h o n d r i a l  

Fleischmann d i p l o i d  P +  comme r c  i a 1 s tandard  
s t r a i n  

N123 h a p l o i d  ahis; P+ E .  Moustacchi s tandard f o r  
uvs s t r a i n s  

U V S  P 5  h a p l o i d  ahis; ( p 5 )  P +  E. Moustacchi chromosomal 
uvs p 

uvs p72 h a p l o i d  ahis; p+ ( ~ 7 2 )  E .  Moustacchi may be m i t o -  
chond r i a 1 

KD 115 h a p l o i d  oZe-1-2 P+ A. K e i t h  desaturase 
nega t i ve  

I L-8-8C h a p l o i d  ahis-try- p+CRER P. S lon imski  CAP,Erythro 
r e s i s t a n t  

A l l  s t r a i n s  were c u l t u r e d  a t  30" w i t h  a e r a t i o n  on s e m i s y n t h e t i c  media (18,24) 
supplemented w i t h  his or  f a t t y  ac ids ,  as r e q u i r e d ,  w i t h  1 o r  5% g lucose,  3% 
l a c t a t e ,  o r  3 %  g l y c e r o l  as carbon source.  A l l  c e l l s  were always i n  e a r l y  t o  
mid-exponent ia l  phase ( < l o 7  per  m l ) ;  thus t h e i r  l e v e l  o f  r e s p i r a t o r y  enzymes 
was f u l l y  repressed when grown on g lucose,  and l a c t a t e  and g l y c e r o l  grown c e l l s  
were f u l l y  derepressed. These 2 c u l t u r e  c o n d i t i o n s  y i e l d  c e l l s  which a r e  d i s -  
t i n c t l y  d i f f e r e n t  m o r p h o l o g i c a l l y  and b i o c h e m i c a l l y .  Wi th  respec t  t o  mutagen- 
e s i s  by E B  and r e l a t e d  man ipu la t i ons  they a r e  q u a l i t a t i v e l y  b u t  n o t  q u a n t i t a -  
t i v e l y  s i m i l a r .  

(b)  PZating conditions 

C e l l  number and t h e  p r o p o r t i o n  o f  p e t i t e s  i n  a p o p u l a t i o n  were measured 
by p l a t i n g  a s u i t a b l y  d i l u t e d  a l i q u o t  o f  c e l l s  on s o l i d  media (2% agar)  con- 
t a i n i n g  0.1 or 1 %  g lucose,  3% l a c t a t e ,  3% g l y c e r o l  o r  0.1% g lucose p l u s  3% l a c -  
t a t e  o r  g l y c e r o l .  The p r o p o r t i o n  o f  p+ c e l l s  was measured i n  d i f f e r e n t  ways 
depending on the  carbon source p resen t  i n  t h e  agar :  1 )  1 %  g lucose - t e t r a -  
zo l i um (TTZ) o v e r l a y  procedure o f  Ogur e t  a l .  (25) which causes p+ c e l l s  t o  
t u r n  red w h i l e  p-  remain w h i t e ;  2)  0.1% g lucose p l u s  3% l a c t a t e  o r  g l y c e r o l  - 
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P -  c e l l s  f o rm smal l  c o l o n i e s  w h i l e  p+ c e l l s  form l a r g e  ones; 3 )  3% l a c t a t e  o r  
3% g l y c e r o l  - o n l y  p+ c e l l s  form c o l o n i e s .  I n  t h i s  l a s t  case t h e  f r a c t i o n  o f  
p+ c o l o n i e s  may be es t ima ted  f rom t h e  r a t i o :  
on 1 %  glucose.  

observed; these were scored as p'. 
( < I S %  o f  p+) when p+ = 15 t o  99%. 
t o r e d  c e l l s  u s u a l l y  accounted f o r  more than  50% o f  t h e  p+ c o l o n i e s ;  i t  has been 
proposed t h a t  such c o l o n i e s  r e s u l t  f rom drug- induced g e n e t i c a l l y  i n t e r m e d i a t e  
c e l l s .  Values shown a r e  means o f  d u p l i c a t e  o r  t r i p l i c a t e  p l a t i n g s .  

S o l u t i o n s  o f  EB and a c r i f l a v i n  were prepared f r e s h  d a i l y  and used i n  f o i l  
wrapped con ta ine rs .  The EB c o n c e n t r a t i o n  was c a l c u l a t e d  f o r  each sample based 
on the  absorbance a t  480 nm w i t h  a m i l l i m o l a r  e x t i n c t i o n  c o e f f i c i e n t  o f  EmM = 
5.65.  

c o l o n i e s  on 3% l a c t a t e  / c o l o n i e s  

On I %  glucose-TTZ p l a t e s ,  sec to red  c o l o n i e s  ( p a r t  red  and p a r t  w h i t e )  were 
I n  genera l ,  sec to red  c o l o n i e s  were r a r e  

When t h e  percentage o f  p+ c e l l s  was low, sec- 

( c )  DNA experiments 

Stud ies  o f  t h e  e f f e c t s  o f  EB on mtDNA were done e s s e n t i a l l y  as desc r ibed  
p r e v i o u s l y  ( 1 0 ) .  C e l l s  were l a b e l e d  i n  the  presence o f  cyc loheximide (CH) which 
causes a c e s s a t i o n  o f  n u c l e a r  DNA (nDNA) syn thes i s  w i t h o u t  a f f e c t i n g  mtDNA syn- 
t h e s i s ;  i n  t h i s  way m t D N A  was p r e f e r e n t i a l l y  l a b e l e d  and thus  cou ld  be s t u d i e d  
i n  e x t r a c t s  o f  whole c e l l s .  S p e c i f i c  d e t a i l s  a r e  presented i n  t h e  f i g u r e  l e -  
gends. 

(d)  Materials 

A c r j f l a v i n ,  a n t i m y c i n  A ,  ch loramphenico l ,  cyc loheximide,  e t h i d i u m  bromide 
and t r i p h e n y l - t e t r a z o l i u m  c h l o r i d e  were purchased f rom Sigma Chemical Co. CsCl 
was ob ta ined  f rom Harshaw Chemical Co.; 8 [ l 4 C 1  and [3H]adenine (52.6 m C i  p e r  
mmole and 23.4 C i  p e r  mmole r e s p e c t i v e l y )  were ob ta ined  f rom New England Nuclear .  
Erythromycin g lucoheptonate was k i n d l y  donated by E l i  L i l l y  Co. D l e i c  and 
p e t r o s e l  i n i c  a c i d  (299% pure)  were purchased f rom t h e  Hormel 
Minn. 

I n s t i t u t e ,  A u s t i n ,  

3, RESULTS 

(a) I n i t i a l  observations and def ini t ions 

These s t u d i e s  had t h e i r  i n c e p t i o n  w i t h  o u r  d i scove ry  t h a t  EB mutagenesis 
appeared t o  i n v o l v e  an i n i t i a l  t he rmoreve rs ib le  phase ( 2 6 ) .  Simul taneously ,  
S lon imski  and h i s  c o l l a b o r a t o r s  r e p o r t e d  t h a t  c e l l s  c o u l d  be p r o t e c t e d  f rom 
t h e  a c t i o n  o f  t h e  mutagen by p r i o r  growth on ch loramphenico l ,  o r  exposure t o  
a c r i f l a v i n  (27) .  I n  p a r a l l e l  i n v e s t i g a t i o n s  o u r  two groups showed t h a t  t h e  
m t D N A  o f  c e r t a i n  p e t i t e s  which had r e t a i n e d  a n t i b i o t i c  r e s i s t a n c e  markers, ap- 
peared more r e s i s t a n t  t o  t h e  d e s t r u c t i v e  a c t i o n  o f  EB (23) .  We thus can en- 
v isage 3 p o s s i b l e  modes i n  which some t rea tmen ts  o r  p r e d i s p o s i t i o n  o f  a c e l l  
p o p u l a t i o n  can i n f l u e n c e  i t s  s u s c e p t i b i l i t y  t o  mutagenesis by EB. We s h a l l  
speak o f  protection when t h e  agent i s  added, o r  t rea tmen t  performed, p r i o r  t o  
mutagenesis; o f  competition when i t  and mutagenesis a r e  concur ren t ,  and o f  
reversal o r  cure when the  second agent i s  added o n l y  a f t e r  t h e  mutagenic ex- 
posure has been te rm ina ted  by the  removal o f  a l l  e x t r a c e l l u l a r  EB. 

(b) Alterations of phenotype 

Heat. We have pub l i shed  obse rva t i ons  d e a l i n g  w i t h  the  r e v e r s a l  by h e a t i n g  o f  
l ac ta te -g rown  d i p l o i d  c e l l s ,  mutagenized under nongrowing c o n d i t i o n s  ( s t a r v a -  
t i o n  and EB t rea tmen t  i n  phosphate b u f f e r )  ( 2 6 ) .  The most c h a r a c t e r i s t i c  fea-  
t u r e  was t h e  sharp temperature dependence o f  t h e  e f f e c t s ,  sugges t ing  some co-  
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o p e r a t i v e  phenomenon as i t s  cause. These s t u d i e s  have now been extended t o  a 
number o f  d i f f e r e n t  s t r a i n s ,  h a p l o i d  as w e l l  as d i p l o i d ,  grown and mutagenized 
under a v a r i e t y  o f  d i f f e r e n t  c o n d i t i o n s .  
geny a f t e r  h e a t i n g  such EB induced c e l l s  (EBIC) i n  t h e  range o f  42 t o  45" was 
observed i n  a l l  i ns tances ,  a l t hough  the  p r e c i s e  q u a n t i t a t i v e  parameters remain 
t o  be e s t a b l i s h e d .  

