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A b s t r a c t

AGING: A STUDY OF DNA MICROLESIONS AND METHYLATION

by

MARVIN E. KIRSH

A d v i s e r :  D r .  Aaron Lukton

Soma t ic  m u t a t i o n  in  t e r m i n a l l y  d i f f e r e n t i a t e d  t i s s u e s  may 

m o d u l a t e  t h e  ag in g  p r o c e s s .  The re  i s  e v i d e n c e  t h a t  some DNA r e p a i r  

p r o c e s s e s  f o l l o w  a p a t h  o f  d e c l i n e  as  o r g a n i s m s  age  and c o r r e l a t i o n s  

b e t w e e n  l i f e s p a n  and DNA r e p a i r  c a p a b i l i t y  have been  e s t a b l i s h e d  f o r  

s e v e r a l  s p e c i e s .  A l though  g r o s s  changes  i n  DNA, such  as  s i n g l e  and 

d o u b l e  s t r a n d  b r e a k s ,  c r o s s l i n k s ,  and ch ro mosomal  a b b e r a t i o n s  and 

r e o r g a n i z a t i o n s ,  may be  o f  pa ram oun t  i m p o r t a n c e  as  r e f l e c t i n g  t h e  

d e c r e a s e d  s t a b i l i t y  a s s o c i a t e d  w i t h  i n c r e a s e d  a g e ,  m u t a t i o n  i n  t h e  DNA 

b a s e  seque nce  may be j u s t  as i m p o r t a n t .

The work p r e s e n t e d  h e r e  i n v o lv e d  t h e  m easu rem en t  o f  a l t e r e d  DNA 

b a s e s  as  t h e y  may have  bee n  g e n e r a t e d  from n o rm a l  b a s e s .  A l t e r e d  DNA 

b a s e s  which may be  m u ta g e n ic  and w hich  may a c c u m u l a t e  w i t h  age  were  

m eas u red .  In  p a r t i c u l a r ,  d e o x y u r i d i n e  (dU) (a  d e a m i n a t i o n  p ro d u c t  o f  

d e o x y c y t i d i n e )  and 5 - h y d r o x y m e t h y l d e o x y u r i d i n e  (dHMU) (an o x i d a t i o n  

p r o d u c t  o f  t h y m i d i n e ) ,  we re  a s s a y e d  i n  mouse t i s s u e  DNA. T h i s  a s s a y ,  

u s i n g  an HPLC s e p a r a t i o n ,  i s  s e n s i t i v e  t o  l e s s  t h a n  25 p i c o m o l e s  in

i i i



DNA sam p le s  s i z e d  t o  50 m i c r o m o l e s  o f  d e o x y r i b o n u c l e o s i d e s .  N e i t h e r  

dU, n o r  dHMU was d e t e c t e d  in  sam p le s  o f  mouse t i s s u e s  aged 7, 11, 19, 

and 31 months .  In  c h i c k  e r y t h r o c y t e  DNA, ho w ever ,  s m a l l  amounts  o f  dU 

a r e  found ,  v a r y i n g  b e t w e e n  DNA s a m p le s  o f  d i f f e r e n t  c o m m e r c i a l  

s o u r c e s .  The o r i g i n  o f  dU in  t h e s e  s a m p l e s  i s  unknown.  dHMU was a l s o  

found in  c h i c k  e r y t h r o c y t e  DNA.

I n  a d d i t i o n  t o  m e a s u r in g  dU and dHMU, 5 - r a e t h y l d e o x y c y t i d i n e  

( b e l i e v e d  t o  have a r o l e  i n  r e g u l a t i n g  gene e x p r e s s i o n )  was measured 

a s  a f u n c t i o n  o f  age i n  t h e  t h r e e  t i s s u e s  s t u d i e d .  I t s  l e v e l s  

f l u c t u a t e d  w i d e l y  in  l i v e r  and b r a i n ,  b u t  re m a in ed  s t e a d y  in  t h e  

g rowing and r a p i d l y  d i v i d i n g  s m a l l  i n t e s t i n a l  mucosa.
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PREFACE

Aging can be  d e f i n e d  as  a l o s s  o f  v i t a l i t y  o v e r  a p e r i o d  o f  t i m e  

and i n c r e a s e d  s u s c e p t i b i l i t y  t o  d i s e a s e .  The s t u d y  o f  ag in g  by i t s  

n a t u r e  d ra w s  on t h e  d i s  i p l i n e s  o f  p h i l o s o p h y ,  p s y c h o l o g y ,  as  w e l l  as 

b i o l o g y .  Time in  t h e  p s y c h o l o g i c a l  s e n s e  i s  n o t  u n i f o r m  and a g i n g  in  

humans p r o c e e d s  a t  d i f f e r e n t  r a t e s  d u r i n g  t h e  l i f e s p a n .  Humans 

become mos t  v u l n e r a b l e  t o  s t r e s s  and d i s e a s e  in  t h e  l a t e r  y e a r s  o f  

l i f e ,  and s u r v i v a l  c u r v e s  f a l l  s t e e p l y  d u r i n g  t h i s  p e r i o d  (C o m fo r t ,  

1979).  T h e o r i e s  r e g a r d i n g  t h e  b i o l o g y  o f  ag i n g  a r e  d i v i d e d  i n t o  

s e p a r a t e ,  t h ough  n o t  d i s t i n c t ,  s c h o o l s .  Some b e l i e v e  t h a t  ag in g  i s  as  

much a d e v e l o p m e n t a l  p r o c e s s  a s  i s  e m b r y o g e n e s i s ;  t h a t  i s ,  a g i n g  i s  

programmed i n t o  t h e  o r g a n i s m  (Reviewed by S t r e h l e r ,  1977a) .  O t h e r s  

(Reviewed by  S t r e h l e r ,  1977b) b e l i e v e  t h a t  s e n e s c e n c e  i s ,  in  a s e n s e ,  

due  t o  a c c u m u l a t e d  damage,  as  i f  t h e  o r g a n i s m  w ere  c o n s t r u c t e d  t o  

w i t h s t a n d  so much e n v i r o n m e n t a l  i n s u l t  and t h e n  d e a t h  r e s u l t s .  These  

n o n m u t u a l l y  e x c l u s i v e  s c h o o l s  o f  t h o u g h t  c a n  be  ex t e n d e d  t o  i n c l u d e  

t h e  e x i s t e n c e  o f  a b i o l o g i c a l  c l o c k .  I n  t h e  d e v e l o p m e n t a l  s c h o o l  t h e  

c l o c k  i s  preprogrammed by i n s t r u c t i o n ,  w h e reas  in  t h e  damage s c h o o l  

t h e  c l o c k  i s  a c o u n t e r  t h a t  sums up e n v i r o n m e n t a l  i n s u l t s  and p a c e s  i t  

a g a i n s t  t h e  d u r a b i l i t y  o f  t h e  o r g a n i s m .

The most  s t r i k i n g  f a c t  t o  t h e  f i e l d - o f - a g i n g - d e t e c t i v e  i s  t h e  

d i f f e r e n t  l i f e s p a n  c a p a b i l i t i e s  o f  d i f f e r e n t  o r g a n i s m s ,  and t h e  

r e l a t i o n s h i p  o f  t h e s e  maximum l i f e s p a n  p o t e n t i a l s  t o  v a r i o u s



b i o l o g i c a l  p a r a m e t e r s .  For  i n s t a n c e ,  DNA r e p a i r  c a p a b i l i t y ,  t h e  r a t i o  

o f  b r a i n  w e ig h t  t o  body w e i g h t ,  and v a r i o u s  e n z y m a t i c  a c t i v i t i e s  (s u ch  

as  s u p e r o x i d e  d i s m u t a s e  l e v e l s )  seem to  c o r r e l a t e  w i t h  maximum 

l i f e s p a n  p o t e n t i a l  (T o l m o s o f f ,  1980; C u t l e r ,  1982).  The o r g a n i s m  t h a t  

l i v e s  l o n g e r  i s  b u i l t  o f  b e t t e r  p a r t s ,  b u t  o f  t h e  same b u i l d i n g  b l o c k s  

( f o r  e x a m p le ,  t h e  raw m a t e r i a l s  o f  l i f e  a r e  b e t t e r  a s s e m b led  in  t h e  

l o n g - l i v i n g  s p e c i e s ) .

The i n f o r m a t i o n  f o r  t h e  a s s e m b l y  o f  m a c r o m o le c u l e s  from b u i l d i n g  

b l o c k s  i s  coded f o r  by t h e  DNA (W atson,  1976).  L i f e  i s  s e l f -  

p e r p e t u a t i n g ,  and so i t  i s  on t h e  m i c r o l e v e l  t h a t  DNA codes  f o r  t h e  

a s s e m b l y  o f  i t s  own r e p l i c a t i n g  m a c h i n e r y  and i t s  own p r o t e c t i o n  

d e v i c e s ,  and f o r  t h e  form and n a t u r e  o f  t h e  o rg a n i s m  t o  which i t  

b e l o n g s .  DNA code s  f o r  a l l  o f  t h e  m a c r o m o le c u l e s  i n  t h e  c e l l ,  which 

in  t u r n  form t h e  c e l l  t y p e  and t h e  c e l l s  from which t h e  o r g a n i s m  i s  

a s s e m b l e d .  When a g e n e t i c i s t  s t u d i e s  t h e  p r o b le m  o f  ag i n g  he  f i r s t  

lo oks  t o w ar d  t h e  DNA. The DNA o f  a l l  o r g a n i s m s  i s  composed o f  

b a s i c a l l y  t h e  same b u i l d i n g  b l o c k s .  However ,  t h e  s e q u e n ce  o f  b a s e s  in  

t h e  DNA v a r i e s  s i g n i f i c a n t l y  f rom o rg a n i s m  t o  o r g a n i s m ,  and t h i s  i s  

t h e  means by which d i f f e r e n t  o r g a n i s m s  d e v e lo p  d i f f e r e n t l y  and t a k e  on 

d i f f e r e n t  fo r m s .

D i f f e r e n t i a t i o n  i n t o  v a r i o u s  c e l l  t y p e s  i s  b e l i e v e d  t o  o c c u r  by 

t h e  d i f f e r e n t i a l  e x p r e s s i o n  o f  genes  i n  d i f f e r e n t  c e l l  l i n e a g e s  on a 

t i m e  programmed b a s i s .  Time in  t h e  b i o l o g i c a l  s e n s e  p r o c e e d s  as  genes  

a r e  t u r n e d  on and o f f  and ,  i n  some c e l l s ,  as  DNA i s  r e a r r a n g e d ,  

r e o r d e r e d ,  a n d / o r  a m p l i f i e d .  Changes  o c c u r  q u i c k l y  d u r i n g  e a r l y  l i f e  

and s lo w  a s  f i n a l  c e l l  t y p e s  e v o l v e .  Aging in  t h e  p s y c h o l o g i c a l  s e n s e



p r o c e e d s  much as  we age b i o l o g i c a l l y .  To ex t en d  t h i s  co ncep t  

d e v e l o p m e n t a l l y  we as k:  "As t h e  whole  o r g a n i s m  becomes l e s s  s t a b l e ,  

and i t s  c e l l s  and p r o t e i n s  become l e s s  s t a b l e ,  does  t h e  DNA become 

l e s s  s t a b l e ? "

v i i i
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I .  THEORETICAL CONSIDERATIONS

A. I n t r o d u c t  ion

A mac h ine  such as an a u t o m o b i l e  d e t e r i o r a t e s  w i t h  a g e ,  d epend in g  

on t h e  q u a l i t y  o f  i t s  c o n s t r u c t i o n  and t h e  a b i l i t y  o f  i t s  p a r t s  t o  

w i t h s t a n d  we ar  and t e a r .  An o r g a n i s m  can be v iewed s i m i l a r l y .  I t  i s  

composed o f  p a r t s  ( o r  m o l e c u l e s )  s u c h  a s  DNA, RNA, p r o t e i n s ,  and 

l i p i d s .  Aging,  t h e n ,  r e s u l t s  f rom a d e t e r i o r a t i o n  o r  a p e r t u r b a t i o n  

o f  f u n c t i o n .  Each o r g a n i s m  o f  a c h a r a c t e r i s t i c  c o n s t r u c t i o n ,  i . e .  

s h a p e ,  f o r m ,  and d i s t i n c t i v e n e s s  o f  i t s  p a r t s ,  has  a c h a r a c t e r i s t i c  

l i f e s p a n ,  and j u s t  as  an a u t o m o b i l e  c a n  be  s e r v i c e d  by a m ech a n ic ,  

c e l l u l a r  com po nen ts  have r e p a i r  c a p a b i l i t y .  Then,  w i t h  t h i s  

c a p a b i l i t y ,  why a r e n ' t  o r g a n i s m s  i m m o r t a l ?  O b v i o u s l y  r e p a i r  

c a p a b i l i t i e s  t h e m s e l v e s  a r e  n o t  i m m o r t a l ,  i m p e r f e c t  as  t h e y  mus t  b e ,  

and t h e  f u n d a m e n t a l  q u e s t i o n  ca n  be  posed :  What p a r t s ,  o r  p a r t ,  o f  a 

c e l l  compose t h e  w e a k es t  l i n k  i n  t h e  c h a in ?  I t  i s  known,  f o r  e x a m p le ,  

t h a t  s u p e r o x i d e  d i s m u t a s e ,  an enzyme t h a t  d e s t r o y s  s u p e r o x i d e  

r a d i c a l s ,  ( T o l m a s o f f  e t  a l . ,  1980) w h ich  can c a u s e  c e l l u l a r  damage,  

and DNA e x c i s i o n  r e p a i r ,  (K a r t  & S e t l o w ,  1974) b o t h  have a c t i v i t y  

l e v e l s  t h a t  c o r r e l a t e  p o s i t i v e l y  w i t h  l i f e s p a n .

B. Ob i e c t  iv e s

The o b j e c t i v e  o f  t h i s  t h e s i s  i s  t o  measu re  t h e  d e o x y u r i d i n e  (dU) 

and 5 - h y d r o x y m e t h y l d e o x y u r i d i n e  (dHMU) c o n t e n t  o f  DNA in  a g i n g  s o m a t i c  

mammalian  t i s s u e s ,  u s i n g  a v e r y  s e n s i t i v e  HPLC a s s a y .  U r a c i l
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i n t r o d u c e d  i n t o  DNA as  a r e s u l t  o f  t h e  d e a m i n a t i o n  o f  c y t o s i n e  

p r e s e n t s  a p o t e n t i a l  m u t a t i o n .  T h i s  t y p e  o f  l e s i o n  may, i n  f a c t ,  be 

one o f  t h e  mort  p o t e n t  and p r e d o m i n a n t  ch anges  o c c u r r i n g  in  t h e  DNA, 

and t h u s  may c o n t r i b u t e  t o  t h e  ag in g  p r o c e s s .

C . Background

S in c e  t h e r e  a r e  d e l e t e r i o u s  changes  i n  many c e l l u l a r  com po nent s  

d u r i n g  t h e  ag i n g  p r o c e s s ,  t h e r e  a r e  numerous  t h e o r i e s  r e g a r d i n g  a g i n g .  

Th ese  i n c l u d e  a membrane t h e o r y  (Naggy, 1978),  an e r r o r  c a t a s t r o p h e  

t h e o r y  ( O r g e l ,  1963) ,  and a s o m a t i c  m u t a t i o n  t h e o r y  (Mayneo- I & C l a r k ,  

1975).  The e x p e r i m e n t s  s u g g e s t e d  and c o n d u c te d  in  t h i s  t h e s i s  a r e  

d e s i g n e d  t o  t e s t  an a s p e c t  o f  t h e  s o m a t i c  m u t a t i o n  t h e o r y  o f  a g in g  by 

t a k i n g  a d v a n ta g e  o f  t h e  p r o p e r t i e s  o f  a v e r y  s e n s i t i v e  HPLC a s s a y .

1.  Somat ic M u t a t i o n  Th eo ry  o f  Aging

A ccord ing  t o  t h e  s o m a t i c  m u t a t i o n  t h e o r y  o f  a g i n g ,  t h e  d i s r u p t i o n  

o f  n o rm a l  c e l l u l a r  p r o c e s s e s  i n  aged c e l l s  i s  due  t o  t h e  l o s s  o f  

g e n e t i c  i n f o r m a t i o n .  V a r i ous  a u t h o r s  have a t t e m p t e d  t o  r e l a t e  gene 

m u t a t i o n  t o  a g i n g .  C u r t i s  (1967) and P r a s a d  (1974) were  a b l e  t o  show 

t h a t  d o s e s  o f  r a d i a t i o n  can r e d u c e  t h e  l i f e s p a n  and i t  has  been 

d e t e r m i n e d  ( s e e  H u t t e rm a n n  e t  a l . ,  1978) t h a t  r a d i a t i o n  was m u t a g e n i c  

in  many s y s t e m s ,  i n c l u d i n g  mammals.  A t h e o r y  to  c o n n e c t  t h e  m u ta g e n ic  

e f f e c t  o f  r a d i a t i o n  and i t s  e f f e c t  on l i f e s p a n  was c o n s t r u c t e d  by 

Mayneord and C l a r k  (1975) .  S in c e  r a d i a t i o n  does  n o t  p ro d u ce  a l l  t h e  

e f f e c t s  o f  a g i n g ,  thoug h i r r a d i a t e d  mice  d i e  from t h e  same s p e c t r u m  o f  

d i s e a s e s  as  o ld  mice  (Lindop e t  a l . ,  1960),  t h e  c o r r e l a t i o n  b e t w e e n  

s o m a t i c  m u t a t i o n  and a g in g  r e m a i n s  somewhat n e b u l o u s .  I t  i s  known 

t h a t  a g e n t s  t h a t  induce  c a n c e r s  a r e  g e n e r a l l y  m u t a g e n i c  and i t  i s  a l s o
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known t h a t  c a n c e r s  i n c r e a s e  w i t h  a g e ,  b u t  t h e  c o r r e l a t i o n  t h a t  gene 

m u t a t i o n s  i n c r e a s e  w i t h  age  ca n n o t  be made. Two e f f e c t s  o f  t h e  same 

ag en t  ( f o r  r a d i a t i o n — ag in g  and m u t a t i o n ,  and f o r  c a r c i n o g e n s — c a n c e r  

and m u t a t i o n s )  may no t  n e c e s s a r i l y  be r e l a t e d  t o  ea ch  o t h e r .  F u r t h e r  

s u p p o r t  f o r  t h e  s o m a t i c  m u t a t i o n  t h e o r y  o f  a g i n g  must be d e r i v e d  f rom 

e x p e r i m e n t s  showing ch a nges  in  t h e  DNA o r  t h e  p r o t e i n s  coded f o r  by 

t h e  DNA. The f o u n d a t i o n  o f  t h e  s o m a t i c  m u t a t i o n  t h e o r y  o f  a g i n g  i s  

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

e v e n t u a l l y  succumbs t o  e x c e s s i v e  damage in  t h e  m i d s t  o f  s e v e r a l  DNA 

s p e c i f i c  r e p a i r  s y s t e m s .

2.  E r r o r s  in  P r o t e i n s  as  a F u n c t i o n  o f  Age 

O rg e l  (1963) p ro po sed an e r r o r  c a t a s t r o p h e  t h e o r y  o f  ag in g  which  

s t a t e d  t h a t  e r r o r s  indu ced  in  p r o t e i n s  by t h e  p r o t e i n  s y n t h e s i z i n g  

m a c h i n e r y ,  a m p l i f y  t h e m s e l v e s  by i n c r e a s i n g  e r r o r s ,  and e v e n t u a l l y  

c a u s e  an e r r o r  c a t a s t r o p h e .  For  i n s t a n c e ,  a m i s t a k e  in  s y n t h e s i z i n g  a 

r i b o s o m a l  p r o t e i n ,  i f  t h a t  p r o t e i n  we re  i n c o r p o r a t e d  i n t o  a r i b o s o m e ,  

co u ld  lead  t o  more e r r o r s .  A lso  t o  be i n c l u d e d  in  t h i s  t h e o r y  co u ld  

be changes  induced in  DNA r e s u l t i n g  f rom e r r o r s  i n  p r o t e i n s  t h a t  

r e p l i c a t e  o r  i n t e r a c t  w i t h  t h e  DNA. T h i s  second  p r o c e s s  would a l s o  

l e a d  t o  e r r o r  a m p l i f i c a t i o n ,  and end in  e r r o r  c a t a s t r o p h e .  A l tho ug h 

e r r o r s  in  p r o t e i n s  co u ld  a r i s e  i n i t i a l l y  f rom e i t h e r  an e r r o r  

c a t a s t r o p h e  o r  s o m a t i c  m u t a t i o n ,  many i n v e s t i g a t o r s  have  t r i e d  t o  f i n d  

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

H o l l i d a y  and T a r r a n t  (1972) and Wulf and C u t l e r  (1975) found i n c r e a s e s  

in  h e a t  l a b i l e  p r o t e i n s  in  t i s s u e  c u l t u r e .  H o l l i d a y  and T a r r a n t  

(1972) found an a s s o c i a t e d  a l t e r e d  s p e c i f i c i t y  w i t h  t h e  i n c r e a s e  in  

h e a t  l a b i l i t y .  Lewis  and T a r r a n t  (1972) found a d e c r e a s e  in  s p e c i f i c
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a c t i v i t y  o f  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  in  aged f i b r o b l a s t s ,  and 

Gershon and Ge rshon (1970)  found a d e c r e a s e  in  s p e c i f i c  a c t i v i t y  o f  

i s o c i t r a t e  l y a s e  in  n em a to d e s .  Ge rshon  and Gershon (19 73 a,b )  a l s o  

found a d e c r e a s e  in  mouse l i v e r  and mouse m u sc l e  a l d o l a s e  a c t i v i t i e s  

w i t h  age .  Werner ' s  syndrome c e l l s  t h a t  age  p r e m a t u r e l y  a c c u m u l a t e  

l a b i l e  g l u c o s e - 6 - p h o s p h a t e  d eh y d r o g en as e  e a r l i e r  t h an  u s u a l  ( H o l l i d a y  

e t  a l . ,  1974) as w e l l  as  o t h e r  hea t  l a b i l e  enzymes ( G o l d s t e i n  & 

Moerman, 1975).  Linn e t  a l .  (1976) showed t h a t  DNA p o l y m e ra s e  l o s e s  

a c t i v i t y  i n  aged f i b r o b l a s t s  and H a rd in  (1973) found an i n c r e a s e  in 

h e a t  l a b i l e  g l u t a t h i o n e  r e d u c t a s e  in  aged human l e n s .  Menz ies  e t  a l .  

(1972) found d i f f e r e n c e s  in  t-RNA t u r n o v e r  in  r a t  k i d n e y ,  l i v e r ,  and 

s p l e e n .

Whi le  t h e  above ex am ple s  may be  t a k e n  as  s u p p o r t  f o r  an e r r o r  

c a t a s t r o p h e  t h e o r y  o f  a g i n g ,  t h e y  do n o t  c o n t r a d i c t  t h e  s o m a t i c  

m u t a t i o n  t h e o r y  o f  a g i n g .  In  f a c t  t h e  o r i g i n  o f  a l t e r e d  enzymes from 

t i s s u e  c u l t u r e  c e l l s  i s  s u b j e c t  t o  q u e s t i o n ,  and a l t e r e d  enzymes may 

be d e r i v e d  from dead o r  d y in g  c e l l s  i n  t h e  c u l t u r e .  S in c e  a l l  

p r o t e i n s  a p p a r e n t l y  a r e  n o t  a f f e c t e d  by a g in g  (Rubinson e t  a l . ,  1976; 

Bar ton  & Yang, 1975; and Popp e t  a l . ,  1976).  Bai rd  and M ass i e  (1975) 

and Gershon and Gershon (1976) have co n c lu d ed  t h a t  an e r r o r  

c a t a s t r o p h e  t h e o r y  o f  ag in g  i s  n o t  i n d i c a t e d .

3 .  DNA R e p a i r  and Aging

S in ce  s p o n ta n e o u s  m u t a t i o n s  and damage t o  DNA a r e  o c c u r r i n g  in  

a l l  c e l l s  a t  a l l  t i m e s  (Har tm an ,  1980),  r e p a i r  p r o c e s s e s  a r e  needed 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  i n f o r m a t i o n  ( s e e  Ha nawal t  e t  

a l . ,  1979 and L i n d a h l ,  1979, 1982 f o r  r e c e n t  r e v i e w s  and d i s c u s s i o n s  

o f  DNA r e p a i r ) .  The known r e p a i r  s y s t e m s  f o r  DNA a r e :  a.  e x c i s i o n
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r e p a i r ,  b.  p o s t - r e p l i c a t i o n  r e p a i r ,  c .  r e p a i r  o f  s i n g l e  s t r a n d  b r e a k s ,  

d.  p h o t o r e a c t i v a t i o n ,  and e.  b a s e  r e p a i r .

a .  E x c i s i o n  r e p a i r  i n v o l v e s  c l e a v i n g  o f  t h e  p h o s p h o d i e s t e r  

backbone ,  e x c i s i o n  o f  t h e  damaged r e g i o n ,  and DNA s y n t h e s i s  o v e r  t h e  

e x c i s e d  r e g i o n .

b. Pos t  r e p l i c a t i o n  r e p a i r  i s  i n t i m a t e l y  co n n e c te d  w i t h  

s e m i c o n s e r v a t i v e  DNA r e p l i c a t i o n ,  and a p p a r e n t l y  i n v o l v e s  t h e  r e p a i r  

o f  a damaged s t r a n d  a d j a c e n t  t o  an i n t a c t  t e m p l a t e .

c.  The r e p a i r  o f  s i n g l e  s t r a n d  b r e a k s  i n v o l v e s  l i m i t e d  

n u c l e o l y t i c  a c t i v i t y  (Dugle & G i l l e s p i e ,  1975) and i s  r a p i d  t o  r e p a i r  

b r e a k s  ca used  by v a r i o u s  a g e n t s .

d.  P h o t o r e a c t i v a t i o n  i n v o l v e s  t h e  r e p a i r  o f  p y r i m i d i n e  d i m e r s  by 

v i s i b l e  l i g h t  ( S u t h e r l a n d  e t  a l . ,  1974 ) .

e .  Base r e p a i r  i n v o l v e s  t h e  e x c i s i o n  o f  damaged b a s e s  by 

c l e a v a g e  o f  t h e  N - g l y c o s i d i c  bond b e tw e en  t h e  b a s e  and t h e  s u g a r .

T h i s  t y p e  o f  damage i s  f u r t h e r  r e p a i r e d  by t h e  v a r i o u s  e x c i s i o n  r e p a i r  

s y s t e m s .

That  DNA r e p a i r  i s  an i m p o r t a n t  mechanism f o r  t h e  m a i n t e n a n c e  o f  

c e l l u l a r  h o m e o s t a s i s  i s  e v id e n c e d  by t h e  f a c t  t h a t  s e v e r a l  

n e u r o l o g i c a l  d e g e n e r a t i o n s  (Robb ins ,  1983) as  w e l l  as  h ig h  blood  

p r e s s u r e  (Pero  e t  a l . ,  1975) have been l i n k e d  t o  h y p e r s e n s i t i v i t y  t o  

DNA damaging a g e n t s .  A l thou gh  a d i r e c t  c a u s e  and e f f e c t  r e l a t i o n s h i p  

has  n o t  been e s t a b l i s h e d  in  t h e s e  c a s e s  i t  i s  q u i t e  p o s s i b l e  t h a t  

d e f e c t s  in  DNA r e p a i r  may have many p l e i o t r o p h i c  e f f e c t s  on an 

o rg a n i s m .

I s  t h e r e  i n c r e a s i n g  DNA damage d u r i n g  ag in g ?  S e v e r a l  a u t h o r s  

have a t t e m p t e d  t o  measu re  s i n g l e  s t r a n d  b r e a k s ,  DNA c r o s s  l i n k s ,
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u n s c h e d u le d  MW s y n t h e s i s ,  and chromosome a b b e r a t i o n s  in  a t t e m p t s  t o  

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

g e n e r a l l y  am b ig u o u s— some t i s s u e s ,  p a r t i c u l a r l y  l i v e r ,  seem t o  show 

i n c r e a s e d  DNA damage d u r i n g  d e v e lo p m e n t  b u t  most  t i s s u e s  do n o t .  (The 

t i s s u e s  t e s t e d  were  p e r i p h e r a l  l y m p h o c y t e s ,  s k i n  f i b r o b l a s t s ,  bone 

mar row ,  m u s c l e ,  b r a i n ,  and h e a r t . )  When m e a s u r in g  chromosome 

a b b e r a t i o n s ,  t h e r e  seems t o  be  an i n c r e a s e  in  l i v e r  (S t ev e n so n  A 

C u r t i s ,  1961) in s e v e r a l  s p e c i e s  ( C u r t i s  e t  a l . ,  1966; C u r t i s  &

M i l l e r ,  1971; Brooks e t  a l .  1973) b u t  n o t  in  p h y t o h e m a g g l u t i n i n  

s t i m u l a t e d  l e u k o c y t e s .  C ou r t -B ro wn e t  a l .  (1966) ,  Tough e t  a l .

(1970) ,  J a r v i k  and Kato  (1970) ,  L i n i e c k i  e t  a l .  (1971) ,  and Ayme e t  

a l .  (1976) o b s e r v e d  a s l i g h t  i n c r e a s e  in  ch romosomal  a b b e r a t i o n s  w i t h  

age  where  o t h e r  a u t h o r s  have o b s e r v e d  no su ch  i n c r e a s e  (J a co b s  & 

C o u r t -B ro w n ,  1966; Sandberg  e t  a l . ,  1967; Bochkov e t  a l . ,  1968; 

Goodman e t  a l . ,  19 69 ;  and B o ch k o v ,  1 9 7 2 ) .  P r i c e  e t  a l .  ( 1 9 7 1 ) ,  and 

Modak and P r i c e  (1971) u s i n g  t h e  a b i l i t y  o f  n i ck e d  DNA t o  a c t  as  a 

t e m p l a t e  f o r  DNA p o l y m e r a s e ,  found a s i g n i f i c a n t  i n c r e a s e  in  s i n g l e  

s t r a n d  b r e a k s  in  some t i s s u e s  bu t  n o t  in  o t h e r s .  However ,  a l l  c e l l s  

examined  showed i n c r e a s e s  in  a c i d - s e n s i t i v e  r e g i o n s .  M a s s i e  e t  a l .  