To t e s t  whether t h e  thermal r e v e r s a l  might  be c r i t i c a l l y  dependent on the  
d e n a t u r a t i o n  o f  a macromolecule(s) we nex t  asked whether p r e h e a t i n g  the  c e l l s  
t o  these temperatures a f f e c t e d  t h e  subsequent r a t e  o f  mutagenesis. I n  a con- 
t r o l  exper iment  we f i r s t  e s t a b l i s h e d  t h a t  such hea t  t reatment  had no e f f e c t  
e i t h e r  on i n t r a m i  t o c h o n d r i a l  (cytochrome ox idase,  NADH ox idase ,  and L-malate 
dehydrogenase) and ex t rami  t o c h o n d r i a l  (L-malate and L-g lu tamate dehydrogenases) 
enzymes. As can be seen f rom the  da ta  i n  Table 1 ,  exposing o u r  s tandard,  l a c -  
ta te-grown d i p l o i d  c e l l s  t o  h e a t i n g  f o r  1 h r  i n  b u f f e r  e x e r t e d  a s i g n i f i c a n t  
p r o t e c t i o n  a g a i n s t  subsequent mutagenesis by E B  under e i t h e r  nongrowing o r  grow- 
i n g  c o n d i t i o n s ;  t he  l a t t e r  even a f t e r  1.5 genera t i ons  o f  growth subsequent t o  
t h e  h e a t i n g  s tep .  Thus i f  h e a t i n g  i n v o l v e s  a con fo rma t ion  change o f  a b i o p o l y -  
mer(s) t h i s  event  must be v i r t u a l l y  i r r e v e r s i b l e  and m a i n t a i n  i t s  e f f e c t i v e n e s s  
even w i t h  macromolecules i n  t h e  immediate progeny. 

Inhibi tors  of transcript ion and transZation. 
t o  a c r i f l a v i n  and ch loramphenico l  (CAP) had been repo r ted  by Slon imski  t o  l ead  
t o  p r o t e c t i o n  a g a i n s t  mutagenesis. S ince i t  might  be d i f f i c u l t  t o  d i s t i n g u i s h  
p o s s i b l e  e f f e c t s  by these agents on m i  t o c h o n d r i a l  b i o s y n t h e s i s  (12-18,28-30) 
from ones on m i tochondr ia1  f u n c t i o n  (31-33) we have concen t ra ted  on t h e i r  a b i -  

Q u a l i t a t i v e l y ,  an increase i n  p +  p r o -  

As mentioned a l r e a d y ,  exposure 

TABLE 1 

Protection by preheating 

% p+ ( red  + sec to red )  remain ing 

Phosphate b u f f e r  a a 
(0.1 M, pH 6.5) 
E B  10 min a f t e r  

addinq c e l l s  

L a c t a t e  medium L a c t a t e  medium 
EB 10 min a f t e r  EB 3 h r  a f t e r  
adding c e l l s  adding c e l l s  

Exposure 
(min) t o  
25 pM E B  

I 

30" 45 O 30 45" 30" 45 O 

0 
20 
40 
60 
90 
150 
180 
240 

100 92 96.8 
92 97 
39 74.4 
9.2 89.3 14.4 
3.9 0.9 
2.9 95.1 

93.4 
83 

95 99.4 96.5 
96.2 86 
55.3 

83 8.5 86.2 

91.5 82 
94 77 
89 51 

0.65 

a Generat ion t ime  = 2 h r .  

D i p l o i d  c e l l s  were grown t o  a d e n s i t y  o f  l o 7  per m l  on 3% l a c t a t e  me- 
dium, washed w i t h  0.1 M phosphate b u f f e r ,  pH 6.5 ( r e f e r r e d  t o  as "buf -  
f e r " )  and incubated i n  b u f f e r  a t  2 x l o 7  c e l l s  pe r  m l  f o r  60 min a t  
e i t h e r  30 or 45". C e l l s  were then d i l u t e d  2 0 - f o l d  w i t h  30" media 
as i n d i c a t e d  above. EB was added a t  25 p M  a f t e r  10 min o r  3 h r  o f  
shak ing a t  30". 
t h e  t imes i n d i c a t e d  on 1 %  g lucose  p l a t e s  ( i n  d u p l i c a t e ) .  

Samples were then  d i l u t e d  i n  c o l d  wa te r  and p l a t e d  a t  
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l i t y  t o  e f f e c t  a cu re  o f  E B I C .  E s s e n t i a l l y  q u a n t i t a t i v e  r e v e r s a l  can be achieved 
even w i t h  comp le te l y  repressed c e l l s  by i n c u b a t i n  t h e  E B l C  w i t h  100 UM a c r i f l a -  
v i n  o r  4 mg CAP p e r  m l  f o r  2 h r  i n  b u f f e r  a t  30". 

Antirnycin A .  I n  S. cerevisiae Ant imyc in  A i s  an exceed ing ly  e f f e c t i v e  i n h i b i t o r  
o f  r e s p i r a t i o n  ( w i t h  a b lockade a t  i t s  customary s i t e ,  i . e .  between cytochrome 
b and c1) (34) ,  and o f  a l l  b i o s y n t h e t i c  r e a c t i o n s  d r i v e n  by r e s p i r a t i o n  (17,35). 
On t h e  o t h e r  hand t h e r e  i s  no i n d i c a t i o n  o f  any o t h e r  i n h i b i t o r y  s i t e  a f f e c t e d  
by t h e  compound, and i t  i s  comp le te l y  innocuous toward growth o r  b i o s y n t h e t i c  
even ts  d r i v e n  by fe rmen ta t i on ,  i n c l u d i n g  t h e  e a r l y  f o r m a t i o n  o f  cytochromes 
and r e s p i  r a t o r y  enzymes consequent t o  re lease  f rom ca tabo l  i t e  rep ress ion  ( 3 5 ) .  
I t  thus appeared o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  p o s s i b l e  e f f e c t s  o f  t h e  agent 
on EB mutagenesis w i t h  c e l l s  a t  v a r i o u s  p h y s i o l o g i c a l  s t a t e s .  We found t h a t  
An t imyc in  A a t  exceed ing ly  low c o n c e n t r a t i o n s  (range f rom 0.05 t o  1.0 pg pe r  
m l )  was h i g h l y  a c t i v e  i n  i n t e r f e r i n g  w i t h  EB i n  a l l  3 o f  t h e  m o d a l i t i e s  t e s t e d :  
p r o t e c t i o n ,  c o m p e t i t i o n  and cu re ;  i t  proved capable o f  e x e r t i n g  a l l  these e f -  
f e c t s  n o t  o n l y  w i t h  f u l l y  derepressed c e l l s  (grown on 3% l a c t a t e ) ,  b u t  a l s o  
w i t h  p a r t i a l l y  o r  f u l l y  repressed ones (pregrown or growing on 1 %  o r  5% g lucose,  
r e s p e c t i v e l y )  o f  seve ra l  s t r a i n s .  Some t y p i c a l  exper iments w i t h  f u l l y  dere- 
pressed and repressed (35) c e l l s  a r e  shown i n  F igs .  I A  and B.  The l a t t e r  r e -  
s u l t s  a r e  p a r t i c u l a r l y  s i g n i f i c a n t  i n  v iew o f  t h e  f a c t ,  a l ready  mentioned, t h a t  
under these c o n d i t i o n s  m i t o c h o n d r i a l  energy t r a n s d u c t i o n  i s  comp le te l y  d i s -  
pensable, and An t imyc in  A e x e r t s  no  know e f f e c t  on macromolecular metabolism. 
The i n d i c a t i o n  i s  t h e r e f o r e  t h a t  whatever t h e  d e t a i l e d  events  i n v o l v e d  i n  t h e  
l a b i l i z a t i o n  and m o d i f i c a t i o n  o f  m t D N A  i n v o l v e d  i n  mutagenesis, these can be 
p r o f o u n d l y  a f f e c t e d  by an agent i n t e r a c t i n g  w i t h  c e r t a i n  components o f  t he  
m i t o c h o n d r i a l  i n n e r  membrane. T h i s  hypo thes i s  i s  s t rengthened by t h e  obser-  
v a t i o n s  (see below) t h a t  under these c o n d i t i o r s  An t imyc in  A does n o t  i n h i b i t  
t he  s y n t h e s i s  o f  e i t h e r  n u c l e a r  o r  m i t o c h o n d r i a l  DNA. F u r t h e r  c o n f i r m a t i o n  
comes f rom an i n v e s t i g a t i o n  o f  t h e  k i n e t i c s  f o r  the maintenance o f  t h e  c a p a c i t y  
f o r  c u r e  by An t imyc in  A .  As shown i n  F i g .  2 t h i s  c a p a c i t y  appears t o  be i r -  
r e v e r s i b l y  l o s t  a f t e r  exposure o f  glucose-grown E B l C  t o  complete r e p r e s s i n g  
medium f o r  90 min: t h i s  corresponds r a t h e r  c l o s e l y  t o  t h e  t imes and c o n d i t i o n s  
r e q u i r e d  t o  produce e x t e n s i v e  breakdown o f  p a r e n t a l  m t O N A  (10) .  I t  i s  a l s o  
o f  i n t e r e s t  t h a t  i n  F i g .  1 t h e  e x t r a p o l a t e d  ze ro - t ime  va lue  on t h e  o r d i n a t e  
appears u n a f f e c t e d  by  t h e  presence o f  An t imyc in ;  thus whatever the e x p l a n a t i o n  
f o r  t h e  i n i t i a l  shoulder ,  t h e  fundamental mechanism respons ib le  f o r  i t  must be 
e q u a l l y  e f f e c t i v e  i n  the  presence o f  An t imyc in  and i n  i t s  absence. I n  c o n t r a s t ,  
o l i g o m y c i n ,  another  i n h i b i t o r  o f  m i t o c h o n d r i a l  f u n c t i o n ,  b u t  i n t e r a c t i n g  w i t h  
a s i t e  i n v o l v e d  i n  the  attachment o f  F1-ATPase t o  t h e  i n n e r  membrane (36,37), 
was comp le te l y  w i t h o u t  e f f e c t .  