(1972) found a t e n - f o l d  d e c r e a s e  in  m o l e c u l a r  w e ig h t  o f  DNA from o ld  

c e l l s .  Ono e t  a l .  (1976) found a d e c r e a s e  i n  m o l e c u l a r  w e ig h t  in  

l i v e r ,  b u t  n o t  i n  s p l e e n ,  thym us ,  o r  c e r e b e l l u m .  O th e r  r e s e a r c h e r s  

have found e v i d e n c e  f o r  t h e  a c c u m u l a t i o n  o f  s i n g l e  s t r a n d  b r e a k s  

d u r i n g  a g in g  (K a rr a n  & Ormerod,  1973; C h e t s an g a  e t  a l . ,  1975; and 

W h ee le r  & L e t t ,  1974).

4 .  C o r r e l a t i o n  o f  DNA R e p a i r  w i t h  L i f e s p a n  

H a r t  and S e t l o w  (1974) have a t t e m p t e d  t o  c o r r e l a t e  t h e  DNA
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e x c i s i o n  r e p a i r  c a p a b i l i t y  o f  a s p e c i e s  w i t h  i t s  l i f e s p a n .  They have 

found a l i n e a r  c o r r e l a t i o n  b e t w e e n  l i f e s p a n  and e x c i s i o n  r e p a i r  

a b i l i t y  in  seven  s p e c i e s  t h a t  d i f f e r e d  s e v e r a l - f o l d  in l i f e s p a n .  They 

measu red u n s c h e d u le d  DNA s y n t h e s i s  a f t e r  ex p o s u r e  o f  c e l l s  ( t a k e n  from 

t h e  same l o c a t i o n  in a n i m a l s  t h a t  had c o m p le t e d  a p p r o x i m a t e l y  t h e  same 

p e r c e n t a g e  o f  t h e i r  l i f e s p a n s )  to  u l t r a v i o l e t  l i g h t .  Tt was e s t i m a t e d  

t h a t  about  t h e  same number o f  t h y m i d i n e  d i m e r s  was induced in  t h e  

c e l l s  o f  each  s p e c i e s ,  and t h a t  t h e  c e l l s  had about  t h e  same DNA 

c o n t e n t .  A measu re  o f  g r a i n s  p e r  n u c l e u s  a f t e r  a u t o r a d i o g r a p h y  

c o r r e l a t e d  w e l l  w i t h  l i f e s p a n .  However,  s i n c e  t h i s  c o r r e l a t i o n  i s  not  

found in a group o f  r e l a t e d  p r i m a t e s  t h a t  d i f f e r  in l i f e s p a n  by as 

much as  t w e n t y - f o l d  ( C u t l e r ,  1976) t h e  r e l a t i o n s h i p  b e tw e e n  DNA r e p a i r  

and l i f e s p a n  found by Har t  and Set  low must  be v iewed c a u t i o u s l y .  The 

c o r r e l a t i o n  b e tw e e n  DNA damage and r e p a i r  w i t h  l i f e s p a n  has  no t  been 

made w i t h  o t h e r  fo rm s  o f  DNA r e p a i r  on t h e  m o l e c u l a r  l e v e l .

5 .  DNA Base R e p a i r  

U n t i l  r e c e n t l y ,  i t  was b e l i e v e d  t h a t  damage t o  DNA b a s e s  was 

r e p a i r e d  s i n g u l a r l y  by t h e  e x c i s i o n  r e p a i r  p r o c e s s ,  b u t  i t  i s  known 

t h a t  t h e r e  e x i s t s  a g ro up  o f  enzymes ( g l y c o s y l a s e s )  t h a t  can r e l e a s e  

damaged o r  u n i n t e n d e d  b a s e s  from t h e  DNA, l e a v i n g  t h e  p h o s p h o d i e s t e r  

backbone i n t a c t .  These  enzymes a p p a r e n t l y  a c t  by  c l e a v a g e  o f  t h e  N- 

g l y c o s i d i c  bond b e tw e e n  t h e  d e o x y r i b o s e  m o i e t y  and t h e  b a s e  i n  a 

nonexchange ty p e  o f  r e a c t i o n  ( T a l p a e r t - B o r l e  e t  a l . ,  1979).

A p r y m id in i c  and a p u r i n i c  s i t e s  r e s u l t i n g  f rom t h i s  a t t a c k  a r e  b e l i e v e d  

t o  be r e p a i r e d  v i a  e x c i s i o n  r e p a i r  u s i n g  a p u r i n i c - a p r y m i d i n i c  

e n d o n u c l e a s e s  f o r  t h e  e x c i s i o n  s t e p  (L i n d a h l  e t  a l . ,  1977; L i n d a h l ,

1982).  G l y c o s y l a s e  a c t i v i t i e s  have been i d e n t i f i e d  f o r  u r a c i l  ( t h e
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d e a m i n a t i o n  p r o d u c t  o f  c y t o s i n e ) ,  h y p o x a n t h i n e  ( t h e  d e a m i n a t i o n  

p ro d u c t  o f  a d e n i n e ) ,  and 3 m e t h y l  o r  e t h y l - a d e n i n e  ( L i n d a h l ,  1979; 

o t h e r s  in  L i n d a h l ,  1982).  G l y c o s y l a s e  a c t i v i t i e s  a l s o  have been 

i d e n t i f i e d  f o r  t h y m i d i n e  o x i d a t i o n  p r o d u c t s  i n c l u d i n g  t h e  d e r i v a t i v e  

dHMU as  v e i l  as  o t h e r  o x i d a t i o n  p r o d u c t s  ( H o l l s t e i n  e t  a l . ,  1984; 

Demple & L in n ,  1980).  G l y c o s y l a s e  a c t i v i t y  a p p e a r s  t o  be u b i q u i t o u s  

as  a c t i v i t i e s  have been i d e n t i f i e d  in  man as  w e l l  as  b a c t e r i a  and 

o t h e r  o r g a n i s m s  examined ( i s h i w a t a  & Oikawa,  1979);  Duncan e t  a l . ,  

1978; and T a l p a e r t - B o r l e  e t  a l . ,  1979).

As an example  o f  an a l t e r e d  b a s e ,  c o n s i d e r  t h e  d e a m i n a t i o n  o f  

c y t o s i n e  t o  u r a c i l .  I t  has  been e s t i m a t e d  (Har tman ,  1980) t h a t  a t  

37°C, as  many as  160 c y t o s i n e s  in  d u p l e x  DNA may be  s p o n t a n e o u s l y  

d e a m i n a t e d  p e r  c e l l  p e r  day  in  a d i p l o i d  mammalian  o rg a n i s m .  The r a t e  

has  a l s o  bee n  shown t o  i n c r e a s e  w i t h  t e m p e r a t u r e  (L i n d a h l  & Nyberg,  

1974).  C o n s id e r  t h a t  i f  two u r a c i l s  p e r  week went  u n r e p a i r e d ,  by  age 

70 t h e r e  would be  an a v e r a g e  o f  7 ,240 u r a c i l s  p e r  genome in  ea ch  

s o m a t i c  c e l l  o f  t h e  body.  S in c e  u r a c i l  i n t r o d u c e d  i n t o  DNA as  a 

r e s u l t  o f  t h e  d e a m i n a t i o n  o f  c y t o s i n e  i s  m is m a tc h ed  t o  a d e n i n e  d u r i n g  

DNA r e p l i c a t i o n ,  each  u n r e p a i r e d  and i n c o r r e c t l y  r e p a i r e d  u r a c i l  would 

r e p r e s e n t  a p o i n t  m u t a t i o n .

A l tho ug h a t  p r e s e n t  t h e r e  i s  no d i r e c t  e v i d e n c e  f o r  a l t e r e d  amino 

a c i d  s eq u e n ce s  in  p r o t e i n s  o f  aged a n i m a l s  (any ch a n g es  o b s e r v e d  so 

f a r  co u ld  have a r i s e n  f rom p o s t  t r a n s l a t i o n a l  m e t a b o l i s m  and no t  

d i r e c t l y  f rom DNA m i c r o l e s i o n s ) ,  u r a c i l  i n  DNA may a f f e c t  o t h e r  v i t a l  

p r o c e s s e s .  I f  u r a c i l  r e m a i n i n g  in  t h e  DNA i s  m ism a tc h ed  t o  g u a n i n e ,  a 

l o c a l  d i s t o r t i o n  o f  t h e  DNA h e l i x  c o u ld  i n t e r f e r e  w i t h  DNA m e t a b o l i s m .  

For  i n s t a n c e ,  such a d i s t o r t i o n  may p r e v e n t  p a s s a g e  o f  an RNA o r  DNA
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p o l y m e r a s e ,  r e s u l t i n g  in  t h e  s y n t h e s i s  o f  an i n c o m p l e t e  p o l y p e p t i d e  o r  

t h e  i n a b i l i t y  o f  t h e  c e l l  t o  r e p l i c a t e .  R e p a i r  p r o c e s s e s  i n t e n d e d  to  

c o r r e c t  t h i s  d i s t o r t i o n  and t h e  m i s m a tc h  may make m i s t a k e s  r e s u l t i n g  

in u n r e p a i r e d  s i n g l e  s t r a n d  b r e a k s ,  o r  may f i x  t h e  u r a c i l  in  t h e  DNA 

by r e p a i r i n g  t h e  wrong s t r a n d .  U r a c i l ,  in  DNA, i n t r o d u c e d  e i t h e r  by 

m i s i n c o r p o r a t i o n  o r  d e a m i u a t i o n , co u l d  i n t e r f e r e  w i t h  t h e  b i n d i n g  t o  

t h e  DNA o f  r e g u l a t o r y  p r o t e i n s  and may c a u s e  e p i g e n e t i c  a l t e r a t i o n s  in 

c e l l u l a r  prog ram ming .  Thes e  t y p e s  n f  cha ng es  c o u ld  l ead  t o  c e l l u l a r  

d e t e r i o r a t i o n  o r  c o u ld  c a u s e  a l t e r a t i o n s  in  c e l l u l a r  p rog ram ming .  

DNA -g lyco sy la se  must p l a y  v i t a l  r o l e s  in  DNA m e t a b o l i s m .

6.  U r a c i l -D N A -G ly co s y la s e  

U r a c i l - D N A - g l y c o s y l a s e  o f  E. c o l i  ha3 a m o l e c u l a r  w e ig h t  o f  

24,100 ,  c o n t a i n s  a s i n g l e  s u b u n i t ,  has  no c o f a c t o r  r e q u i r e m e n t s ,  

a t t a c k s  s i n g l e  o r  d o u b le  s t r a n d e d  DNA, and i s  n o n c o m p e t i t i v e l y  

i n h i b i t e d  by f r e e  u r a c i l  ( L i n d a h l ,  1979).  The enzyme i s  s p e c i f i c  f o r  

u r a c i l  b o t h  as  an i n h i b i t o r  and as  s u b s t r a t e .  The B a c i l l u s  s u b t i l u s  

and c a l f  thymus enzymes c l o s e l y  r e s e m b l e  t h e  c o l i  enzyme in  

m o l e c u l a r  w e ig h t  and p r o p e r t i e s  ( T a l p a e r t - B o r l e  e t  a l . ,  1979 and Cone 

e t  a l . ,  1977).  E^ c o l i  m u t a n t s  (ung m u t a n t s )  have  been  i s o l a t e d  

(Duncan e t  a l . ,  1978) wh ich  have low o r  n o n e x i s t e n t  l e v e l s  o f  u r a c i l -  

D N A -g lycosy lase .  Ung m u t a n t s  a r e  v i a b l e ,  h y p e r m u t a b l e ,  and have 

u r a c i l  i n  t h e i r  DNA (Duncan e t  a l . ,  1978).  A no the r  t y p e  o f  m u t a n t ,  

d u t . d e f i c i e n t  i n  dUTPase a l s o  has  u r a c i l  i n  i t s  DNA, p r e s u m a b ly  

b e c a u s e  dUTP l e v e l s  a r e  h i g h e r  i n  t h i s  m u t a n t ,  and b e c a u s e  t h e  DNA 

p o l y m e r a s e  d i s c r i m i n a t e s  p o o r l y  b ^ t / ' - i n  j'JTP and dTTP. P u t . ung 

d o u b le  m u t a n t s  m a i n t a i n  h ig h  u r a c i l  l e v e l s  in  t h e i r  DNA and a r e  s t i l l  

v i a b l e  (Tye e t  a l . ,  1978).  However ,  d u t . x t h  m u t a n t s ,  d e f i c i e n t  in
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t h e  e x c i s i n g  enzyme,  a r e  n o n v i a b l e  p r e s u m a b l y  b e c a u s e  t h e y  a c c u m u l a t e  

a t  a p r y m i d i n i c  s i t e s  wh ich  ca n n o t  be r e p a i r e d  v i a  e x c i s i o n  r e p a i r .

Tye e t  a l .  (1978) r e p o r t  no u r a c i l  i n  t h e  DNA o f  w i l d - t y p e  c e l l s .  As 

u r a c i l - D N A - g l y c o s y l a s e  l e v e l s  a r e  known t o  i n c r e a s e  in  some c e l l s  j u s t  

b e f o r e  DNA s y n t h e s i s  ( S i r o v e r ,  1979; Gupta  & S i r o v e r ,  1980; Gupta & 

S i r o v e r ,  1981) i t  may be  t h a t  l e v e l s  a r e  low in  n o n d i v i d i n g  s o m a t i c  

t i s s u e  and u r a c i l  may a c c u m u l a t e  in  DNA.

D . Conelu s  ion

When one c o n s i d e r s  t h a t  t h e r e  e x i s t s  a s p e c i f i c  u ra c i l -D N A -  

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

enzyme,  would pos e  a s e r i o u s  t h r e a t  to  t h i s  c e l l ' s  s u r v i v a l .  One can 

t h e n  a sk  t h e  q u e s t i o n  w h e th e r  t h e s e  m i c r o l e s i o n s  o r  p o i n t  m u t a t i o n s  

a c c u m u l a t e  t o  any s e r i o u s  e x t e n t  o v e r  t h e  l i f e t i m e  o f  t h e  c e l l ,  

c o n s i d e r i n g  t h e  e x i s t i n g  r e p a i r  p r o c e s s e s  and w h e th e r  t h e y  a r e ,  in 

f a c t ,  l e s i o n s  t h a t  l i m i t  t h e  c e l l ' s  s u r v i v a l .  These  a r e  changes  in  

t h e  g e n e t i c  i n f o r m a t i o n  and t h e y  can c a u s e  amino a c i d  s u b s t i t u t i o n s  

and s u b t l e  changes  in  p r o t e i n s .  R e p a i r  o f  t h e s e  l e s i o n s  i s  d ependen t  

on e x c i s i o n  r e p a i r  enzym es ,  whose l e v e l s  a r e  known t o  c o r r e l a t e  w i t h  

l i f e s p a n .  E. c o l i  m u t a n t s  d e f i c i e n t  in  t h i s  enzyme a r e  h y p e r m u t a b l e  

and have u r a c i l  i n  t h e i r  DNA and,  most  i m p o r t a n t ,  a t  n o rm a l  body 

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

d e a m i n a t i o n  o f  c y t o s i n e  t o  u r a c i l  may be one o f  t h e  most common t y p e s  

o f  DNA damage which o c c u r s .  T h i s  t y p e  o f  damage cou ld  l e ad  t o  

s p o n t a n e o u s  p o i n t  m u t a t i o n s ,  d i s t o r t i o n s  o f  t h e  d o u b le  h e l i x ,  o r  

e p i g e n e t i c  changes  a f f e c t i n g  t h e  r e g u l a t i o n  and p r o c e s s i n g  o f  

i n f o r m a t i o n .  DNA r e p a i r  p r o c e s s e s  in  n o n d i v i d i n g  s o m a t i c  t i s s u e s  may 

n o t  be a b l e  t o  c o r r e c t  a l l  t h i s  damage.  The r e s e a r c h  d e s c r i b e d  h e r e
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p r o v i d e s  a s i m p l e  means o f  t e s t i n g  w h e th e r  o r  n o t  t h e s e  l e s i o n s  

a c c u m u l a t e  w i t h  age .

E . 5-HydroxyrTiethvldeoxvur id ine  

In  a d d i t i o n  t o  m ea s u r in g  d e o x y u r i d i n e  l e v e l s  in t h i s  t h e s i s ,  dHMU 

was a l s o  exam ined ,  s i n c e  i t  was found t o  e l u t e  a t  a p o s i t i o n  where  i t  

co u ld  be d e t e c t e d  in  ch ro m a to g ram s  o f  DNA d i g e s t s .  D e t a i l s  on i t s  

b i o l o g y  a r e  g iv e n  in  t h e  e x p e r i m e n t a l  s e c t i o n .



I I .  EXPERIMENTAL CONSIDERATIONS

A. The T e s t

The s t r u c t u r e s  o f  t h e  p e r t i n e n t  d e o x y r i b o n u c l e o s i d e s  a r e  g i v e n  in 

F i g u r e  1. U r a c i l  c r e a t e d  i n  DNA i s  p a i r e d  i n c o r r e c t l y  w i t h  g u a n i n e .

I f  i t  i s  n o t  e x c i s e d  b e f o r e  DNA r e p l i c a t i o n  i t  w i l l  p a i r  w i t h  a d e n in e  

in t h e  n ew ly  r e p l i c a t e d  DNA and a m u t a t i o n  r e s u l t s .  HMU i s  a l s o  

b e l i e v e d  t o  be m u t a g e n i c ,  s i n c e  a r e p a i r  s y s t e m  e x i s t s  f o r  i t .  I t  can 

be e s t i m a t e d  t h a t  i f  20 u r a c i l s  went  u n r e p a i r e d  p e r  week in  t h e  mouse 

t h e r e  would be a m u t a t i o n  in  1 o u t  o f  32 genes  by 3 y e a r s  o f  a g e ,  and

in  t h e  human 1 i n  e v e r y  1.4 g e n e s  by  a g e  70.

T h i s  r a i s e s  t h e  i n t e r e s t i n g  q u e s t i o n  o f  w h e th e r  o r  n o t  u r a c i l  o r  

HMU ca n  be  found in  t h e  DNA o f  o ld  c e l l s .  S in c e  S i r o v e r  (1979) 

r e p o r t s  t h a t  u r a c i l - D N A - g l y c o s y l a s e  i s  induced s e v e r a l  f o l d  d u r i n g  DNA 

s y n t h e s i s  in  human l y m p h o c y t e s ,  i t  m ig h t  n o t  be  p o s s i b l e  t o  m easu r e  

any u r a c i l  in  c e l l  l i n e a g e s  t h a t  und e rg o  r e p l a c e m e n t  and r e p l i c a t i o n ,  

such  as  i n t e s t i n a l  mucosa ,  b u t  i t  may be  p o s s i b l e  in  n o n d i v i d i n g

t i s s u e s  such  as  b r a i n  and l i v e r .

B. E x p e r im e n ta l  D esign

E x p e r im e n t s  were  co n d u c te d  u s i n g  d i g e s t s  o f  DNA from mouse 

t i s s u e s  and from c o m m e r c i a l  s a m p l e s .  Thes e  d i g e s t s  i n c l u d e d  a l k a l i n e  

p h o s p h a t a s e ,  p h o s p h o d i e s t e r a s e  I ,  DNAase I ,  a; d an i n h i b i t o r  o f  what 

was b e l i e v e d  t o  be a t r a c e  c o n t a m i n a n t  o f  t h e  a l k a l i n e  p h o s p h a t a s e ,  

c y t i d i n e  d e a m i n a s e .  I t  was o r i g i n a l l y  p ro p o se d  t o  measu re  u r a c i l  by

12
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t r e a t i n g  DNA w i t h  u r a c i l - D N A - g l y c o s y l a s e  and m e a s u r in g  r e l e a s e d  

u r a c i l .  However ,  i t  was found t o  be  p o s s i b l e  t o  m eas u r e  n u c l e o s i d e s  

i n  DNA d i g e s t s  w i t h o u t  t h e  u s e  o f  u r a c i l - D N A - g l y c o s y l a s e .  Wi th  t h e  

u s e  o f  t r i e t h y l a m i n e  in  t h e  b u f f e r  i t  was p o s s i b l e  t o  s e p a r a t e  c l e a n l y  

d e o x y u r i d i n e  and dHMU from any o f  t h e  o t h e r  b a s e s  t h a t  we re  a n a ly z e d  

in  t h e  DNA d i g e s t s .  T h i s  i s  done u s i n g  h i g h  p r e s s u r e  l i q u i d  

ch r o m o t o g ra p h y .  A pH o f  3.0 f o r  t h e  b u f f e r  was c hose n  b e c a u s e  i t  

p r o v i d e s  t h e  b e s t  s e p a r a t i o n  o f  d e o x y c y t i d i n e  f rom d e o x y u r i d i n e .  Th i s  

pH i s  b e lo w  t h e  pK o f  t h e  amino g ro u p  on d e o x y c y t i d i n e  and t h u s  i t  i s  

p o s i t i v e l y  ch a rg ed  and v e r y  p o l a r .  The f o l l o w i n g  p a p e r ,  s u b m i t t e d  t o  

t h e  j o u r n a l  Mechanisms in  Aging and D e v e l o p m e n t , r e v i e w s  t h e  

e x p e r i m e n t s  co n d u c te d  on mouse DNA and su m m ar i ze s  t h e  r e s u l t s .

C . Absence o f  D e o x y u r i d in e  and 5 - h v d r o x v m e th v l d e o x y u r i d in e  

in  t h e  DNA from Thre e  T i s s u e s  o f  Mice o f  D i f f e r e n t  Ages 

INTRODUCTION

In  v iew  o f  t h e  r e s u l t  t h a t  DNA e x c i s i o n  c a p a c i t y  c o r r e l a t e s  w i t h  

l i f e s p a n  (Har t  & S e t l o w ,  1974),  a t ing  may r e s u l t  f rom t h e  

a c c u m u l a t i o n  o f  g e n e t i c  damage in  s o m a t i c  c e l l s .  T h e r e  i s  e v i d e n c e  

t h a t  DNA r e p a i r  p r o c e s s e s  d e c l i n e  in  l a t e  p a s s a g e  c e l l s  (Har tman ,

1983; F a i l l a ,  1960; H a r t  e t  a l . ,  1979),  and t h a t  u n s c h e d u le d  DNA 

s y n t h e s i s  d e c l i n e s  in  s o m a t i c  t i s s u e  upon t e r m i n a l  d i f f e r e n t i a t i o n  

(H a r t  e t  a l . ,  1979).  T h e re  i s  a l s o  e v i d e n c e  t h a t  d u r i n g  ag i n g  in  t h e  

r a t  u n s c h e d u le d  DNA s y n t h e s i s  d e c l i n e s  r a p i d l y  in  h e p a t o c y t e s  (Kennah 

e t  a l . ,  1985).  In  a d d i t i o n ,  o t h e r  t y p e s  o f  DNA r e p a i r  i n  v a r i o u s  

t i s s u e s  a r e  low in  o ld  r a t s  ( N i e d e r m u l l e r  e t  a l . ,  1985).  I n  t h i s  

s t u d y  we examined  two p o s s i b l e  t y p e s  o f  DNA damage ,  dU and dHMU, 

d u r i n g  t h e  ag in g  p r o c e s s .
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dll and dHMU in  DNA a r e  t h e  p r o d u c t s  o f  d e a m i n a t i o n  o f  

d e o x y c y t i d i n e  and o x i d a t i o n  o f  t h y m i d i n e ,  r e s p e c t i v e l y .  I f  m u t a t i o n a l  

damage i n c r e a s e s  d u r i n g  a g i n g ,  t h e s e  two compounds would be  s u s p e c t  in 

DNA sa m p le s  from o ld  m ice .  I t  has  been e s t i m a t e d  (Har tm an ,  1980) t h a t  

ab o u t  160 d e a m i n a t i o n  e v e n t s  o f  d e o x y c y t i d i n e  o cc u r  in DNA in  t h e  

n u c l e u s  o f  a d i p l o i d  mammalian  c e l l  a t  37°C p e r  day .  I t  can  be 

c a l c u l a t e d  t h a t  i f  two o f  t h e s e  went  u n r e p a i r e d  p e r  c e l l  p e r  week,  

t h e n  by age  70 t h e r e  would be a m u t a t i o n  in  one ou t  o f  14 genes  

( a s su m in g  t h e r e  a r e  100,000 genes  in  a d i p l o i d  n u c l e u s ) .  I t  a l s o  has  

b een  e s t i m a t e d  f rom t h e  l e v e l s  found in  u r i n e  (Ames & S a u l ,  1985) t h a t  

t h e  r a t  e x c r e t e s  one m o l e c u l e  o f  HMU p e r  16 genes  p e r  day .  M a t t e r n  

and C e r u t t i  (1975) have found t h a t  l a t e  p a s s a g e  WI38 c e l l s  l o s e  t h e  

a b i l i t y  t o  e x c i s e  gam ma- ray induced  t h y m i d i n e  p r o d u c t s  in  DNA. Th i s  

g am m a- ray  induced  damage i n c l u d e s  dHMU.

The two compounds ,  dU and dHMU, i f  i n c o m p l e t e l y  r e p a i r e d ,  shou ld  

be  d e t e c t a b l e  in  c e l l u l a r  DNA by s e n s i t i v e  a s s a y s .  We t h e r e f o r e  u sed  

a s e n s i t i v e  HPLC a s s a y  t o  look f o r  t h e  p r e s e n c e  o f  dU and dHMU in  

enzyme h y d r o l y s a t e s  o f  DNA from t h e  t i s s u e s  o f  mice  o f  v a r i o u s  a g e s .

MATERIALS AND METHODS 

C hem ica l s

D e o x y u r i d in e  was p u r c h a s e d  from A l d r i c h  Chem ica l  Co. O th e r  

d e o x y n u c l e o s i d e s  and r i b o s i d e s  as  w e l l  as  a l k a l i n e  p h o s p h a t a s e  ( c a l f  

i n t e s t i n e - t y p e  XXX) were  p u r c h a s e d  f rom Sigma Chem ica l  Co. 

T r i e t h y l a m i n e  (HPLC g r a d e )  was p u r c h a s e d  f rom F i s h e r  S c i e n t i f i c  and 

was s t o r e d  u n d e r  n i t r o g e n  to  p r e v e n t  o x i d a t i o n .  D e o x y r i b o n u c l e a s e  I 

(DPFF) and venom d i e s t e r a s e  (VPH) were  p u rc h a s e d  f rom W o r th i n g t o n  

B io c h e m i c a l  Corp.  T e t r a h y d r o u r i d i n e  was p u rc h a s e d  f rom Behr ing
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D ia g n o s t  i c s .

DNA e x t r a c t i o n

DNA was e x t r a c t e d  from l i v e r ,  b r a i n ,  and s m a l l  i n t e s t i n a l  mucosa 

t i s s u e s  f rom C57BL/6J male  mice  housed  in  t h e  a n i m a l  f a c i l i t y  a t  the  

G e ro n t o lo g y  R es ea rch  C e n t e r .  T i s s u e s  w e re  removed,  we ig he d ,  and 

minced  in  i c e - c o l d  0.15 M NaCl, 0.1 M EDTA b u f f e r ,  pH 8.0,  washed 

e x t e n s i v e l y ,  and th e n  homogen ized by f i v e  f u l l  p a s s e s  w i t h  a c l o s e -  

c l e a r a n c e  (0.01 i n c h )  t e f l o n  h o m o g en ize r .  The homogenate  was 

i n c u b a t e d  w i t h  p r o n a s e  B, n u c l e a s e - f r e e ,  a t  500 m i c r o  g / m l  f o r  3 hou r s  

a t  A0°C and th en  b r o u g h t  t o  1 M NaClO^. D e p r o t e i n i z a t i o n  was ac h ie v ed  

w i t h  an eq u a l  volume o f  c h l o r o f o r m - i s o a m y l  a l c o h o l  (20:1)  and v i g o r o u s  

s h a k i n g  o f  t h e  l y s a t e  f o r  30 m i n u t e s .  T h i s  v a s  f o l l o w e d  by 

c e n t r i f u g a < . J o n  a t  10 ,000 RPM, 25°C f o r  15 m i n u t e s .  The t o p  p hase  was 

c a r e f u l l y  removed and t h e  DNA was s p o o l e d  o n t o  g l a s s  ro d s  a f t e r  

a d d i t i o n  o f  2 volumes o f  e t h a n o l  a t  -20°C. DNA was d i s s o l v e d  in  0.1 x 

SSC ( 0 .1 5  M N aC l ,  0 .0 0 1 5  M N a C i t r a t e )  an d  t h e n  b r o u g h t  t o  1 x SSC. 

RNAase was added a t  50 m i c ro  g / m l ,  f o l l o w e d  by a 1-hou r  i n c u b a t i o n .  

N u c l e a s e - f r e e  p r o n a s e  B was added t o  50 m i c r o  g / m l ,  f o l l o w e d  by 

a n o t h e r  1 -h our  i n c u b a t i o n .  The m i x t u r e  was t h e n  e x t r a c t e d  w i t h  an 

e q u a l  volume o f  p h e n o l ,  c e n t r i f u g e d  a t  10 ,000 RPM a t  25°C f o r  15 

m i n u t e s ,  f o l l o w e d  by a c h l o r o f o r m - i s o a m y l  e x t r a c t i o n  s t e p  and 

c e n t r i f u g a t i o n  a t  10 ,000 RPM f o r  15 m i n u t e s .  The t o p  phase  was 

removed and added to  2 vo lumes co l d  e t h a n o l .  The DNA was c e n t r i f u g e d  

a t  12,000 RPM a t  4°C f o r  20 m i n u t e s  and t h e  p e l l e t  d i s s o l v e d  in  0.01 x

SSC. The a b s o r b a n c e  a t  260 and 280 nm was m easu red  and t h e  

c o n c e n t r a t i o n  o f  DNA d e t e r m i n e d ,  u s i n g  1 OD a t  260 as  50 m i c r o  g /m l  

DNA. A t y p i c a l  260/280 r a t i o  was 1.90.
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DNA d i g e s t i o n

DNA from l i v e r ,  b r a i n ,  o r  mucosa o f  C57/BL6 mice  o f  d i f f e r e n t  ages  

was l y o p h i l y z e d ,  weighed,  and d i s s o l v e d  in  lOOmM T r i s  50mM MgSo^ 

pH 8 . 0  ( d i g e s t i o n  b u f f e r )  t o  1.0 mg/ml  by s t i r r i n g  in  t h e  c o l d .  In  

d i g e s t i o n s  2.0 ml ( f o r  l i v e r  and mucosa)  and 0.5 ml ( f o r  b r a i n )  o f  DNA 

was u s e d .  The DNA was mixed w i t h  8 x 10- ^ m oles  o f  t e t r a h y d r o u r i d i n e  

( s e e  r e s u l t s ) ,  2 u n i t s  o f  p h o s p h o d i e s t e r a s e  I ,  200 u n i t s  o f  DNAase I ,  

and 9 u n i t s  o f  c a l f  i n t e s t i n e  a l k a l i n e  p h o s p h a t a s e  t o  a t o t a l  volume 

o f  2.5 ml in  d i g e s t i o n  b u f f e r  f o r  l i v e r  and mucosa ,  1.0 ml f o r  b r a i n .  