Effects  on DNA synthesis. A r e l a t i v e l y  t r i v i a l  e x p l a n a t i o n  f o r  t h e  v a r i o u s  p ro -  
t e c t i v e  and c o m p e t i t i v e  t rea tmen ts  and agents,  a p p l i c a b l e  i n  a somewhat modi- 
f i e d  form a l s o  t o  r e v e r s a l ,  would be s imp ly  t o  p o s t u l a t e  t h a t  EB has been ren- 
dered o p e r a t i o n a l l y  i n e f f e c t i v e .  A s imp le  mechanism, i n  t h e  former case, would 
be t h a t  c e l l s  or  m i tochondr ia  have been rendered impermeable t o  t h e  agent ,  and 
i n  the  l a t t e r ,  t h a t  i t  had been detached f rom i t s  normal s i t e  o f  a c t i o n .  I f  
e i t h e r  o f  these e x p l a n a t i o n s  were c o r r e c t  they would p r e d i c t  a re lease  f rom the  
b l o c k  o f  m t D N A  s y n t h e s i s  o r d i n a r i l y  e x e r t e d  by EB (9-11). T h i s  p r e d i c t i o n  has 
been checked e x p l i c i t l y  w i t h  c e l l s  grown on e i t h e r  g lucose o r  l a c t a t e ,  b o t h  i n  
the  presence o f  t h e  mutagen, or  immediately subsequent t o  i t s  removal. The 
i n h i b i t i o n  o f  m t D N A  s y n t h e s i s  was n o t  r e l i e v e d  by p r i o r  h e a t i n g  o f  c e l l s ;  by 
t h e i r  exposure t o  a c r i f l a v i n ;  by adding Ant imycin s imu l taneous ly  w i t h  E B ,  or  
a f t e r  r e v e r s a l  o f  a t r a n s i e n t  mutagenic exposure t o  EB;  o r  by exposing E B l C  t o  
a c r i f l a v i n ,  An t imyc in  A or  hea t  i n  t h e  absence o f  growth. 

MetaboZic s tate .  E a r l i e r  obse rva t i ons  suggested t h a t  t he  m e t a b o l i c  s t a t e  o f  
c e l  1s (and t h e i r  m i tochondr ia )  appeared capable o f  i n f l u e n c i n g  t h e  ove ra l  1 e f -  
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F i g .  1 .  A:  E f f e c t s  o f  An t imyc in  A ( I  pg pe r  m l )  on s t a r v e d  

C e l l s  were t r e a t e d  w i t h  25 pM EB and p l a t e d  p e r i o d i c a l l y  
d i p l o i d  c e l l s ,  pregrown on 3% l a c t a t e ,  a t  a c e l l  d e n s i t y  o f  2 x lo6 
p e r  m l .  
(0 and 0 i n d i c a t e  2 separa te  exper imen ts ) .  I n  one sample Antimy- 
c i n  A ( A n t i  A) was p resen t  a long  w i t h  EB ( c o m p e t i t i o n  - m) and i n  
another ,  c e l l s  were p r e t r e a t e d  w i t h  A n t i  A f o r  2 h r  and t r e a t e d  
w i t h  EB a f t e r  washing (0). A t  35 and 65 min o f  EB t rea tmen t  (no 
A n t i  A) a l i q u o t s  were removed, f i l t e r e d ,  washed, suspended i n  b u f -  
f e r  w i t h  A n t i  A and p l a t e d  a t  i n t e r v a l s  as i n d i c a t e d .  A l l  p l a t i n g s  
were on 1% g lucose medium. 

6: E f f e c t s  o f  An t imyc in  A ( I  pg pe r  m l )  on s t a r v e d  d i p l o i d  
c e l l s ,  p r e v i o u s l y  grown on 1 %  and 5% g lucose.  Design o f  t h e  ex- 
per iments was s i m i l a r  t o  t h a t  shown i n  F ig .  I A  except  f o r  t h e  c a r -  
bon source; c o m p e t i t i o n  w i t h ,  and rescue by A n t i  A were t h e  para-  
meters t e s t e d .  
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F i g .  1 B .  Mutogenic treatmart (mid 

f e c t i v e n e s s  o f  EB mutagenesis; under i d e n t i c a l  c o n d i t i o n s  o f  c e l l  and EB con- 
c e n t r a t i o n  t h i s  e f f e c t  was p reponderan t l y  on t h e  e x t r a p o l a t e d  s lope  o f  t he  
t y p i c a l  semi log p l o t  (e.g. F i g .  I )  ( 1 6 , 1 9 ) .  Under the  p a r t i c u l a r  c o n d i t i o n s  
used, t h i s  r a t e  f o r  l a c t a t e  grown c e l l s  i s  approx imate ly  0.6 t h a t  o f  c e l l s  
grown on g lucose.  However, a much more pronounced i n f l u e n c e  o f  carbon source 
i s  revea led  by a comparison o f  the  d i f f e r e n t  assay systems commonly used f o r  
t h e  e s t i m a t i o n  o f  mutagenic e f f i c i e n c y  on sol i d  medium (381, e s p e c i a l l y  between 
se 1 e c t  i ve (nonfermen tab  1 e) and nonse l e c t  i ve (fermentab 1 e)  carbon sources. A 
r e p r e s e n t a t i v e  exper iment  i n  terms o f  t h e  f r a c t i o n  ( I - p - )  o f  p +  ( w i l d  t ype )  
s u r v i v o r s  i s  shown i n  F i g .  3.  A l though t h e  e f f e c t  appears q u i t e  genera l ,  w i t h  
respect  t o  t h e  n a t u r e  o f  t h e  c e l l s  used and t h e i r  p r i o r  h i s t o r y ,  c e r t a i n  spe- 
c i f i c  f e a t u r e s  do become e v i d e n t  f rom a c o n s i d e r a t i o n  o f  t h e  f i g u r e  and o t h e r  
exper iments n o t  shown here:  t h e  e f f e c t  does n o t  depend on de rep ress ing  con- 
d i t i o n s  per  se (0.1% vs. 1 %  g lucose )  b u t  r a t h e r  on t h e  a c t u a l  n a t u r e  o f  t he  
r e s p i r a t o r y  carbon source employed - l a c t a t e  i s  more e f f i c i e n t  than i s  g l y -  
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F i g .  2. Decay o f  c a p a c i t y  f o r  An t imyc in  r e v e r s a l .  D i p l o i d  
c e l l s  grown t o  exponen t ia l  phase on 5% g lucose medium were washed, 
s t a r v e d  i n  b u f f e r  f o r  60 min and t r e a t e d  w i t h  27  pM E B  f o r  20 min. 
C e l l s  were then r a p i d l y  c h i l l e d ,  washed by c e n t r i f u g a t i o n  and sus- 
pended a t  30" i n  b u f f e r  or  1 %  g lucose  medium a t  a c e l l  d e n s i t y  of 
2 x l o 6  p e r  m l .  A t  30 min i n t e r v a l s  f o r  150 min, c e l l s  were d i -  
l u t e d  i n  b u f f e r  p l u s  cyc lohex im ide  (100 pg pe r  m l )  w i t h  o r  
w i t h o u t  A n t i  A ( 1  pg per  m l ) ;  each d i l u t e d  sample was then  incu-  
ba ted  f o r  120 min a t  30" and then f u r t h e r  d i l u t e d  and p l a t e d  on 1 %  
glucose medium. 
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F i g .  3 .  E f f e c t s  o f  p l a t i n g  c o n d i t i o n s  on EB mutagenesis. 
D i p l o i d  c e l l s  grown on 3% l a c t a t e  medium were washed, s t a r v e d  i n  
b u f f e r  f o r  1 h r  and t r e a t e d  w i t h  25 p M  EB.  A t  i n t e r v a l s  c e l l s  
were d i l u t e d  and 0.1 m l  a l i q u o t s  p l a t e d  on each o f  4 k i n d s  
o f  p l a t e s  d i f f e r i n g  o n l y  i n  carbon source.  The p l a t e s  w i t h  0.1% 
glucose p l u s  3% l a c t a t e  were scored f o r  % p+  i n  2 ways (TTZ ove r -  
l a y  and s i z e  d i f f e r e n c e )  which y i e l d e d  e s s e n t i a l l y  i d e n t i c a l  re -  
s u l t s .  I n  a separate exper iment  i t  was shown t h a t  t h e  mutagenesis 
cu rve  f o r  c e l l s  p l a t e d  on 1 %  ga lac tose  medium c o i n c i d e d  w i t h  t h e  
1 %  g lucose curve.  
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c e r o l  ( o r  e t h a n o l ,  n o t  shown), which i n  t u r n  i s  more e f f e c t i v e  than t h e  mix-  
t u r e  o f  3% g l y c e r o l - 0 . 1 %  g lucose  f r e q u e n t l y  used i n  measuring t h e  e x t e n t  o f  
p -  mutagenesis ( 1 9 ) .  

termed metabolic consolidation (growth on g lucose )  and metabolic reversal 
(growth on l a c t a t e )  i n  l i q u i d  c u l t u r e  a r e  shown i n  F i g .  4 and Tables 2 and 3. 
As shown i n  F i g .  4 ,  t h e  i n i t i a l  me tas tab le  s t a t e  o f  E B l C  ( p r e - c u l t u r e d  i n  l a c -  
t a t e )  becomes s t a b i l i z e d  a f t e r  5 h r  o f  growth on the  2 extreme media a t  approx- 
i m a t e l y  60% w i l d  t ype  on l a c t a t e  and 78% mutant on g lucose.  
t h e  s u r v i v a l  o f  p a r e n t a l  m t D N A  under analogous c o n d i t i o n s ,  b u t  w i t h  a h a p l o i d  
s t r a i n  (Table 2 ) ,  shows complete d e s t r u c t i o n  o f  m t D N A  on g lucose w i t h  a s i g -  
n i f i c a n t  r e t e n t i o n  o f  t h i s  e n t i t y  on l a c t a t e ,  c o i n c i d e n t  w i t h  t h e  r e t e n t i o n  
o f  t h e  p +  genome. The d a t a  i n  Table 3 suggest t h a t  m e t a b o l i c  c o n s o l i d a t i o n  
can be observed w i t h  c e l l s  o r i g i n a l l y  grown e i t h e r  on l a c t a t e  o r  g lucose,  b u t  
t h a t  m e t a b o l i c  r e v e r s a l  i s  s lower  w i t h  the  l a t t e r .  They a l s o  p e r m i t  t he  i n -  
f e rence  t h a t  whi l e  b o t h  consol i d a t i o n  and r e v e r s a l  a r e  i n h i b i t e d  by cyc lohex-  
imide and hence p robab ly  r e q u i r e  cy top lasmic  p r o t e i n  s y n t h e s i s ,  they appear 
somewhat l ess  dependent on m i tochondr ia1  p r o t e i n  s y n t h e s i s  as ev idenced by t h e i r  
r e l a t i v e l y  g r e a t e r  i n s e n s i t i v i t y  t o  e ry th romyc in .  

F u r t h e r  examina t ion  o f  the  requi rements f o r  t h i s  e f f e c t  which we have 

Examination o f  

( c )  Effects  o f  genotype 

Mutagenesis and mtDNA. I n  s t u d y i n g  t h e  p o s s i b l e  e f f e c t  o f  EB on a v a r i e t y  o f  
s t r a i n s ,  e s p e c i a l l y  those t h a t  a r e  a l r e a d y  mutant w i t h  respect  t o  p + ,  t h e  very 
c h a r a c t e r  u t i l i z e d  i n  t h e  e a r l i e r  s e c t i o n s  o f  t h i s  r e p o r t ,  one i s  r e s t r i c t e d  
t o  an i n v e s t i g a t i o n  o f  p o s s i b l e  a l t e r a t i o n s  o f  m t D N A  i t s e l f .  I n  w i l d  t y p e  
c e l l s ,  t r a n s i e n t l y  sub jec ted  t o  exposure t o  EB s u f f i c i e n t  t o  conver t  more than 
98% o f  t h e  c e l l s  t o  p -  mutants ,  one observes t h e  f o l l o w i n g  s e r i e s  o f  e f f e c t s  
( 1 0 ) :  I )  The s y n t h e s i s  o f  m t D N A  i s  b locked as l ong  as E B  i s  present  and i m -  
med ia te l y  ( f o r  app rox ima te l y  h a l f  a genera t i on )  a f t e r  i t s  removal and t r a n s f e r  
o f  t h e  mutagenized p o p u l a t i o n s  t o  growth media. 2 )  The p a r e n t a l  rntDNA i s  p a r -  
t i a l l y  degraded d u r i n g  t h i s  i n i t i a l  exposure as shown by a) a loss o f  30 t o  35% 
o f  t h e  m a t e r i a l  banding i n  the  m t D N A  peak i n  e i t h e r  buoyant d e n s i t y  o r  r a t e  
sed imen ta t i on  a n a l y s i s ;  b )  a g r e a t e r  h e t e r o g e n e i t y  and s m a l l e r  s i z e  o f  t h i s  
m t D N A  ( F i g .  5 ) .  3) These m o d i f i c a t i o n s  o f  p a r e n t a l  m t D N A ,  a l r e a d y  i n i t i a t e d  
i n  E B I C  i n  t h e  absence o f  growth, a re  f o l l o w e d  by a ve ry  r a p i d  (<2  c e l l  gener- 
a t i o n s )  deg rada t ion  o f  t h i s  e n t i t y  upon resumption o f  growth on g lucose o r  ga- 
l a c t o s e .  4) A t  about t h i s  t ime  t h e  syn thes i s  o f  progeny m t D N A ,  which f i r s t  be- 
comes d e t e c t a b l e  w i t h i n  0.5 genera t i ons  o f  growth,  has reached l e v e l s  comparable 
t o  those c h a r a c t e r i s t i c  o f  t he  c o n t r o l .  However, the DNA produced i n  E B l C  i s  
of somewhat lower buoyant d e n s i t y  and a g r e a t  deal  more heterogeneous than i s  
c o n t r o l  mtDNA.  

p- Strains.  E f f e c t s  o f  EB on the  m t D N A  o f  p -  s t r a i n s  a r e  q u a l i t a t i v e l y  d i f -  
f e r e n t  f rom those o f  t h e  pa ren t  w i l d  t ype  s t r a i n s .  As mentioned i n  t h e  f i r s t  
p a r t  o f  t h i s  s e c t i o n  we a r e  i n v e s t i g a t i n g  t h i s  problem j o i n t l y  w i t h  S lon imsk i  
and h i s  c o l l a b o r a t o r s  (23) and w i l l  show elsewhere t h a t  EB i s  s t i l l  capable 
o f  i n h i b i t i n g  t h e  syn thes i s  o f  p -  m t D N A ;  t r a n s i e n t  exposure t o  such t rea tmen t  
does n o t  l ead  t o  t h e  r a p i d  d e s t r u c t i o n  o f  p a r e n t a l  templates which t h e r e f o r e  
remain competent t o  d i r e c t  t h e  s y n t h e s i s  o f  "normal" progeny DNA. 

UV sensi t ive  mutants. The increased s e n s i t i v i t y  t o  the  l e t h a l  ( o r  mutagenic)  
e f f e c t s  o f  u l t r a v i o l e t  r a d i a t i o n  o f  c e r t a i n  ( U V  s e n s i t i v e  o r  uvs) s t r a i n s  has 
been documented f o r  many organisms, i n c l u d i n g  yeast  (39-41). F requen t l y  such 
s e n s i t i v i t y  has been exp la ined  i n  terms o f  a d e f i c i e n c y  i n  some component o f  
one o f  t h e  2 p o s t u l a t e d  da rk  r e p a i r  systems ( e x c i s i o n  and recombinat ion r e p a i r )  
f o r  s u c h  l e s i o n s  (e.g. 42 ,43) .  A p a r t i c u l a r l y  i n t e r e s t i n g  c l a s s  o f  mutants 
(UVS p s t r a i n s )  has r e c e n t l y  been i s o l a t e d  by E. Moustacchi (44,45):  c e l l s  
o f  these s t r a i n s  e x h i b i t  n o r m a l  response t o  UV exposure by n u c l e a r  parameters 
( l e t h a l i t y  and m u t a t i o n  i n d u c t i o n )  b u t  increased s e n s i t i v i t y  t o  p -  format ion,  
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1 I 1 -0-"W 10 
0 

-Growth p&t EB (hrs.) 