I n c u b a t i o n  was c a r r i e d  out  a t  37°C f o r  9 h o u r s ,  and t h e  r e a c t i o n  was 

s to p p ed  by a d d i t i o n  o f  1 /2  volume m e t h a n o l .  The p r e c i p i t a t e  was 

removed by c e n t r i f u g a t i o n  and s am p le s  d e s s i c a t e d  o r  l y o p h i l i z e d  and 

s t o r e d  a t  -20°C.

HPLC A n a l y s i s

A W ate rs  Model 510 HPLC pump eq u ipped  w i t h  a model  710 WISP 

a u t o m a t i c  s am p le  i n j e c t o r ,  model  440 UV d e t e c t o r  and model  730 D a ta  

Module was u s e d .  The ru n n in g  b u f f e r  was 0.5Z t r i e t h y l a m i n e  pH 3.0 

w i t h  p h o s p h o r i c  a c i d ,  which c a u s e s  l a r g e  r e t e n t i o n  t i m e  f o r  t h e  

n u c l e o s i d e s  and c l e a n l y  s e p a r a t e s  dU and dHMU from t h e  common 

d e o x y r i b o n u c l e o s i d e s .  Samples  we re  d i s s o l v e d  in  0.3 ml ru n n i n g  bu ff e . -  

and f i l t e r e d  t h r o u g h  M i l l i p o r e  0.45 m i c r o n  f i l t e r s .  100 m i c r o l i t e r s  

o f  e a ch  sam ple  was i n j e c t e d .  The column used  was a W a te rs  m i c r o  

bondapak C^g column f i t t e d  w i t h  a W a te r s  C^g Guard Pak p re c o lu m n .  

Abso rbance  was m o n i to r e d  a t  254 nra a t  t h e  h i g h e s t  s e n s i t i v i t y  s c a l e  

(0.005 AUFS). The f l o w  r a t e  was 1.0 m l / m i n u t e  w i t h  a 1.0 hour ,  

e q u i l i b r a t i o n  t i m e .
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RESULTS

E. c o l i  a l k a l i n e  p h o s p h a t a s e  p r e p a r a t i o n s  ca n n o t  be us ed  f o r  DNA 

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

c y t i d i n e  d ea m in a s e  a c t i v i t y  t h a t  g e n e r a t e s  dU upon i n c u b a t i o n  o f  DNA 

d i g e s t s .  In  c o n t r a s t ,  t h e  c a l f  i n t e s t i n e  a l k a l i n e  p h o s p h a t a s e  

p r e p a r a t i o n  used h e r e  was found t o  c o n t a i n  m i n im a l  c y t i d i n e  d e a m in a s e  

a c t i v i t y .  In  t h e  p r e s e n c e  o f  t e t r a h y d r o u r i d i n e , a p o t e n t  i n h i b i t o r  o f  

c y t i d i n e  d e a m in a s e  (W en tw or th  & Wol fe nden ,  1978),  t h i s  c o n t a m i n a t i n g  

a c t i v i t y  was c o m p l e t e l y  e l i m i n a t e d .  T h i s  a l l o w e d  us  a s e n s i t i v e  a s s a y  

f o r  t h e  o c c u r r e n c e  o f  dU in  DNA d i g e s t s  o f  mouse DNA. We 

s i m u l t a n e o u s l y  examined ou r  HPLC p r o f i l e s  o f  enzyme h y d ro l y z e d  DNA 

( s e e  Methods)  f o r  t h e  p r e s e n c e  o f  dHMU.

N e i t h e r  dU n or  dHMU was d e t e c t e d  in  any o f  12 DNA s am p les  

p r e p a r e d  f rom mouse embryos  and f rom b r a i n ,  l i v e r ,  and s m a l l  

i n t e s t i n a l  mucosa o f  a n i m a l s  o f  v a r i o u s  ages  (T ab le  1).  The T ab le  

( l a s t  column)  g i v e s  an i n d i c a t i o n  o f  t h e  s e n s i t i v i t y  o f  t h e  t e s t  f o r  

e a c h  s a m p le .  For  example  ( t o p  l i n e ) ,  embryo DNA i s  e s t i m a t e d  t o  

c o n t a i n  l e s s  t h a n  one m o l e c u l e  o f  dHMU and l e s s  t h a n  one m o l e c u l e  o f  

dU f o r  e v e r y  76,000 d e o x y n u c l e o t i d e s  in  t h e  s am p le .

The s a m p l e s ,  as  judged by t h e  peak h e i g h t  o f  r i b o s i d e s  i n  t h e  

c h r o m a t o g ra m s ,  c o n t a i n e d  up t o  30% RNA. However ,  none o f  t h e  

r i b o s i d e s  c o e l u t e  w i t h  dU o r  dHMU; s i n c e  t h e  p r e s e n c e  o f  RNA was 

judged n o t  t o  i n t e r f e r e  w i t h  t h e  a s s a y s ,  t h e  DNA was n o t  f u r t h e r  

p u r i f i e d .

A c h rom a togra m  o f  19 month s m a l l  i n t e s t i n a l  m u co sa l  DNA s p i k e d  

w i t h  25 p i c o m o l e s  each  o f  dU and dHMU i s  shown in  F i g u r e  2A. 19 month

mucosa ,  u n s p i k e d ,  has  no d i s c e r n a b l e  dU o r  dHMU peak ( d a t a  n o t  shown).
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TABLE I

SENSITIVITY OF THE HPLC ASSAY FOR DETECTION OF 
dU AM) dlMJ IN MOUSE SAMPLES®

DNA Age
(months)

micro moles 
deoxycyt id ine*5

micro moles
deoxyribo-
nucleotides

Sensitiv ity : moles 
deoxyr ibonic leot ides 
in DNA per mole of 
dU or dlWU0

Efrbrjo 0.47 1.9 76,000

Brain 7 0.065 0.26 10,400
11 0.12 0.49 19,600
19 0.025 0.10 4,000
31 0.10 0.40 16,400

Liver 7 0.05 0.24 9.600
11 0.20 0.80 32,000
19 0.12 0.48 19,200
31 0.28 1.10 44,000

Hicosa 11 0.14 0.56 22,400
19 0.14 0.56 22,400
31 0.13 0.50 20,000

aBased on one in jection  of each sanple.

^Amount injected in sanple as deduced from peak height in dilu ted  samples. 

cAssuming that 25 picomoles is  the lim it of detection .
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F i g u r e  2: HPLC ch romatograms o f  mouse t i s s u e  DNA. d i g e s t s .
(A) 19 month s m a l l  i n t e s t i n a l  mucosa s p i k e d  w i t h  2b p i c o m o l e s  each  o f  
dU and dHMU; (B) 31 month  s m a l l  i n t e s t i n a l  mucosa;  (C) 31 month l i v e r ;  
(D) 31 month  b r a i n ;  F u l l  s c a l e  i s  0.005 a b s o r b a n c e  u n i t s .  dU and 
dHMU e l u t e  b e tw e en  13-15 ml as  i n d i c a t e d  Ly t h e  d o t t e d  l i n e .  
A b b r e v i a t i o n s :  dC, d e o x y c y t i d i n e ;  C, c y t i d i n e ;  A, a d e n o s in e ;  dA, 
d e o x y a d e n o s i n e ;  G, g u a n o s i n e ;  dG, d e o x y g u a n o s in e :  T, t h y m i d i n e ;  5medC, 
5 - m e t h y l d e o x y c y t i d i n e ;  U, u r i d i n e .
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I t  i s  c l e a r  from t h i 9  c h r o m a t o g r a p h  t h a t  25 p i c o m o l e s  o f  e i t h e r  

compound a r e  e a s i l y  d e t e c t e d ,  and t h i s  v a l u e  was used  a s  t h e  l i m i t i n g  

amount  i n  t h e  c a l c u l a t i o n s  g e n e r a t e d  i a  T a b l e  I .  T w e n t y - f i v e  

p i c o m o l e s  o f  dU added t o  DNA d i g e s t s  a r e  c o m p l e t e l y  r e c o v e r e d .  T h i s  

e x c lu d e s  t h e  p o s s i b i l i t y  t h a t  du  was p r e s e n t  in  t h e  DNA and was 

m o d i f i e d  t o  a n o t h e r  compound.  F i g u r e s  2B, C, and D a r e  ch rom a togra m s  

o f  DNA d i g e s t s  from s m a l l  i n t e s t i n a l  mucosa ,  l i v e r  and b r a i n ,  

r e s p e c t i v e l y ,  o f  31 month o ld  m ice .  A l th o u g h  t h e r e  a r e  s e v e r a l  peaks 

t h a t  r e m a i n  u n i d e n t i f i e d  in  t h e s e  c h r o m a t o g r a m s ,  no s i g n i f i c a n t  amount  

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

c h a r a c t e r i s t i c  o f  added dU and dHMU.

DISCUSSION

dU and dHMU in  DNA a r e  r e p a i r e d  by g l y c o s y l a s e s  ( L i n d a h l ,  1979; 

H o l l s t e i n  e t  a l . ,  1984).  The p r e s e n c e  o f  dU and dHMU in  DNA may pose  

a t h r e a t  t o  t h e  i n t e g r i t y  o f  t h e  g e n e t i c  i n f o r m a t i o n  in  s o m a t i c  c e l l s .  

T h e i r  a b se n ce  in  t h e  d e s c r i b e d  e x p e r i m e n t s  i n d i c a t e s  t h a t  a l t h o u g h  

t h e y  may be p r e s e n t  a t  l e v e l s  b e low  t h e  d e t e c t a b i l i t y  i n  t h e s e  

e x p e r i m e n t s ,  n e i t h e r  dU n o r  dHMU i s  p r e s e n t  in  h i g h  l e v e l s .  I f  i t  i s  

assumed t h a t  t h e  co d in g  r e g i o n  o f  a t y p i c a l  g en e  i s  1 ,000 b a s e  p a i r s  

and t h a t  any dU o r  dHMU in  t h e  DNA i s  r a n d o m ly  d i s t r i b u t e d ,  t h e n  one 

l e s i o n  may have o c c u r r e d  p e r  38 gene s  and n o t  have  been d e t e c t e d  in  

em br yo ni c  DNA. In  DNA from 31 month o ld  l i v e r ,  where  t h e  s e n s i t i v i t y  

o f  t h e  a s s a y  i s  l o w e r ,  one l e s i o n  o u t  o f  22 g en e s  may have o c c u r r e d  

and e scaped  d e t e c t i o n .  T h i s  i s  a v e r y  c o n s e r v a t i v e  e s t i m a t e .  By 

c o m p a r i s o n  o f  F i g u r e s  2B, C, and D w i t h  F i g u r e  2A, i t  i s  c l e a r  t h a t  

t h e  amount  o f  a l t e r e d  b a s e  does  n o t  even  a p p r o a c h  t h e  25 p i c o m o l e s  s e t
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as  an a r b i t r a r y  l i m i t  o f  d e t e c t i o n .

The ab se n ce  o f  dU and dHMU in  t h e s e  DNA s am p le s  i m p l i e s  t h a t  DNA 

r e p a i r  must  be v e r y  e f f i c i e n t .  A l though  t h e r e  may e x i s t  a r e a s  o f  

c h r o m a t i n  which a r e  r e l a t i v e l y  i n a c c e s s i b l e  t o  DNA r e p a i r  enzymes 

(Har t  e t  a l . ,  1979; Y i e l d i n g ,  1974) o u r  r e s u l t s  in  w hich  t o t a l  DNA was 

a s s a y e d  i n d i c a t e  t h a t  n e i t h e r  dU nor  dHMU a c c u m u l a t e s  s u b s t a n t i a l l y  in  

any m a j o r  p o r t i o n s  o f  t h e  g e n e t i c  m a t e r i a l .  I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  Green and Deu tsch (1984) found no dU in  D r o s o p h i l a  DNA, even  in  

DNA i s o l a t e d  from s t a g e s  when t h e r e  i s  no a p p a r e n t  u r a c i l  r e p a i r  

enzyme. Weis s  e t  a l .  (1983) a l s o  found no dU in  DNA from a g i n g  human 

b r a i n ,  a l t h o u g h  t h e i r  method was much l e s s  s e n s i t i v e  t h a n  t h e  one 

p r e s e n t e d  h e r e .

A l tho ug h no dHMU was found in  t h e  mouse t i s s u e s  s t u d i e d ,  a s m a l l  

amount  o f  dHMU (a bou t  1 m o l e c u l e  p e r  100,000 b a s e s )  was d e t e c t e d  in  

c h i c k  e r y t h r o c y t e  DNA a s  a peak  t h a t  c o e l u t e d  w i t h  added dHMU. T h is  

DNA s a m p l e ,  p u r c h a s e d  from C a l i f o r n i a  B i o c h e m i c a l s ,  may n o t  be 

r e p r e s e n t a t i v e  o f  n a t i v e  a v a i n  e r y t h r o c y t e  DNA _in s i t u ; f o r  example ,  

t h e  DNA sam ple  may have s u f f e r e d  m e t a l  i on  c a t a l y z e d  o x i d a t i v e  DNA 

damage d u r i n g  work-u p.  On t h e  o t h e r  hand,  i t  i s  p o s s i b l e  t h a t  

n u c l e a t e d  e r y t h r o c y t e s  a r e  d e f i c i e n t  i n  r e l e a s e  o f  dHMU from DNA o r  

s u f f e r  e x c e s s i v e  am ou nt s  o f  o x i d a t i v e  damage i n  v iv o .

D. M a t e r i a l s  and Methods

Chem ical s

Salmon t e s t e s  DNA and c h i c k  e r y t h r o c y t e  DNA we re  p u r c h a s e d  from 

P.L. B i o c h e m i c a l s .  A n o th e r  sample  o f  c h i c k  e r y t h r o c y t e  DNA was 

p u r c h a s e d  f rom C a l i f o r n i a  B i o c h e m i c a l s .  H e r r i n g  t e s t e s  DNA and c a l f
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thymus DNA were  p u r c h a s e d  f rom Sigma.  For  t h e  o r i g i n  o f  o t h e r  

r e a g e n t s  s ee  S e c t i o n  C.

HPLC

A W ate rs  HPLC s y s t e m  eq u ipped  w i t h  a d a t a  module  was u s e d .  In 

t h e s e  e x p e r i m e n t s  c a l i b r a t i o n  was p e r f o r m e d  by i n j e c t i n g  s t a n d a r d s ,  

t h e  d a t a  module a u t o m a t i c a l l y  r e a d s  peak h e i g h t  e l u t i o n  vo lume o f  

s t a n d a r d s .  S t a n d a r d s  were  i n j e c t e d  s e p a r a t e l y  on each  day.  The d a t a  

module t h e n ,  a f t e r  a r u n ,  c a l c u l a t e s  t h e  c o n c e n t r a t i o n  o f  unknowns.  