F ig .  4. Me tabo l i c  e f f e c t s  on E B  mutagenesis. D i p l o i d  c e l l s  
growing on 3% l a c t a t e  were t r e a t e d  w i t h  25 pM EB f o r  25 min a t  30". 
An a l i q u o t  was f i l t e r e d ,  washed and suspended i n  medium w i t h  3% 
l a c t a t e  o r  1 %  g lucose as carbon source; b o t h  samples were i ncu -  
ba ted  a t  30". 
v i a b l e  count  on 1% g lucose p l a t e s ;  samples were a l s o  p l a t e d  on 3% 
l a c t a t e .  Prolonged exposure t o  l a c t a t e  medium i s  n o t  e s s e n t i a l  
f o r  r e v e r s a l  o f  EB e f f e c t s ;  t h i s  suggests t h a t  c o n s o l i d a t i o n  oc- 
curs soon a f t e r  growth resumes. 

A t  i n t e r v a l s  growth was measured by t u r b i d i t y  and 
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TABLE 2 

Metabolic effects on mutagenesis and mitochondria2 DNA 

% p+ on l n i t a l  counts r e t a i n e d  
i n  m t D N A  (%) Grad ien t  

E B I C  C o n t r o l  1% Glucose 3% Lactose 
( l 4 c )  ( 3 H )  (TTZ 1 

A. Before EB ( l o o ) b  >99 >99 
B.  A f t e r  E B  5 3  83 c0.2 44 
C .  GlucoseC <a.4  124 0.45 1.05 
D. L a c t a t e C  31.6 186 33.2 41 

3 .9  x l o 3  dpm. 

1.15 x lo6  dpm. 

Grown f o r  2 genera t i ons  on t h e  i n d i c a t e d  carbon source. 

a 

C e l l s  o f  h a p l o i d  s t r a i n  IL-8-8C were grown on a s e m i - s y n t h e t i c  medium 
c o n t a i n i n g  his and try, w i t h  3% l a c t a t e  as carbon source. L a b e l i n g  o f  
2 batches w i t h  [ 1 4 C ]  and [3H]adenine was i n  t h e  presence o f  c y c l o h e x i -  
mide f o r  2 h r  (10 ) ;  c e l l s  were washed, s t a r v e d  i n  phosphate b u f f e r  f o r  
1 h r  a t  30" and then  sub jec ted  t o  mutagenesis by 25 pM EB f o r  2.5 h r  i n  
b u f f e r  a t  30". They were then suspended i n  complete media c o n t a i n i n g  
5 pM un labe led  adenine and 2% glucose o r  3% l a c t a t e ,  r e s p e c t i v e l y ,  and 
were ha rves ted  a t  t he  t imes shown. The samples were then combined as 
i n d i c a t e d ,  t h e  c e l l s  l ysed  and the  m t D N A  analyzed i n  CsCl g r a d i e n t s  as 
desc r ibed  p r e v i o u s l y  (10) (see a l s o  F i g .  5 ) .  The va lue  f o r  E B l C  i n  
g r a d i e n t  C rep resen ts  an ove res t ima te  and i s  p robab ly  due t o  n u c l e a r  
con tamina t ion  s i n c e  no peak was observed i n  t h e  d e n s i t y  r e g i o n  c o r -  
responding t o  m t D N A .  The increase i n  t h e  counts i n  t h e  c o n t r o l  g ra -  
d i e n t s  a r e  p robab ly  due t o  DNA s y n t h e s i s  u s i n g  RNA as a p r e c u r s o r ;  
t h i s  e f f e c t  i s  always observed w i t h  n u c l e a r  DNA, and u s u a l l y  much less  
pronounced w i t h  mtDNA.  

i . e .  t h e  e f f e c t  o f  UV i s  p redominan t l y  on m t D N A .  I t  appeared o f  i n t e r e s t  t o  
determine the  p o s s i b l e  e f f e c t  o f  t h i s  c l a s s  o f  d e f i c i e n c i e s  on EB induced l e -  
s i o n s .  We were f o r t u n a t e  t o  o b t a i n  2 such s t r a i n s  and N123 ,  t h e i r  pa ren t  w i l d  
t ype ,  f rom E.  Moustacchi. The mode o f  i n h e r i t a n c e  o f  t h e  uvs p markers i n  
these s t r a i n s  has a l r e a d y  been i n v e s t i g a t e d  by h e r :  The f i r s t ,  uvs p5,  e x h i -  
b i t s  a normal Mendelian p a t t e r n  o f  seg rega t ion  and p robab ly  rep resen ts  a n o r -  
mal chromosomal mu ta t i on .  The p a t t e r n  o f  t he  second, uvs p72, i s  abnormal, 
and thus i t  may be due t o  a cy top lasmic  (presumably m i t o c h o n d r i a l )  mu ta t i on .  
T h i s  s t r a i n  a l s o  e x h i b i t s  an enhanced frequency o f  spontaneous p -  muta t ions ,  
and appears more s u s c e p t i b l e  than t h e  w i l d  t ype  t o  mutagenesis by EB a f t e r  
pro longed s t a r v a t i o n  (45 ) .  We have sub jec ted  t h e  3 s t r a i n s  t o  an e x t e n s i v e  
a n a l y s i s  w i t h  respec t  t o  most o f  t he  parameters govern ing EB mutagenesis, de- 
s c r i b e d  i n  e a r l i e r  s e c t i o n s ,  and some o f  o u r  r e s u l t s  a r e  presented i n  Table 
4 .  They may be summarized as f o l l o w s :  1 )  The absence ( o r  m o d i f i c a t i o n )  o f  a 
component o f  t he  m i t o c h o n d r i a l  UV r e p a i r  system i n  UVS p5 p r o t e c t s  a g a i n s t ,  
w h i l e  t h e  analogous d e f i c i e n c y  i n  UVS $172 exacerbates,  t h e  a c t i o n  o f  EB. Th i s  
i s  t r u e  f o r  b o t h  s t a r v e d  c e l l s  grown p r e v i o u s l y  e i t h e r  under derepressed ( g l y -  
c e r o l )  o r  repressed (g lucose)  c o n d i t i o n s ,  and f o r  c e l l s  s t i l l  g rowing under 
e i t h e r  o f  these 2 c o n d i t i o n s .  Th is  enhanced r a t e  i n  p72 i s  accounted f o r  t o  
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TABLE 3 

Requirements for metaboZic effects 

% W i l d  t ype  c o l o n i e s  on 

Expt C ,  G l c  grown c e l l s  Expt D, Lac grown c e l l s  

P l a t e d  on P l a t e d  on Carbon Time a t  30" 
source ( m i  n)  glucose-TTZ l a c t a t e  glucose-TTZ l a c t a t e  

1 g lucose 0 
60 

120 
240 

1 + CH 240 
+ e r y t h r o  240 

2 l a c t a t e  0 
60 

120 
240 

2 + CH 2 40 
+ e r y t h r o  240 

0.9 
0 . 7  
1 . 3  
6.1 

5.2 

2.2 
3.2 
2.2 
2.7 

7 .9  

100 
84.6 
63 
I 1  
24 

100 
69 
67 
85 

100 

10.5 
4.6 
4.1 
5.9 
6.1 
4 .4  

10.5 
4 . 3  
6 .1  

4 . 9  
43a 

17. lb 

100 
100 
95 
24.3 

74.3 
41 .1  

100 
100 
100 
100 

80 
60 

CH = cyk loheximide;  G lc  = g lucose;  e r y t h r o  = e ry th romyc in ;  Lac = l a c t a t e .  
a 

60.9 a t  300 min. 

24.3 a t  300 min. 

I n  each exper iment  c e l l s  were grown t o  mid-exponent ia l  phase on g lucose ( C )  
o r  l a c t a t e  ( D ) ,  washed, s t a r v e d  i n  b u f f e r  f o r  1 h r  a t  30" and t r e a t e d  w i t h  
25 uM EB f o r  20 rnin ( C )  o r  35 min ( D ) .  C e l l s  were then f i l t e r e d ,  washed and 
suspended i n  f r e s h  1 %  g lucose o r  3% l a c t a t e  medium ( w i t h  o r  w i t h o u t  c y c l o h e x i -  
mide o r  e ry th romyc in )  and incubated a t  30" f o r  t h e  t imes i n d i c a t e d .  A t  i n t e r -  
v a l s  c e l l s  were d i l u t e d  and p laced  on 1 %  g lucose o r  3% l a c t a t e  p l a t e s  f o r  de- 
t e r m i n a t i o n  o f  % p+ . Zero t ime  i s  the beg inn ing  o f  t he  post-EB incuba t ion .  
Concentrat ions o f  cyc lohex im ide  and e ry th romyc in  were 100 ug per m l  and 2 mg 
per  m l ,  r e s p e c t i v e l y .  I n  these experiments CAP pos t - t rea tmen t  r e s u l t e d  i n  
ve ry  r a p i d  c u r i n g  w h i l e  e ry th romyc in  had no such e f f e c t .  