Peak h e i g h t  i s  r e ad  u s i n g  a b a s e l i n e  e s t a b l i s h e d  by t h e  d a t a  module .  

Peak h e i g h t  c a l i b r a t i o n  was used as  opposed t o  a r e a  b e c a u s e  i t  seemed 

more r e l i a b l e  and r e p r o d u c e a b l e .  A l i n e  i s  d e t e r m i n e d  by r e a d i n g  t h e  

p o r t i o n  o f  t h e  c h rom a togra m  p r e c e d i n g  t h e  p ea k ,  where  t h e  s l o p e  change 

vs  t i m e  i s  n e g l i g i b l e .  In  t h e  c a s e  o f  m u l t i p l e  peaks  t h e  l i n e  i s  

e x t r a p o l a t e d  from t h e  l a s t  p r e c e d i n g  " f l a t "  p o r t i o n  c f  t h e  c u r v e  and 

in  t h e  c a s e  o f  one peak s u p e r im p o s e d  on a n o t h e r  t h e  peak h e i g h t  i s  

d e t e r m i n e d  from t h e  p o i n t  o f  s l o p e  change .  In  some c a s e s ,  whe re  peaks  

a r e  v e r y  s m a l l ,  no c o n c e n t r a t i o n  m easu r em en t  i s  made.

P u r i f i c a t i o n  o f  dU f o r  mass s p e c t o m e t r v

M a t e r i a l  f rom a peak from c h i c k  e r y t h r o c y t e  DNA, t h a t  c o -  

c h r o m a t o g r a p h s  (on a r e v e r s e  p h as e  column)  w i t h  dU was c o l l e c t e d ,  

c o n c e n t r a t e d ,  and p a s s e d  th r o u g h  an a n i o n  ex change column.  dU i s  not  

r e t a i n e d  on t h i s  column and e l u t e s  as  a s i n g l e  peak w i t h i n  t h e  vo id  

vo lum e ,  w h e reas  c o n t a m i n a t i n g  compounds a r e  r e t a i n e d .  T h i s  m a t e r i a l  

was t h e n  p a s s e d  th r o u g h  t h e  r e v e r s e  p hase  C^g column w i t h  p u r e  HjO.

The c o l l e c t e d  and c o n c e n t r a t e d  m a t e r i a l  was u sed  f o r  mass s p e c t o m e t r y .

T h i s  work was p e r f o r m e d  u s i n g  a d i g e s t  t h a t  d i d  n o t  c o n t a i n  

t e t r a h y d r o u r i d i n e . I t  was l a t e r  shown t h a t ,  a l t h o u g h  t h e  m a t e r i a l  was
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c o n f i r m e d  to  be d e o x y u r i d i n e ,  i t  was an a r t i f a c t  o f  t h e  DNA d i g e s t i o n .  

However ,  i t  was e s t a b l i s h e d  t h a t  t h e  a r t i f a c t u a l  m a t e r i a l  e l u t i n g  a t  

t h i s  p o s i t i o n  was an a u t h e n t i c  s am ple  o f  dU. Along w i t h  mass 

s p e c t o m e t r y  UV s p e c t r a l  r a t i o s  o f  t h e  p u r i f i e d  m a t e r i a l  c o n f i r m e d  t h a t  

t h e  m a t e r i a l  was dU. S ubs equen t  i d e n t i f i c a t i o n  o f  dU in  sam p le s  was 

made by e l u t i o n  volume.

DNA d i g e s t i o n

F o r  d e t a i l s  on t h e  DNA d i g e s t i o n  s e e  S e c t i o n  C o f  t h i s  C h a p t e r .  

D i g e s t i o n  was judged to  be c o m p l e t e  when no f u r t h e r  i n c r e a s e  was 

o b s e r v e d  i n  t h e  peak h e i g h t  o f  t h e  f o u r  m a jo r  b a s e s  on e x t en d e d  

d i g e s t i o n  w i t h  c a l f  thymus DNA. Four  h o u r s  seemed s u i t a b l e  f o r  

c o m p l e t e  d i g e s t i o n .  However,  d i g e s t i o n  had t o  be c a r r i e d  o u t  f o r  n i n e  

h o u r s  due t o  t h e  p r e s e n c e  o f  s e v e r a l  s l o w l y  d i s a p p e a r i n g  m in o r  peaks .  

T h e i r  i d e n t i t y  i s  unknown. They co u ld  be s l o w l y  d i g e s t e d  

d i n u c l e o t i d e s  and t r i n u c l e o t i d e s .  The same t i m e  c o u r s e  o f  d i g e s t i o n  

was a l s o  d e m o n s t r a t e d  f o r  c h i c k  e r y t h r o c y t e  DNA (CalBiochem) and n i n e  

h o u r s  o f  d i g e s t i o n  t i i r e  was u sed  r o u t i n e l y .

E. R e s u l t s

I n i t i a l  t e s t s  were  done w i t h  c o m m e r c i a l  DNA s a m p l e s .  Samples  

used  were  c h i c k  e r y t h r o c y t e  DNA from two d i f f e r e n t  s o u r c e s ,  c a l f  

thymus DNA, and h e r r i n g  and sa lm on  t e s t e s  DNA. I n i t i a l l y  l a r g e  

amoun ts  o f  d e o x y u r i d i n e  were  found in  c h i c k  e r y t h r o c y t e  DNA, s a m p le s  

p u r c h a s e d  f rom C a l i f o r n i a  B i o c h e m i c a l s  (a s  much a s  1 d e o x y u r i d i n e  p e r  

600 n u c l e o s i d e s  was d e t e c t e d ) .  T h i s  d e o x y u r i d i n e  was i s o l a t e d  i n  n e a r  

h o m o g e n e i ty  and examined  on t h e  mass  s p e c t r o m e t e r  ( F i g u r e  3).  From UV 

s p e c t r a l  r a t i o s  and mass  s p e c t r o m e t r i c  d a t a  t h e  m a t e r i a l  was c o n f i r m e d
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P i g u r e  3:  Chemical  d e a o r p t i o n  i o n i z a t i o n  f r a g m e n t a t i o n  p a t t e r n  o f  d e o x y u r i d i n e  from
c h i c k  e r y t h r o c y t e ,  B, and c o n t r o l  d e o x y u r i d i n e ,  A. I  acknowledge t h e  
c h e m i s t r y  d e p a r t m e n t  o f  Co lumbia  U n i v e r s i t y  f o r  t h e  u s e  o f  t h e i r  f a c i l i t i e s .
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t o  be d e o x y u r i d i n e .  With  ex t e n d e d  d i g e s t i o n s ,  how ever ,  i n c r e a s e s  in 

t h e  r a t i o  o f  dU t o  dC w e r e  d e t e c t e d  ( . 7 5 ,  i n i t i a l ,  t o  1 . 2 5 ,  f i n a l ,  by  

peak  h e i g h t ) .  These  ex t e n d e d  d i g e s t i o n s  in v o lv ed  r e c u r r e n t  a d d i t i o n s  

u i  enzyme e v e r y  24 h o u rs  and t h e  r a t i o s  g i v e n  a r e  t h o s e  o b t a i n e d  w i t h  

v a l u e s  d e t e r m i n e d  b e t w e e n  24 and 74 h o u r s .  However ,  when t h e  same DNA 

was d i s s o l v e d  and h y d r o l y s e d  w i t h  new enzyme p r e p a r a t i o n s  much s m a l l e r  

amounts  o f  d e o x y u r i d i n e  w e re  d e t e c t e d .  An enzyme c o n t a m i n a n t  o f  t h e  

a l k a l i n e  p h o s p h a t a s e  ( c y t i d i n e  d e a m i n a s e )  was s u s p e c t e d  and an 

i n h i b i t o r  o f  t h i s  enzyme,  t e t r a h y d r o u r i d i n e  (W en tw ort h  & W ol fe nden ,  

1978),  was added .  A f t e r  t e t r a h y d r o u r i d i n e  a d d i t i o n  t o  t h e  d i g e s t i o n  

n e a r  z e ro  b u t  d e t e c t a b l e  l e v e l s  we re  found (17 to  32 p i c o m o l e s ) .  

Extended d i g e s t i o n s  (18 h r . )  showed a l a r g e  dU peak w i t h  

t e t r a h y d r o u r i d i n e  ( F i g u r e  4) .  The l a r g e  amount  i n  t h e  18 hour  

d i g e s t i o n  may be  p a r t i a l l y  a c c o u n t e d  f o r  by t h e  l a b i l i t y  o f  

t e t r a h y d r o u r i d i n e .  I n  c o n t r a s t ,  c h i c k  e r y t h r o c y t e  DNA from P.L. 

P h a r m a c e u t i c a l s  had l a r g e  am ount s  o f  dU upon d i g e s t i o n  and a n a l y s i s  

even  in  t h e  p r e s e n c e  o f  t e t r a h y d r o u r i d i n e  ( w i t h  a 9 hour  d i g e s t i o n  

t i m e )  ( F i g u r e  5).  F i g u r e  6 shows t h e  same d i g e s t  s p i k e d  w i t h  dHMU. 

dHMU a p p e a r s  a s  a s h o u l d e r  on t h e  dU peak  and i s  c l e a r l y  d i s t i n c t  from 

dU. I t  was n o t  p o s s i b l e  t o  d e t e c t  o r  m e a s u r e  dHMU in  c h i c k  

e r y t h r o c y t e  P.L. due t o  t h e  l a r g e  i n t e r f e r i n g  dU peak.  Salmon t e s t e s ,  

h e r r i n g  t e s t e s ,  and c a l f  thymus a l l  had m e a s u r a b l e  dU peaks  b u t  l i t t l e  

o r  no dHMU was d e t e c t e d ;  e a ch  a n a l y s i s  c o n t a i n e d  a p p r o x i m a t e l y  5mg o f  

DNA, ( o n e - t h i r d  o f  t h e  d i g e s t  was l o a d e d ) .  Chick e r y t h r o c y t e  DNA 

(C alB io )  was found t o  c o n t a i n  36 p i c o m o l e s  o f  dHMU i n  r u n s  c o n t a i n i n g  

170 nanom oles  o f  d e o x y c y t i d i n e .  F i g u r e s  7,  8,  and 9 show c h i c k
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F i g u r e  4:  HPLC chromatogram o f  a c h i c k  e r y t h r o c y t e  DNA (CalBiochem) d i g e s t ,
d i g e s t e d  f o r  t h e  e x t e n d e d  t i m e  o f  18 h r .  F u l l  s c a l e  on a l l  
ch r o m a to g ram s  i s  0.005 a b s o r b a n c e  u n i t s  ( u n l e s s  o t h e r w i s e  n o t e d ) .
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F ig u re  5: HPLC chromatogram
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o f  a c h ic k  e r y th r o c y te  DNA. (P-L) d ig e a t  (unapiked)
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F igu re  6: HPLC chromatogram o f  -  ch ick  e r y th r o c y te  DNA (P-L) d ig e s t  sp iked  v i t h  dHMO.
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F ig u re  7: HPLC chromatogram o f  a ch ick  e r y th r o c y te  DMA (CalBiochem) d i g e s t  (unapiked).
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F ig u re  8: HPLC c h r o m .to g r e .  o f  .  ch ick  e r y th r o c y te  DNA ( c . l B i o c h e . )  d i g e . t  .p ik ed  . i t h  dO.
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HPLC ch roma togra m  o f  a c h i c k  e r y t h r o c y t e  DNA (CalBiochem) d i g e s t  s p i k e d  w i t h  
dHMU. F u l l  s c a l e  i s  2 .0  a b s o r b a n c e  u n i t s  e x c e p t  f o r  t h e  c e n t r a l  p o r t i o n  
w i t h  dU and dHMU. Here t h e  f u l l  s c a l e  a b s o r b a n c e  i s  0 . 0 0 5 .

CONJ
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e r y t h r o c y t e  DNA d i g e s t s  (C alB io )  ch romatogrammed a l o n e  and s p i k e d  w i t h  

e i t h e r  dU o r  dHMU. F i g u r e s  10, 11,  and 12 show h e r r i n g  t e x t e s ,  s a lmon  

t e s t e s ,  and c a l f  thymus d i g e s t s .  T a b le  I I  g i v e s  t h e  l e v e l s  o f  dU 

found in  each  o f  t h e  s a m p l e s .  T h e r e  r e m a i n  s e v e r a l  u n i d e n t i f i e d  peaks  

( F i g u r e s  5 ,  7 ,  1 0 ,  1 1 ,  1 2 ) ,  b u t  a dU p e a k  i s  d e t e c t a b l e  i n  a l l  t h e  

ch r o m a to g ram s  and sa lmon t e s t e s  as  w e l l  as  c h i c k  e r y t h r o c y t e  

(CalBiochem) a p p e a r  t o  have a s l i g h t  dHMU peak.  I  b e l i e v e  t h a t  t h e  dU 

in  t h e s e  c h r o m a to g ram s  i s  an a r t i f a c t  o f  d i g e s t i o n  s i n c e  l e v e l s  a r e  

e x c e e d i n g l y  s m a l l  and i n c r e a s e  s i g n i f i c a n t l y  in  e x t en d e d  d i g e s t i o n s .  

S m a l l  amounts  o f  dU (as  d e t e r m i n e d  by e l u t i o n  volume)  can a l w a y s  be 

see n  in  c o n t r o l s  and when t e t r a h y d r o u r i d i n e  i s  o m i t t e d  l e v e l s  i n c r e a s e  

s u b s t a n t i a l l y .  The l e v e l s  i n  c o n t r o l s  g r e a t l y  exceed  v a l u e s  in  

s a m p l e s .  T h i s  may be  p o s s i b l e  s i n c e  d u r i n g  t h e  d i g e s t i o n  v e r y  l i t t l e  

dC i s  a c c e s s i b l e  t o  enzymes u n t i l  t h e  d i g e s t i o n  has  p r o g r e s s e d .  The 

p r e s e n c e  o f  o t h e r  m a j o r  b a s e s  may a l s o  i n t e r f e r e  w i t h  c y t i d i n e  

d e a m i n a s e .  However,  c h i c k  e r y t h r o c y t e  p u r c h a s e d  f rom P.L. a p p e a r s  t o  

c o n t a i n  d e o x y u r i d i n e  in  h i g h  l e v e l s .  The i n e r t  c h i c k  e r y t h r o c y t e  

n u c l e u s  may be  a b l e  t o  t o l e r a t e  m u tag en ic  co m p o n en t s .  A l t e r n a t e l y  t h e  

t r e a t m e n t  o f  DNA d u r i n g  c o m m e r i c a l  p r e p a r a t i o n  may have g e n e r a t e d  

u r a c i l .  In  a d d i t i o n ,  v e r y  l i t t l e  was found i n  t h e  c h i c k  e r y t h r o c y t e  

p r e p a r a t i o n  from CalBiochem.

Mouse DNA— C57/BL6 mouse DNA was i s o l a t e d  from l i v e r ,  b r a i n ,  and 

i n t e s t i n a l  mucosa o f  mice  o f  e i t h e r  7,  11,  19,  o r  31 months  o l d .

Embryo DNA was a l s o  i s o l a t e d .  When d i g e s t i o n  was co n d u c te d  in  t h e  

p r e s e n c e  o f  t e t r a h y d r o u r i d i n e ,  i t  was shown n o t  t o  c o n t a i n  d e t e c t a b l e  

l e v e l s  o f  e i t h e r  dU o r  dHMU ( T a b le  1),  b u t  d i d  c o n t a i n  l a r g e  amoun ts  

o f  RNA (a s  much as  30%). S e v e r a l  l a r g e  peaks  r e m a i n  u n i d e n t i f i e d .
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F i g u r e  10: HPLC chromatogram o f  a h e r r i n g  t e s t e s  DNK d i g e s t
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Most o f  t h e  m a j o r  peaks  c o u ld  be a s c r i b e d  t o  e i t h e r  DNA o r  RNA 

d i g e s t i o n  p r o d u c t s ,  and I b e l i e v e  t h a t  s e v e r a l  o f  t h e  u n i d e n t i f i e d  

p ea k s  can  be a t t r i b u t e d  t o  m in o r  RNA b a s e s .

F . D i s c u s s i o n

E nzym at i c  DNA d i g e s t s  a p p e a r  t o  be  complex  as  t r a c e  amounts  o f

c o n t a m i n a t i n g  enzymes can g e n e r a t e  m in o r  c o m p o n en t s .  In  t h e  

e x p e r i m e n t s  d e s c r i b e d ,  a c o n t a m i n a t i n g  c y t i d i n e  d e a m i n a s e  a c t i v i t y  

a p p e a r s  t o  g e n e r a t e  d e o x y u r i d i n e  a t  a p p r e c i a b l e  r a t e s  d u r i n g  

d i g e s t i o n .  However ,  some dU i s  found in  s a m p le s  o f  c o m m e r c i a l  DNA 

when a p o t e n t  i n h i b i t o r  o f  t h i s  e n z y m a t i c  a c t i v i t y  i s  i n c l u d e d .  The 

o r i g i n  o f  t h e  dU r e m a i n s  u n c e r t a i n ,  b u t  a p o s s i b l e  e x p l a n a t i o n  i s  t h e  

p r e s e n c e  o f  a n o t h e r  enzyme,  d e o x y c y t i d a l y t e  d e a m i n a s e ,  f o r  w hich  an 

i n h i b i t o r ,  d e o x y t e t r a h y d r o u r i d i n e ,  was n o t  i n c l u d e d .  However ,  l e v e l s  

a r e  s t i l l  s m a l l  and i n c r e a s e  s u b s t a n t i a l l y  when i n h i b i t i o n  i s  

e x c l u d e d .  S e c o n d a r i l y ,  t h e  t r e a t m e n t  and i s o l a t i o n  p r o c e d u r e s  o f  

c o m m e r c i a l  DNA a r e  n o t  known.  The a b s e n c e  o f  any d e t e c t a b l e  

d e o x y u r i d i n e  in  mouse DNA i m p l i e s  t h a t  t h e  i n h i b i t o r  do es  work .  S m a l l

am oun ts  o f  d e o x y u r i d i n e  in  c o n t r o l s  t h a t  u s e  f r e s h  f r o z e n  

d e o x y c y t i d i n e  w i t h  a l l  o f  t h e  s t a n d a r d  enzymes and t e t r a h y d r o u r i d i n e  

i m p l i e s  t h a t  t h e r e  i s  indeed  some " l e a k i n e s s "  o f  dC t o  dD i n  t h e s e  

e x p e r i m e n t s .  C o n t r o l s  we re  t y p i c a l l y  ru n  w i t h  100 nanomoles  o f  dC 

and t h e  l e v e l s  o f  dU found were  u n m e a s u r a b l e  b u t  v i s i b l e  ( F i g u r e  13).

As g i v e n  in  T a b le  I I  t h e r e  was s u b s t a n t i a l  g e n e r a t i o n  o f  dU in  c o n t r o l s — 

a t  l e v e l s  g r e a t e r  t h a n  found in  t h e  mouse DNA d i g e s t s .  Mouse DNA 

s a m p l e s  c o n t a i n e d  ab o u t  100 nanom oles  o f  dC ( r a n g e  was 50 t o  280) and 

no dU was d e t e c t e d  a l t h o u g h  t h e r e  w e re  some s l i g h t  peaks  on t h e



TABLE I I

LEVELS OF d M IN COMMERCIAL DNA DIGESTS3

DNA p ico m o les  
s o u r c e  dU

moles  d e o x y r i b o -  
n u c l e o s i d e s c

moles  dU F i g u r e  #

c h i c k  e r y t h r o c y t e  
18 h r .  d i g e s t i o n  
(CalBiochem)

858 5 ,880 4

c h i c k  e r y t h r o c v t e  
(P-L)  9 h r .

916 5 ,480 5

c h i c k  e r y t h r o c y t e  
(CalBiochem) 9 h r .

17 307 ,000 7

h e r r i n g  t e s t e s  9 h r . 22 235 ,000 10

salmon t e s t e s  9 h r . 32 160 ,000 11

c a l f  thymus 9 h r . 26 190,500 12

c o n t r o l :  dC 
p l u s  enzymes 9 h r .

12d 11 ,250 13

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

' ’D e te rm ined  a u t o m a t i c a l l y  by peak h e i g h t  

c Based on t h e  w e ig h t  o f  DNA added t o  d i g e s t s  

^D e te rm ined  m a n u a l l y  by peak h e i g h t



r r
in

O
O

VOLUME WD

F ig u re
n f  dC incubated  w ith  ONk  d ig e s t i o n  enzymes 

1 3 : HPLC chromatogram o f

and te tr a h y d r o u r id in e .

vO



40

c h r o m a t o g r a m s .  T h i s  i m p l i e s  t h a t  any s i g n i f i c a n t  c o n t r i b u t i o n  f rom 

t h e  DNA i t s e l f  would have been  c l e a r l y  d i s t i n g u i s h e d  f rom bac kg round  

l e v e l s  and t h e  amount found i s  indeed c l o s e  t o  z e ro .  F i v e  m i l l i g r a m s  

o f  c o m m e r c i a l  DNA was used in each  a s s a y  and t h e  amount  o f  dC in  each  

sam ple  was 3.0 m i c r o m o l e s ,  30 t i m e s  t h e  amount  i n  t h e  mouse s a m p l e s ,  

i t  would be  e x p e c t e d  t h a t  some d e o x y u r i d i n e  would be  g e n e r a t e d .  In  

f a c t ,  c h i c k  e r y t h r o c y t e  DNA (CalBiochem) on 18 h o u r s  o f  d i g e s t i o n  has  

a v e r y  l a r g e  d e o x y u r i d i n e  peak ( F i g u r e  4) as  compared to  9 h o u r s .

T h i s  bac kg ro un d g e n e r a t i o n  o f  d e o x y u r i d i n e  p o s e s  a s i g n i f i c a n t  p ro blem  

t o  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  o f  e x p e r i m e n t s  where  dU was d e t e c t e d  

f o l l o w i n g  DNA d i g e s t i o n .  I t  can  be  s a i d ,  h o w e v e r ,  t h a t  t h e  l e v e l s  in 

mouse DNA arc1 n e a r  z e ro  in  t h e s e  e x p e r i m e n t s  and t h a t  t h e r e  may be 

some d e o x y u r i d i n e  in  c h i c k  e r y t h r o c y t e  DNA c a l f  t hy m us ,  sa lmon  and 

h e r r i n g  t e s t e s  DNA, b u t  o n l y  c h i c k  e r y t h r o c y t e  and p o s s i b l y  sa lm on  

t e s t e s  we re  found t o  c o n t a i n  dHMU.

T h e re  r e m a i n  s e v e r a l  u n i d e n t i f i e d  peaks  in  a l l  t h e  ch r o m a t o g r a m s .  

A p o s s i b l e  s o u r c e  o f  f u t u r e  r e s e a r c h  m ig h t  be  t h e  i d e n t i f i c a t i o n  o f  

some o f  t h e s e  peaks  and t h e i r  c o r r e l a t i o n  ( i f  any) w i t h  t h e  a g in g  

p r o c e s s .  The p r e s e n c e  o f  dHMU in  c h i c k  e r y t h r o c y t e  DNA i n d i c a t e s  t h a t  

p o s s i b l y  n u c l e a t e d  e r y t h r o c y t e s  a r e  d e f i c i e n t  in  t h e  r e p a i r  o f  t h i s  

l e s i o n .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  amount  o f  dHMU found was 

g e n e r a t e d  d u r i n g  workup by o x i d a t i o n  ca u s ed  by m e t a l  i o n s  in  t h e  

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



I I I .  5-METHYLDEOXYCYTIDINE IN DNA SAMPLES

A. I n t r o d u c t  ion 

5 - m e t h y l  2' d e o x y c y t i d i n e  ( 5 - m e t h y l  dC) in  DNA i s  b e l i e v e d  to  

c o n t r o l  gene e x p r e s s i o n  t h r o u g h  an unknown mechan ism.  Tumor c e l l s  

seem to  be  d e f i c i e n t  in  5 - m e t h y l  dC, and i t  has  been r e p o r t e d  t h a t  

m e t h y l a t i o n  l e v e l s  d e c r e a s e  w i t h  a g in g  (Hoopes , 1985).  I t  a l s o  has  

been r e p o r t e d  t h a t  DNAase I s e n s i t i v e  s i t e s  ( t h e  s i t e s  o f  p u t a t i v e ,  

a c t i v e  g en e s )  a r e  h y p o m e t h y l a t e d  w i t h  r e s p e c t  t o  t o t a ’ DNA (Naveh-Many 

& Ced ar ,  1981).  A l s o ,  5 a z a c y t i d i n e ,  when i n c o r p o r a t e d  in  t h e  DNA and 

which ca n n o t  be  m e t h y l a t e d  seems t o  a c t i v a t e  some g e n e s .  These  

r e p o r t s  seem c r u c i a l  t o  t h e  a s s i g n m e n t  o f  a r e g u l a t o r y  r o l e  t o  DNA 

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

seems t h a t  s p e c i f i c  s i t e s  a r e  i n v o l v e d .  I t  i s  b e l i e v e d  t h a t  5 - m e t h y l  

dC, l o c a t e d  on t h e  f i v e  p r i m e  end o f  h o u s ek e ep in g  gene s  i n  s eq u e n ces  

GGCC, r e p r e s e n t  key c o n t r o l  e l e m e n t s .  T i s s u e  s p e c i f i c  s i t e s  o f  

m e t h y l a t i o n  a l s o  have been r e p o r t e d  (Vanyushin  e t  a l . ,  1973).  S in c e  

5 - m e t h y l  dC in  DNA i s  found in  d a u g h t e r  s t r a n d s  a t  p o s i t i o n s  where  i t  

was p r e s e n t  in  t h e  p a r e n t a l  DNA ( D o e f l e r ,  1983) ,  t h e r e  must  be  a 

c o n t r o l  o f  m e t h y l a t i o n  and o f  d e m e t h y l a t i o n  a t  p a r t i c u l a r  s i t e s .

The l e v e l s  o f  5 - m e t h y l  dC have been  measured m o s t l y  w i t h  

r e s t r i c t i o n  enzymes t h a t  r e c o g n i z e  t h e  s eq u en ce  CCGG (Hoopes ,  1985).

I t  has  been r e p o r t e d  t h a t  l e v e l s  d e c r e a s e  in  o n c o g e n ic  t i s s u e s  and
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d u r i n g  a g i n g .  I t  i s  a l s o  b e l i e v e d  t h a t  dC in  s e q u e n c e s  CGCC r e p r e s e n t  

o n l y  6X o f  t h e  CG s eq u e n ce s  in  t h e  DNA. L e v e l s  have n o t  been  measu red  

in  t o t o  d u r i n g  t h e  ag in g  p r o c e s s  by t h e  a c c u r a t e  method o f  HPLC.

B. Method

5 Methyl  dC was q u a n t i t a t e d  by m e a s u r in g  t h e  peak h e i g h t  a t  i t s  

e l u t i o n  p o s i t i o n  and co m p ar in g  i t  t o  s t a n d a r d s  i n j e c t e d  p r i o r  t o  t h e  

ru n .  Values  in  T ab le  I I  were  d e r i v e d  f rom d i l u t e d  s a m p l e s  (1 :6 )  u s i n g  

t h e  same t r i e t h y l a m i n e  b u f f e r  as  us ed  t o  a n a l y z e  dU and dHMU. Mucosal  

v a l u e s  were d e r i v e d  f rom u n d i l u t e d  s a m p l e s .

C . R e s u l t s

5 m e t h y l  2' d e o x y c y t i d i n e  ( 5 - m e t h y l  dC) h a s  been c i t e d  as  t h e  

r e g u l a t o r y  a g e n t  in  gene e x p r e s s i o n  (W i l s o n  & J o n e s ,  1983; Hoopes,  

1985).  I t  has  been r e p o r t e d  t h a t  l e v e l s  d e c r e a s e  d u r i n g  ag in g  and 

t h a t  t h e y  a r e  v e r y  h i g h  in  t h e  embryo. My d a t a  show (T a b le  I I I )  t h a t  

l e v e l s  do i nd eed  d e c r e a s e  b e t w e e n  7 months  and 31 months  i n  l i v e r  and 

b r a i n ,  b u t  n o t  i n  mucosa ,  and t h a t  l e v e l s  a r e  n o t  e x c e e d i n g l y  h i g h  in  

t h e  embryo.  The l e v e l s  found a l s o  do n o t  e i t h e r  c o n s i s t e n t l y  r i s e  o r  

f a l l  b e tw e e n  embryo and d e a t h ,  t h e  p o i n t s  a r e  s c a t t e r e d  b u t  do f o l l o w  

t h e  same f l u c t u a t i o n s  w i t h  age  i n  l i v e r  and b r a i n .  In  t h i s  r e g a r d  in  

t h e  DNA o f  c u l t u r e d  human f i b r o b l a s t s  m e t h y l a t i o n  o f  GGCC s eq u e n ces  

seems t o  have a v a r i a b l e  p a t t e r n  (Shm oo kler  R e i s  & G o l d s t e i n ,  1982).