a l a r g e  e x t e n t  by a r e d u c t i o n  i n  the i n i t i a l  shoulder  o f  t h e  k i n e t i c  curve,  an 
e f f e c t  f r e q u e n t l y  exp la ined  i n  r a d i a t i o n  b i o l o g y  i n  terms o f  the e l i m i n a t i o n  
o f  r e p a i r  events  (42,43). 2) P r o t e c t i o n  - o r  a s lower  r a t e  o f  mutagenesis - 
i n  UVS p5 i s  n o t  due t o  impermeab i l i t y  o f  i t s  c e l l s  o r  m i tochondr ia  t o  EB,  s i n c e  
i t  i s  as s u s c e p t i b l e  t o  i n h i b i t i o n  o f  t h e  s y n t h e s i s  o f  m t D N A  as i n  the  w i l d  
type. 3 )  I n  s p i t e  o f  t h e i r  mutat ion-prone s t a t e ,  c e l l s  o f  uzx p72 s t i l l  a r e  
capable o f  be ing  a f f e c t e d  by the  v a r i o u s  pheno typ i c  man ipu la t i ons  desc r ibed  
e a r l i e r :  c o m p e t i t i o n  by An t imyc in  A ( a t  1 and 0.05 pg pe r  m l ) ,  r e v e r s a l  by 
t h i s  agent a t  these concen t ra t i ons ,  as w e l l  as by a c r i d i n e s  and by heat  t r e a t -  
ment; m e t a b o l i c  r e v e r s a l  by l a c t a t e  and t o  a l e s s e r  e x t e n t  by g l y c e r o l .  How- 
eve r ,  a l t hough  q u a l i t a t i v e l y  s i m i l a r ,  q u a n t i t a t i v e l y  the agents o r  t reatments 
a re  c o n s i s t e n t l y  l ess  e f f e c t i v e  than i n  t h e  w i l d  t y p e  and generate a l a r g e  p r o -  
p o r t i o n  of c e l l s  g i v i n g  r i s e  t o  mixed (p+ p l u s  p - )  c lones .  

A d e t a i l e d  d e s c r i p t i o n  and a n a l y s i s  o f  these r e s u l t s  and o f  t h e  p r o p e r t i e s  
o f  t he  uvs p s t r a i n s  i n  genera l  i s  be ing  assembled j o i n t l y  by E. Moustacchi and 
ou rse l ves  and w i l l  be pub l i shed  elsewhere. For o u r  purpose here t h e  p e r m i s s i b l e  
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Fraction No. 

F i g .  5. EB-induced a l t e r a t i o n s  i n  p a r e n t a l  p +  mtDNA.  C e l l s  
o f  IL-8-8C, a h a p l o i d  his-try- auxotroph grown on l a c t a t e  medium 
t o  A 6 0 0  = 0 .8  were l abe led  w i t h  [14C] (4  U C i  pe r  m l )  o r  [ 3 H ]  (196 
uCi pe r  m l )  adenine f o r  2 h r  i n  t h e  presence o f  cyc lohex im ide  (10 ) .  
C e l l s  were washed, an a l i q u o t  o f  each batch o f  c e l l s  saved f o r  ze ro  
t ime  a n a l y s i s  and the  remainder s t a r v e d  f o r  1 h r  a t  30" i n  b u f f e r .  
The [14C] labe led  c e l l s  were then t r e a t e d  w i t h  25 UM EB f o r  2.5 h r  
so t h a t  t h e  p o p u l a t i o n  was conver ted  t o  < I %  p'. A p p r o p r i a t e  [14C] 
and [ 3 H ]  l abe led  samples were mixed and conver ted t o  spherop las ts ;  
h a l f  o f  each sample was used f o r  t h e  usual CsCl a n a l y s i s  (panels  
A and B - sed imen ta t i on  t o  t h e  l e f t )  w h i l e  the o t h e r  h a l f  was l ysed  
w i t h  sodium l a u r y l  s a r c o s i n a t e  and sedimented i n t o  a 5 t o  20% neu- 
t r a l  sucrose g r a d i e n t  f o r  4 h r  a t  26,000 rpm a t  15"  u s i n g  an SW-27 
r o t o r  and a Beckman Model L2 u l t r a c e n t r i f u g e  (panels  C and 0 - 
sed imen ta t i on  t o  t h e  l e f t ) .  T o t a l  dpm o f  [ I 4 C ]  recovered was 6480, 
3870, 9360 and 4950 f o r  g r a d i e n t s  A-D, r e s p e c t i v e l y ,  and dpm o f  
L 3 H ]  recovered was 1,568,000, 1,193,000, 1,247,000 and 855,200 f o r  
g r a d i e n t s  A - D ,  r e s p e c t i v e l y .  The recovery o f  counts i n  t h e  m t D N A  
reg ions  (buoyant d e n s i t y  = 1.685 g per  ml)  o f  a l l  g r a d i e n t s  was 
100 2 30%. The counts i n  f r a c t i o n  1-4 o f  g r a d i e n t  C rep resen t  
aden ine -con ta in ing  m a t e r i a l  which has n o t  en te red  the  g r a d i e n t  b u t  
which has a h i g h  enough mo lecu la r  we igh t  t o  be p r e c i p i t a t e d  by TCA 
and caught on Whatman GF/C papers. These counts a r e  p robab ly  due 
t o  a smal l  f r a c t i o n  o f  RNA which has s u r v i v e d  t h e  base h y d r o l y s i s  
s tep ,  s i n c e  i n  o t h e r  s t u d i e s  i t  has been shown t o  be m e t a b o l i c a l l y  
l a b i l e  i n  c o n t r a s t  t o  a u t h e n t i c  l abe led  DNA. I n  o t h e r  s t u d i e s  we 
have demonstrated t h a t  n u c l e a r  DNA, when labe led ,  i s  found i n  a 
w e l l - r e s o l v e d  ( f r o m  mtDNA) peak around f r a c t i o n s  25-30 o f  sucrose 
g r a d i e n t s  (cf panels  C-D). I n  t h i s  p a r t i c u l a r  case less  than 5% 
o f  t h e  t o t a l  counts was i n  t h i s  component. 
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TABLE 4 

Mutagenic parameters f o r  uvs p s t ra ins  

E B  Time o f  % p -  mutants i n  p o p u l a t i o n  T rea t men t 
n a t u r e  uvs p72 N 123 WJS P 5  

exposure 
(pM) ( m i  n )  

(0 t ime)  

25 20 
30 
60 
60 
60 

25 30 
60 
60 
60 

20 45 
45 
45 

0.4 ~t 0.3 3 .3  ?I 0.3 24.5 ? 0.5 

55.2 
94 .5  

39 .5c  

35.6 2.7 
7.3 82.4 

17.6 >99 92.7 
0 75a 

g ".4 3 . 3  
P l a t e  on g l  
An t imyc in  A 

34.2 70 
72.8 89.7 

Ant imycin Ad 7 .0 4 1 . 1  
An t imyc in  A" 21.8 60 (52.2 lh  

84 90 
Acr i f 1 av i n 10.31 3 1  
Heatg 17.0' 40 

65% a t  35 min. 

47% w i t h  1 ug A n t i  A pe r  m l  d u r i n g  mutagenesis. 0.05 pg per  m l .  

0.05 Ug per  m l  f o r  90 min subsequent t o  mutagenesis. 

100 p M  f o r  90 min subsequent t o  mutagenesis. 

h e l d  a t  45" f o r  90 min subsequent t o  mutagenesis. 

30 min exposure t o  EB.  120 min. 

b0.25 pg per  m l  d u r i n g  mutagenesis. a 

C 

A l l  experiments were done on c e l l s  grown on 3% g l y c e r o l  medium t o  
mid-exponent ia l  phase, ha rves ted ,  suspended t o  the  same t u r b i d i t y  
f o r  a l l  3 (or  2 )  s t r a i n s  t e s t e d ,  s t a r v e d  i n  b u f f e r  f o r  60 min and 
exposed t o  EB f o r  t he  t ime  i n d i c a t e d ;  t he  a c t u a l  c e l l  concen t ra t i ons  
d u r i n g  mutagenesis v a r i e d  between 2 t o  5 x l o6  per  m l  i n  t h e  3 ex- 
per iments shown b u t  was the  same w i t h i n  any one exper iment .  C e l l s  
were p l a t e d  on 1% g lucose medium w i t h  one excep t ion  as noted.  

i n fe rences  f rom these r e s u l t s  would appear t o  be t h a t :  I )  A component o f  the 
m i tochondr ia1  ( e x c i s i o n ? )  UV r e p a i r  system, s p e c i f i e d  by a nuc lea r  gene, f u l -  
f i l l s  an e s s e n t i a l  f u n c t i o n  i n  EB mutagenesis, perhaps i n  the  r e c o g n i t i o n  and 
m o d i f i c a t i o n  o f  a complex between p a r e n t a l  m t D N A  and EB. 2) I n  the  absence o f  
a second component a l s o  r e q u i r e d  f o r  e f f e c t i v e  r e p a i r  o f  UV-induced l e s i o n s  i n  
m t D N A ,  b u t  o f  m i t o c h o n d r i a l  s p e c i f i c a t i o n ,  mutagenesis by E B  i s  acce le ra ted ,  
perhaps by v i r t u e  o f  l ess  e f f i c i e n t  ( recomb ina t ion? )  r e p a i r  subsequent t o  t h e  
i n i t i a l  l e s i o n  desc r ibed  under I ) .  3) When t h e  component(s) desc r ibed  under 
2) i s  rendered i n e f f e c t i v e  by mu ta t i on ,  t he  e n t i t i e s  r e q u i r e d  f o r  pheno typ i c  
p r o t e c t i o n  and r e v e r s a l  by the  p a r t i c u l a r  agents desc r ibed ,  s p e c i f i c a l l y  by 
heat  t rea tmen t  o r  b i n d i n g  o f  a c r i f l a v i n  and An t imyc in  A ,  i s  m o d i f i e d  as w e l l .  

Fatty acid desaturase mutants. 
t he  m i t o c h o n d r i a l  i n n e r  membrane i s  impor tan t  i n  E B  mutagenesis as  suggested 
by some o f  t he  pheno typ i c  e f f e c t s  desc r ibed ,  s u b s t a n t i a l  m o d i f i c a t i o n  o f  the 
former should e x e r t  some pronounced and measurable i n f l u e n c e  on t h e  l a t t e r .  

I f  at tachment  o f  m t D N A  t o ,  or  i n t e r a c t i o n  w i t h ,  
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One o f  t h e  bes t  ways o f  m a n i p u l a t i n g  membrane compos i t i on ,  and perhaps mod i f y  
i t s  f u n c t i o n ,  i s  t o  modulate p r o f o u n d l y  t h e  n a t u r e  o f  t h e  unsa tu ra ted  f a t t y  
a c i d s  i n  i t s  phospho l i p ids  by growing a mutant auxo t roph ic  f o r  unsa tu ra ted  
f a t t y  ac ids  (46,47) on v a r i o u s  d e f i n e d  supplements o f  t h e  l a t t e r  (24) .  Ac- 
c o r d i n g l y  we have compared the  ole-1-2 mutant s t r a i n  k i n d l y  f u r n i s h e d  us by 
A. K e i t h  grown on minimal media c o n t a i n i n g  2 x M o f  2 s t r u c t u r a l l y  q u i t e  
d i s p a r a t e ,  monounsaturated C 8 f a t t y  a c i d s ,  i . e . ,  o l e i c  ( ~ ~ S - A ~ - C ~ ~ : ~ ,  m.p. 
55") and p e t r o s e l i n i c  (cis-Ab-C,s:l, m.p. 28")  a c i d  r e s p e c t i v e l y .  The growth 
curves f o r  t h e  2 samples were i d e n t i c a l ,  b u t  they d i f f e r e d  i n  t h e i r  s u s c e p t i -  
b i  l i t y  t o  EB. Some o f  t h e  parameters gove rn ing  t h e i r  EB mutagenesis under 
s tandard nongrowing c o n d i t i o n s ,  w i t h  and w i t h o u t  p r i o r  heat  t reatment  a r e  sum- 
mar ized i n  Table 5.  We observe, as a n t i c i p a t e d ,  enhancement o f  mutagenic e f -  
f i c i e n c y  as a r e s u l t  o f  t h e  i n t r o d u c t i o n  o f  t he  i n h e r e n t l y  more d e s t a b i l i z i n g  
p e t r o s e l i n a t e  i n t o  t h e  phospbo l i p ids  o f  t h e  m i tochondr ia1  membrane. The ac- 
t u a l  r a t e  i s  enhanced and a h i g h e r  temperature i s  r e q u i r e d  f o r  thermal p r o t e c -  
t i o n .  

c e l l s  grown on p e t r o s e l i n a t e  - the  component t h a t  might  be suspected t o  form 
a more " s o l i d " ,  hence less  e a s i l y  pene t ra ted ,  membrane - t h a t  a r e  more suscep- 
t i b l e  t o  mutagenesis, p robab ly  r u l e  o u t  d i f f e r e n t i a l  p e r m e a b i l i t y  t o  EB as a 
l i k e l y  e x p l a n a t i o n .  

These r e s u l t s ,  as w e l l  as the f a c t  t h a t  f o r  mutagenesis a t  30" i t  i s  t he  

TABLE 5 

InfZuence of fatty acid composition 
of membranes on mutagenesis 

% P -  c o l o n i e s  w i t h  c e l l s  grown 
p r e v i o u s l y  on 

~ ~~ 

Treatment Oleate P e t r o s e l i n a t e  

Zero t ime  0 .15  0.15 

Mutagenized c o n t r o l  13 .1  22.0 

Mutagen i zed a f t e r  
t rea tmen t  a t  

42 O 30 min 6 .9  
42" 60 min 4 .7  
45 30 min 5.1 
45" 60 min 5.2 

18.0 
20.9 
1 1 . 1  
9.1 

Cells o f  s t r a i n  KO115 were grown on min imal  medium w i t h  
3 %  l a c t a t e  as carbon source and supplemented w i t h  f a t t y  
a c i d s  a t  2 x M. They were ha rves ted  a t  a c e l l  
d e n s i t y  o f  < l o 7  c e l l s  p e r  m l ,  c e n t r i f u g e d ,  washed and 
s ta rved  as desc r ibed  f o r  p rev ious  exper iments.  Heat 
t rea tmen t  was s i m i l a r  t o  t h a t  desc r ibed  f o r  Table 1 a t  
t h e  temperatures and f o r  t h e  p e r i o d s  shown. The con- 
t r o l s  were kep t  a t  30" .  A l l  samples were mutagenized 
w i t h  25.0 V M  E B  a t  a c e l l  d e n s i t y  o f  4 x l o 6  per  m l ,  
and a l i q u o t s  were wi thdrawn f o r  p l a t i n g  on glucose-TTZ 
eve ry  10 rnin. The va lues i n  t h e  t a b l e  rep resen t  t h e  
averages f o r  t he  50 and 60 min t i m e  p e r i o d s  (4 p l a t e s  
t o t a l ) .  Zero t i m e  va lues represent  t h e  average f o r  t h e  
c o n t r o l  and v a r i o u s  heat  t r e a t e d  c e l l s  s i n c e  h e a t i n g  
appeared t o  have no e f f e c t  on s u r v i v a l  or  e x t e n t  o f  spon- 
taneous mutagenesis. 
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4, DISCUSSION 
The most p u z z l i n g  fea tu res  o f  t h e  i n h i b i t o r y  and mutagenic e f f e c t s  o f  EB 

(as emphasized by seve ra l  i n v e s t i g a t o r s )  have always been i t s  g r e a t  s e l e c t i v i t y  
f o r  m t D N A ,  and i t s  d i s t i n c t i v e n e s s  from o t h e r  i n t e r c a l a t i n g  dyes, such as a c r i -  
f l a v i n ,  i n  p roduc ing  mutagenesis i n  the absence o f  growth. These 2 obse rva t i ons  
a r e  hard t o  r a t i o n a l i z e  i n  terms o f  any model t h a t  envisages s t r o n g  i n t e r c a l a -  
t i v e  b i n d i n g  o f  EB as a necessary and s u f f i c i e n t  f i r s t  s t e p  i n  the sequence o f  
mutagenic even ts .  N e i t h e r  t h e  d i f f e r e n c e  i n  base compos i t i on  n o r  t h e  presumed 
c i r c u l a r i t y  o f  m t D N A  can r e a l l y  serve as an a t t r a c t i v e  p h y s i c a l  b a s i s  f o r  a 
p l a u s i b l e  model. The former,  i f  i t  i n f l u e n c e s  EB b i n d i n g  a t  a l l  does s o  o n l y  
weakly (2,48-50), and i s  absent, i n  any even t ,  i n  the case o f  DNAs f rom many 
v e r t e b r a t e s  (51 ,52). The l a t t e r  may n o t  be an impor tan t  determinant  i n  the  
m t D N A  f rom Ascompetes ( 5 3 ) ,  and i n  a d d i t i o n  some c i r c u l a r  DNA molecules a r e  
r e s i s t a n t  t o  the  a c t i o n  o f  EB (3,54), even i n  yeas t  ( 5 5 ) .  Furthermore t h e  pos- 
t u l a t e  o f  i n t e r c a l a t i o n  as a necessary event  i n  p -  mutagenesis i n  genera l  i s  
e l i m i n a t e d  by ou r  f i n d i n g s ,  t o  be pub l i shed  elsewhere, t h a t  B e r e n i l  ( 56 ) ,  an 
agent i ncapab le  o f  i n t e r c a l a t i o n  on t h e o r e t i c a l  grounds and o p e r a t i o n a l l y  i n -  
e f f e c t i v e  i n  t h i s  c a p a c i t y  w i t h  c i r c u l a r  DNA ( I ) ,  i s  neve r the less  an e f f e c t i v e  
mutagen remin i scen t  o f  EB i n  many o f  i t s  p r o p e r t i e s .  B e r e n i l  has a l s o  been 
repo r ted  t o  i n t e r a c t  s p e c i f i c a l l y  w i t h  t h e  DNA o f  trypanosomal k i n e t o p l a s t s  ( 5 6 )  