In  s t u d i e s  o f  b o v i n e  thymus and h e a r t  5 - m e t h y l  dC f e l l  w i t h  age  i n  

r e i t e r a t e d  DNA s eq u e n ces  (Romanov & Vanyush in ,  1981),  b u t  t h i s  was 

shown n o t  t o  be  t h e  c a s e  i n  some t i s s u e s  f rom young and o ld  humans 

( E h r l i c h  e t  a l . ,  1982).  C e l l s  c l o n e d  even in  t i s s u e s  f rom w hich  t o t a l
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TABLE I I I

5-METHYL 2' DEOXYCYTIDINE LEVELS IN DNA FOR MOUSE TISSUE 
OF DIFFERENT AGES

T i s s u e  Nanomoles Nanomoles
dC 5 medc 5 medc/dC

Embryo 3 9 .2  2 .11 .053

Bra in
7 month 5 . 4  1 .55 .29

11 month 10 .0  0 . 6 3  .063
31 month 8 .4 6  1 .1 2  .13

L i v e r
7 month 4 . 9  1 .17 .24

11 month 16 .75 1 .1 2  .067
19 month 10 .0  1 .06 .10
31 month 2 2 .9  1 . 4  .061

Smal l  I n t e s t i n e
11 month 140 3 . 9 8  .028
19 month 138 2 .91 .021
31 month 125 2 .6 6  .021

*as  d e t e r m in e d  by peak h e i g h t  w i t h  one i n j e c t i o n  o f  each  s am p le .
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DNA m e t h y l a t i o n  d e c l i n e s  show a ra n g e  o f  h i g h  t o  low m e t h y l a t i o n  

p a t t e r n s  (Shraookler  R ei s  & G o l d s t e i n ,  1980, 1982).  I t  t h u s  seems t h a t  

t o t a l  m e t h y l a t i o n  p a t t e r n s  m o s t l y  r e f l e c t  h e t e r o g e n e i t y  f rom c e l l  t o  

c e l l  w i t h i n  a t i s s u e .  I t  has  a l s o  been  r e p o r t e d  t h a t  d i f f e r e n t  o rg a n s  

have d i f f e r e n t  m e t h y l a t i o n  p a t t e r n s  i n  n o n - u n i q u e  s e q u e n ces  and t h a t  

w i t h  r e s p e c t  t o  ag e ,  cha nges  in  m e t h y l a t i o n  p a t t e r n s  a r e  t i s s u e  

s p e c i f i c  (Romanov & Vanyush in ,  1981).  A l th o u g h  most  5 m e t h y l  dC 

r e s i d e s  in  GC seq u e n c es  ( D o e f l e r ,  1983),  n o t  a l l  o f  t h e s e  s eq u e n ces  

may be c r u c i a l  r e g u l a t o r y  t a r g e t s .  Thus t h e  m easu rem en t  o f  t o t a l  5-  

r ae thyl  dC c o n t e n t s  may n o t  r e p r e s e n t  e v e n t s  o c c u r r i n g  a t  age s p e c i f i c  

and d e v e l o p m e n t a l l y  c r i t i c a l  s i t e s .

Dr.  R ich a rd  C u t l e r ,  who s u p p l i e d  t h e  mouse DNA f o r  t h e s e  s t u d i e s ,  

d e t e r m i n e d  5 -m e t h y l  dC l e v e l s  in  t h e  same DNA by t h i n  l a y e r  

c h r o m a to g r a p h y .  We a r e  in  c l o s e  a g r e em e n t  on t h e  v a l u e s  f o r  s m a l l  

i n t e s t i n a l  mucosa.  My v a l u e s  on t h e  b r a i n  and l i v e r ,  h o w e v e r ,  a r e  

e x c e e d i n g l y  h i g h  and random compared t o  h i s .  L i t e r a t u r e  v a l u e s  f o r  

p e r c e n t  o f  m e t h y l a t e d  c y t o s i n e s  r ange  f rom ab o u t  2-3Z (Hoopes ,  1985) 

w hereas  my v a l u e  f o r  l i v e r  and b r a i n  g r e a t l y  exceed t h e s e  known 

v a l u e s .  I t  i s  p o s s i b l e  t h a t  o t h e r  UV -absorbing  m a t e r i a l  i n  t h e s e  

sam p le s  has  been c o e l u t e d  w i t h  t h e  5 - m e t h y l  dC in  my s t u d i e s .  The 

mucosa l  v a l u e s  we re  d e t e r m i n e d  on a s e p a r a t e  day  t h a n  t h o s e  o f  b r a i n  

and l i v e r .  The mucosa l  DNA may have been c l e a n e r  o r ,  a s  i t  happens  

o c c a s i o n a l l y ,  e l u t i o n  p a t t e r n s  v a r y  f rom d ay  t o  d ay ,  r e s u l t i n g  in  

b e t t e r  s e p a r a t i o n s  o f  t h e  DNA d i g e s t  f rom i n t e s t i n a l  mucosa.  Vary ing 

e l u t i o n  p a t t e r n s  do n o t  a f f e c t  t h e  c a l i b r a t i o n ,  h ow ever ,  s i n c e  t h e  

d a t a  module  i s  r e c a l i b r a t e d  w i t h  f r e s h  s t a n d a r d s  each  t i m e  t h e  HPLC i s  

u s e d .



IV.  DISCUSSION

DNA i s  n o t  an i n e r t  g e n e t i c  e l e m e n t  t h a t  i s  a c t i v e  o n l y  in  i t s  

own r e p l i c a t i o n  and in  t h e  t r a n s c r i p t i o n  o f  RNA. I t  i s  c o n s t a n t l y  

u n d e r g o in g  c h a n g e s ,  and r e a r r a n g e m e n t s .  From t h e  damage i t  s u f f e r s  

due  t o  i t s  i n s t a b i l i t y ,  DNA i s  c o n s i s t e n t l y  u n d e r g o in g  r e p a i r .  The 

d a t a  p r e s e n t e d  in t h i s  p a p e r  i n d i c a t e  t h a t  t h e  most  s u s p e c t e d  common 

t y p e  o f  DNA damage,  c y t o s i n e  d e a m i n a t i o n ,  i s  r e p a i r e d  t h r o u g h o u t  t h e  

l i f e s p a n  o f  t h e  mice  s t u d i e d .  T h i s  o c c u r s  in  e a c h  o f  t h e  t h r e e  

d i f f e r e n t  t i s s u e s  examined .  The same h ig h  e f f i c i e n c y  o f  r e p a i r  a l s o  

seems t o  be  t r u e  t e m p o r a l l y  f o r  dHMU. Thi s  e f f i c i e n c y  o f  r e p a i r ,  

a lo n g  w i t h  t h e  s t a b l e  s t a t u s  o f  DNA d u r i n g  ag in g  w i t h  r e s p e c t  t o  t h e s e  

t y p e s  o f  l e s i o n s ,  s u g g e s t s  t h a t  t h e s e  t y p e s  o f  l e s i o n s  a r e  n o t  

c o h e r e n t l y  in v o lv ed  in  t h e  a g in g  p r o c e s s .  However ,  i t  may be t h a t  

d e v e lo p m e n t  p r o c e e d s  as  long as  t h e  e l e m e n t s  ( p r o t e i n s ,  l i p i d s ,  e t c . )  

t h a t  make up t h e  c e l l  can p r o t e c t  and en dure  in  t h e  t h r e a t  o f  

c o n s t a n t l y  i n c u r r i n g  damage and much s h o r t e r  l i v e d  s p e c i e s  as  compared 

t o  mice  m ig h t  have p o o r e r  r e p a i r  s y s t e m s .  W i t h i n  t h e  s e n s i t i v i t y  o f  

my a s s a y s  i t  seems t h a t  t h e  mechan isms  t h a t  p r o t e c t  t h e  DNA from 

damage a r e  s u f f i c i e n t  t o  m a i n t a i n  t h e  s t a b i l i t y  o f  t h e  DNA com plex .  

The t y p e  o f  damage s t u d i e d ,  d e a m i n a t i o n ,  o r  o t h e r  t y p e s  su ch  as  

o x i d a t i o n ,  i s  n o t  p o o r l y  r e p a i r e d .  On t h e  o t h e r  hand ,  i t  i s  p o s s i b l e  

t h a t  d e o x y u r i d i n e  was p r e s e n t  in  t h e  sam p le s  from o l d e r  a n i m a l s  b u t  

was beyond t h e  Tira i t  o f  d e t e c t i o n  in  t h e s e  e x p e r i m e n t s  (Given in

45
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T ab le  1). For  e x a m p le ,  i t  i s  c o n c e i v a b l e  t h a t  dU o r  dHMU i n  o n l y  one 

in 500 genes  cou ld  be  e x t r e m e l y  d e l e t e r i o u s  and lead  t o  a g i n g .

Some a u t h o r s  have a t t e m p t e d  t o  f i n d  u r a c i l  in  t h e  DNA o f  v a r i o u s

o r g a n i s m s ,  by methods  o t h e r  t h a n  t h e  one d e s c r i b e d  in  t h i s  t h e s i s .

Weiss  e t  a l .  (1983) u sed  t h e  DNA c l o n e d  f rom human c e l l s  o f  v a r i o u s

a g e s .  They seq uenced  t h e  DNA and found no u r a c i l .  T h i s  m e thod ,

ho weve r ,  i s  n o t  v e r y  s e n s i t i v e  (a 340 b a s e  p a i r  segment  was examined)

and t h e  a u t h o r s  s t a t e  t h a t  even 1Z s u b s t i t u t i o n  o f  u r a c i l  f o r  c y t o s i n e

in  t h i s  a s s a y  would have bee n  b a r e l y  d e t e c t a b l e .  Green and D e u ts c h

(1984) used a r a d i o a s s a y  t o  d e t e c t  u r a c i l  in  D r o s o p h i l i a  DNA i s o l a t e d

from o r g a n i s m s  o f  s e v e r a l  d e v e l o p m e n t a l  s t a g e s .  T h e i r  a s s a y  in v o lv ed

t h e  d i g e s t i o n  o f  DNA s a m p l e s  t o  3' mono ph os phates  and 5' e n d - l a b e l i n g

32t h e  monop ho spha tes  w i t h  P and T4 p o l y n u c l e o t i d e  k i n a s e .  The 

d i p h o s p h a t e s  we re  t h e n  c o n v e r t e d  t o  5' e n d - l a b e l e d  mon op ho sph ates  by 

PI n u c l e a s e  d i g e s t i o n .  T h i s  was f o l l o w e d  by t w o - d i m e n s i o n a l  

c h r o m a t o g r a p h y ,  a u t o r a d i o g r a p h y ,  and s c i n t i l l a t i o n  c o u n t i n g .  dUMP was 

found o n l y  in  b i s u l f i t e  t r e a t e d  s a m p l e s .  None was fuund in  

D r o s o p h i l i a  DNA. The a s s a y  i s  v e r y  s e n s i t i v e  as  i t  can  d e t e c t  

1 x 10- ^  m o les  o f  dUMP. A l th o u g h  t h e  a s s a y  i s  much more s e n s i t i v e  

t h a n  t h e  one d e s c r i b e d  h e r e ,  o n l y  1-2  nanom oles  o f  n u c l e o t i d e s  w e re  

a n a ly z e d  as  compared t o  t h e  1-15 m i c r o m o l e s  r o u t i n e l y  u sed  in  my 

e x p e r i m e n t s .  T h e i r  a s s a y  i s  s t i l l  q u i t e  s e n s i t i v e  (one u r a c i l  i n  10^ 

b a s e s  can  be  d e t e c t e d )  and y e t  even though  D r o s o p h i l i a  c o n t a i n s  no 

u r a c i l - D N A - g l y c o s y l a s e  and some s t a g e s  o f  dev e lo p m e n t  a r e  d e f i c i e n t  in 

dUTPase,  no u r a c i l  was found in  t h e i r  DNA s a m p l e s .

G o u l i an  e t  a l .  (1980) found no u r a c i l  i n  t h e  DNA o f  a human
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lymphoid  l i n e — l e s s  t h a n  one f em tom ole  p e r  m ic r o m o le  o f  DNA. However ,  

when c e l l s  we re  t r e a t e d  w i t h  m e t h o t r e x a t e  which i n t e r f e r e s  w i t h  

t h y m i d y l a t e  s y n t h e t a s e  ( l e a d i n g  t o  i n c r e a s e d  l e v e l s  o f  dUTP and 

s u b s e q u e n t  i n c o r p o r a t i o n  i n t o  DNA), t h e r e  i s  J> 10 i n c r e a s e  i n  t h e  

amount  o f  u r a c i l  i n  DNA. In  l i g h t  o f  t h i s  f a c t ,  i t  i s  i n t e r e s t i n g  

t h a t  L u z z a t t o  e t  a l .  (1981) found a b s u r d l y  h i g h  l e v e l s  o f  u r a c i l — 

r a n g i n g  f rom 10 t o  75Z o f  t h e  c y t o s i n e  r e s i d u e s  in  t h e  DNA o f  bone 

marrow c e l l s  f rom  p a t i e n t s  s u f f e r i n g  f rom m e g o b l a s t i c  a n e m ia .  T h i s  

d i s e a s e  i s  b e l i e v e d  t o  r e s u l t  f r om  a d e f i c i e n c y  i n  f o l a t e ,  a 

d e f i c i e n c y  w hi ch  i n t e r f e r e s  in  t h e  c o n v e r s i o n  o f  dUMP t o  dTMP.

However ,  t h e y  a l s o  found abou t  10Z u r a c i l  p e r  c y t o s i n e s  in  t h e  DNA o f  

no rm a l  c e l l s .  The method i n v o l v e d  t h e  u s e  o f  [ H - u r i d i n e ]  as  a 

t r a c e r .  The DNA was d i g e s t e d  w i t h  t h e  s t a n d a r d  enzymes.  T h i s  v a l u e  

o f  10Z s u b s t i t u t i o n  i s  e r r o n e o u s  compared t o  my r e s u l t s .  I t  i s  

p o s s i b l e  t h a t  somehow t h e i r  [ H - u r i d i n e ]  was c o n t a m i n a t e d  w i t h  [ H- 

c y t i d i n e ]  which was d e a m i n a te d  by c o n t a m i n a t i n g  c y t i d i n e  d e a m i n a s e  in  

t h e i r  d i g e s t i o n  m i x t u r e s .

I f  u r a c i l  i s  g e n e r a t e d  in  DNA and r e m a i n s  u n r e p a i r e d ,  two o r  

s e v e r a l  " h i t s "  o f  t h e  r i g h t  g ene  o r  g e n e s  in  t h e  r i g h t  c e l l  i n  a 

t i s s u e  c o n t a i n i n g  m i l l i o n s  o f  c e l l s  co u ld  be a l l  t h a t  i s  needed t o  

s t a r t  a m a l i g n a n c y  o r  c a u s e  a g i n g .  Such l e v e l s  o f  u r a c i l  would n o t  be  

d e t e c t a b l e  by my e x p e r i m e n t a l  ap p r o a c h .  I t  i ndeed m ig h t  be  p o s s i b l e  

t h a t  a c y t i d i n e  d e a m i n a t i o n  o c c u r s ,  g o es  u n r e p a i r e d ,  and i s  f i x e d  in  

t h e  DNA as  t h y m i d i n e  in  d i v i d i n g  c e l l s .  T h i s  may be  e s p e c i a l l y  

c r u c i a l  when a g e n e  i s  " h i t "  b e f o r e  i t  i s  e x p r e s s e d  d u r i n g  

d e v e lo p m e n t .  Are new genes  e x p r e s s e d  in  o ld  age?  I t  i s  p o s s i b l e  t h a t
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"o ld  age"  genes  a r e  s e q u e s t e r e d  in  u n r e p a i r e d  r e g i o n s  d u r i n g  

d e v e lo p m e n t .  The f a l l  i n  5 - m e t h y l  dC w i t h  age  d o es  s u g g e s t  t h a t  new 

genes  a r e  b e i n g  t u r n e d  on.  The t r a n s f o r m a t i o n  o f  d e o x y c y t i d i n e  t o  dU 

may p r o v i d e  t h e  m u t a t i o n a l  f o r c e  f o r  s p e c i e s  and i n d i v i d u a l  d i v e r s i t y  

and f a u l t y  r e p a i r  s y s t e m s  in  s o m a t i c  c e l l s  may have d e l e t e r i o u s  

e f f e c t s  on s u r v i v a l  a f t e r  t h e  r e p r o d u c t i v e  y e a r s .
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