I n t e r c a l a t i o n  even as a s u f f i c i e n t  p r e r e q u i s i t e  i s  rendered u n l i k e l y  by 
many o f  t he  obse rva t i ons  repo r ted  here.  I n  p a r t i c u l a r ,  t h e r e  i s  no evidence 
t h a t  Antirnycin A a t  a l e v e l  o f  0.25 Fig per  m l  o r  l ess  i s  capable o f  f o rm ing  a 
s t a b l e  complex w i t h  any DNA thus render ing  i t  r e s i s t a n t  t o  complexat ion w i t h  
EB. S i m i l a r l y  h e a t i n g  DNA t o  45" i n  an i n t r a c e l l u l a r  environment o f  r e l a t i v e -  
l y  h i g h  i o n i c  s t r e n g t h  would n o t  be expected t o  lead t o  such a profound modi- 
f i c a t i o n ,  a l t hough  some s u b t l e  a l t e r a t i o n ,  such as a s i n g l e  bond s c i s c i o n  i n  
a p a r t i c u l a r l y  s u s c e p t i b l e  reg ion  o f  a super tw is ted  c o v a l e n t l y  c i r c u l a r  m t D N A ,  
cannot be r u l e d  ou t  a t  t h i s  t ime .  I n c i d e n t a l l y ,  any p o s t u l a t e d  i n t e r a c t i o n  o f  
E B  w i t h  a m i t o c h o n d r i a l  RNA (56) r a t h e r  than DNA would s u f f e r  f rom s i m i l a r  de- 
f i c i e n c i e s .  Other models, such as mutagenesis by t h e  gradual  and p r o g r e s s i v e  
accumulat ion o f  r e p l i c a t i o n  e r r o r s  (57 ) ,  perhaps brought  about by the  DNA p o l y -  
merase which has been i n v e s t i g a t e d  in v i t r o  ( 7 ) ,  a l s o  no l onger  appear tenab le .  
I t  o n l y  takes 3 c e l l  genera t i ons  o r  l ess  b e f o r e  a mutant p o p u l a t i o n  becomes 
i r r e v e r s i b l y  e s t a b l i s h e d ;  and t h e  hypo thes i s  p rov ides  no ready e x p l a n a t i o n  f o r  
t h e  r e s i s t a n c e  o f  c e r t a i n  mutant s t r a i n s ,  p a r t i c u l a r l y  o f  uvs p5, t o  the  de- 
l e t e r i o u s  a c t i o n  o f  EB, n o r  can i t  account f o r  t h e  d i f f e r e n c e  between K D 1 1 5  
grown on o l e i c  o r  p e t r o s e l i n i c  a c i d s .  

DNA? One l i k e l y  t a r g e t  c o n s i s t e n t  w i t h  some o f  t h e  e f f e c t s  descr ibed,  i n c l u d i n g  
t h e  r e s i s t a n c e  by p-  c e l l s  and t h e  pheno typ i c  e f f e c t s  o f  f a t t y  a c i d s  may be 
p r o v i d e d  by t h e  m i t o c h o n d r i a l  i n n e r  membrane. The s t u d i e s  o f  G i t l e r  e t  aZ. (59)  
c l e a r l y  i n d i c a t e  t h a t  EB can i n t e r a c t  w i t h  such membranes. I t s  f l uo rescence  
becomes enhanced as a consequence o f  such i n t e r a c t i o n s ,  and reduced when they 
a r e  modulated by anaerob ios i s  o r  i n t e r a c t i o n  w i t h  An t imyc in  A.  The membrane 
i s  a l s o  i m p l i c a t e d  as a t a r g e t  i n  a r e l a t e d  con tex t  by the  o b s e r v a t i o n  t h a t  
Mikamycin, an i n h i b i t o r  o f  m i t o c h o n d r i a l  p r o t e i n  s y n t h e s i s ,  i s  a l s o  a r e s p i r a -  
t o r y  i n h i b i t o r  a c t i n g  between cytochromes b and c1, i . e . ,  i n  t h e  reg ion  sen- 
s i t i v e  t o  An t imyc in  (60 ) .  Th i s  f a c t  has been made the  b a s i s  o f  a " u n i t a r y  hy- 
po thes i s "  c a u s a l l y  l i n k i n g  t h e  2 phenomena (33,60). There a l s o  appears such 
a l i n k  between membrane c o n f i g u r a t i o n  and f o r m a t i o n  o f  t h e  m t  r ibosomal RNA 
i n  l i p i d  dep le ted ,  anaerob ic  c e l l s  (33,61). Furthermore, the e f f e c t s  o f  sub- 
s t i t u t i n g  d i f f e r e n t  f a t t y  ac ids  on membrane c o n f i g u r a t i o n s  a r e  w e l l  known (e.g. 
62,63) and p r o v i d e d  t h e  conceptual  framework f o r  t he  exper iments t e s t i n g  t h e i r  
e f f e c t  on mutagenesis. 

However, i n t e r a c t i o n  o f  EB w i t h  t h i s  membrane as a s u f f i c i e n t  requi rement  
can a l s o  be r u l e d  o u t .  Whi le  such an i n t e r a c t i o n  accounts f o r  m i t o c h o n d r i a l  
r e l a t i v e  t o  n u c l e a r  s e l e c t i v i t y ,  i t  does n o t  e x p l a i n  the  s p e c i f i c i t y  o f  EB 
r e l a t i v e  t o  a c r i d i n e s  which show comp le te l y  analogous membrane b i n d i n g  and 

What c o n s t i t u t e s  a f e a s i b l e  a l t e r n a t i v e  t o  i n t e r c a l a t i v e  b i n d i n g  o f  EB t o  
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f l uo rescence  behav io r  (57 ) ,  even i n  the  case o f  compounds known n o t  t o  be 
s t r o n g l y  mutagenic (20,21,35). A lso,  examinat ion o f  sucrose and CsCl g r a d i e n t s  
(10) (Table 2 and F i g .  5) suggests t h a t  m t D N A  undergoes some m o d i f i c a t i o n  and 
p a r t i a l  deg rada t ion  a; a r e s u l t  o f  t h e  i n i t i a l  exposure o f  s t a r v e d  c e l l s  t o  EB. 
F i n a l l y ,  a l t hough  t h e  uvs p muta t ions  may w e l l  i n v o l v e  o r  modulate components 
o f  t he  m i tochondr ia1  i n n e r  membrane, t h e r e  i s  some reason t o  doubt t h a t  t h e  i n -  
c i s i o n - d e f e c t i v e  m u t a t i o n  i n  uvs p 5  has produced a s t r u c t u r a l  a l t e r a t i o n  ex- 
c l u s i v e l y  i n  t h e  i n n e r  membrane, a t  a s i t e  removed f rom m t D N A .  

A l l  t he  obse rva t i ons  desc r ibed  a r e ,  however, comp le te l y  c o n s i s t e n t  w i t h  
a model t h a t  p o s t u l a t e s  a complex between m t D N A  and the i n n e r  membrane as t h e  
i n i t i a l  s i t e  o f  i n t e r a c t i o n  w i t h  EB (24 ) .  Th i s  i n t e r a c t i o n  then  generates a 
d i s t o r t i o n  o f  t h e  DNA w i t h i n  t h e  complex which prevents  i t s  r e p l i c a t i o n  and 
renders i t  recogn izab le ,  and p a r t i c u l a r l y  s u s c e p t i b l e  t o  a t t a c k  by t h e  (so f a r  
l a r g e l y  h y p o t h e t i c a l ,  b u t  see 41,44) i n t r a m i  t o c h o n d r i a l  system(s) capable o f  
r e p a i r i n g  damaged m t D N A  ( f o r  d e t a i  Is o f  the  p r o c a r y o t i c  e q u i v a l e n t  see 42,43, 
65,661. The i n t i m a t e  a s s o c i a t i o n  w i t h ,  and attachment o f  m t D N A  t o ,  t h e  i n n e r  
membrane i s  reasonable on the  b a s i s  o f  what i s  known about t h e  requi rements 
f o r  t h e  r e p l i c a t i o n  and r e p a i r  o f  t he  DNA o f  p r o c a r y o t i c  c e l l s ,  i n c l u d i n g  t h e i r  
plasmids (54,65-69), and o f  morpho log ica l  ev idence a l r e a d y  a v a i l a b l e  ( 7 0 ) .  The 
d i s t o r t i o n  o f  such a complex and i t s  r e s u l t a n t  ready s u s c e p t i b i l i t y  t o  modi- 
f i c a t i o n  and degrada t ion  as a consequence o f  changes induced i n  i t s  membrane 
attachment s i t e  i s  based on t h e  ev idence presented here and i s  s u b j e c t  t o  ready 
t e s t s  by p h y s i c a l  and chemical means. As a c o r o l l a r y ,  a l s o  shown here,  chemical 
o r  b i o l o g i c a l  e f f e c t s  on m t D N A ,  and t h e i r  consequences, may p r o v i d e  i n v e s t i g a -  
t o r s  w i t h  a n o v e l ,  s imp le ,  and conven ien t  probe o f  membrane f u n c t i o n .  
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