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I n  add i t i on  t o  photoreact ivat ion,  the r eve r sa l  of damage 
produced i n  DNA by u l t r a v i o l e t  l i g h t ,  t he re  i s  another  r e p a i r  
process,  excis ion,  i n  which the damaged regions a r e  cut  out  of 
t he  DNA. Although we w i l l  deal  mostly with damage i n f l i c t e d  on 
DNA by u l t r a v i o l e t  l i g h t ,  there a r e  a l s o  excis ion systems f o r  
chemical damage a s  well .  Most of what we know about excis ion 
comes from E. &, but  we can ex t rapola te  t o  mammalian systems; 

. how wel l  the  ex t rapola t ion  f i t s  the a c t u a l  case is not y e t  c lear .  

There a r e  two and perhaps three  types of exc is ion  repa i r .  
The f i r s t  is nucleot ide excis ion i n  which a few t o  many bases,  
including the damaged area ,  a r e  removed. There i s  base exc is ion  
i n  which only the  damaged base is severed from the  DNA backbone, 
then nucleot ide exc is ion  proceeds ju s t  a s  usual. F ina l ly ,  i n  a 
very recent  study, there  is a h i n t  t h a t  damage may be removed 
d i r e c t l y  from a base leaving the DNA i n t a c t  without  any need 
f o r  i nc i s ion  i n t o  the DNA backbone o r  any new synthes is .  (Note 
t h a t  both nucleot ide exc is ion  and base exc is ion  do requi re  new 
synthes is  i n t o  the  DNA.) 

I. Nuc1eoti.de Excision 

We a r e  gradual ly developing a good idea of t h e  major s t eps  
i n  nucleot ide excis ion.  F i r s t  is the  recognit ion of damage by 
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a n  enzyme c a l l e d  a  W-endonuclease.  The next  i s  i n c i s i o n  by t h e  
nuc lease  i n t o  the  phospho.diester  backbone, g e n e r a l l y  a t  a  s i t e  
n e a r  t h e  damage o f  damaged base .  Then t h e r e  i s  polymerizat ion 
by cova len t  e x t e n t i o n  of t h e  damaged s t r a n d  us ing the  comple- 
mentary undamaged s t r a n d  a s  template .  V i r t u a l l y  s imul taneous ly  
w i t h  polymerizat ion t h e r e  i s  e x c i s i o n  of the  damaged reg ion .  
F i n a l l y ,  t h e r e  i s  l i g a t i o n  of  the  newly syn thes ized  r e g i o n  t o  
t h e  p a r e n t a l  r e p a i r e d  s t r a n d .  

Even i n  E. coli e x a c t l y  which enzyme p a r t i c i p a t e s  i n  which 
s t e p  i s  s t i l l  l a r g e l y  unknown. For  the  endonuclease s t e p  t h e r e  
have been s e v e r a l  r e p o r t s  of i s o l a t i o n  and c h a r a c t e r i z a t i o n  of  

' 

enzymes which seem ' to  have had some p r o p e r t i e s  expected of  t h e  
enzyme c a r r y i n g  ou t  t h e  i n c i s i o n  s t e p . ,  However, none of t h e s e  
enzymes has turned o u t  t o  ha've d e f i n i t i v e  evidence i n  i t s  favor .  
DNA polymerase I seems t o  p a r t i c i p a t e  i n  b o t h  po lymer iza t ion  
and e x c i s i o n  a l though  i t  i s  p o s s i b l e  t h e r e  a r e  o t h e r  enzymes 
i n  t h e  c e l l  which can s e r v e  a s  backup enzymes should  polymerase 
be  d e f e c t i v e .  F i n a l l y ,  DNA l i g a s e  i s  r e s p o n s i b l e  f o r  j o i n i n g  
t h e  newly-synthesized s t r a n d  t o  t h e  p a r e n t a l  r e p a i r e d  s t r a n d .  

A n  important  t o o l  i n  s tudy ing  any m u l t i - s t e p  pathway i s  
complementation.. F i r s t  l e t  us s e e  how we could use  t h e  comple- 
menta t ion t o  s tudy  DNA r e p a i r  i n  E. coli and then l a t e r  we w i l l  
s e e  how t h i s  can  be used i n  mammalian c e l l s .  We know t h a t  i n  
e x c i s i o n  repair,,damaged DNA i s  ac ted  upon by a . .endonuclease ,  then  
by a  polymerase'"and f i n a l l y  by a l i g a s e .  I f  we had a c e l l  which 
was a  mutant i n  t h e  endonuclease,  the  r e p a i r  pathway could no t  
proceed. I f  we had ano the r  c e l l  which was d e f e c t i v e  i n  t h e  
polymerase., t he  r e p a i r  pathway s t i l l  could n o t  proceed.  However, 
i f  we could c'ombine the  p r o p e r t i e s  of t h e s e  c e l l s ,  we would 
have a t  l e a s t  one good'copy of  t h e  endonuclease,  t h e  polymerase, 
and t h e  l i g a s e ,  and t h u s  t h e  two mutants could be s a i d  , to  
complement each o t h e r .  This  complementation appr'oach has been 
used bo th  i n  v i v o  and i n  v i t r o .  ~ o s t  r e c e n t l y  it has  been used 
by E r l i n g  Seeberg t o  i s o l a t e  a  UV-endonuclease from E .  c o l i .  
We s h a l l  s e e  l a t e r  i n  t h i s  l e c t u r e  how t h i s  approach can  b e  used 
a l s o  i n  mammalian c e l l s .  

What happens i n  h i g h e r  organisms w i t h  regard  t o  n u c l e o t i d e  
e x c i s i o n  r e p a i r ?  They do seem t o  remove damage from t h e i r  DNA 
by  c u t t i n g  o u t ;  however, t h e  'number of enzymes, t h e i r  i d e n t i t y  
and t h e  p o s s i b l e  a l t e r n a t i v e  pathways, a r e  not  y e t  known. The 
b a c t e r i a l  model provides  j u s t  t h a t :  a  good working model, 
a l though  no t  n e c e s s a r i l y  r e a l i t y .  

How would we measure e x c i s i o n  i n  h igher  organisms? F i r s t ,  
we could look f o r  a  damaged p i e c e  which would b e . c u t  o u t  and 
might a p p e a r  in t h e  s m a l l e r  molecular weight p o r t i o n s  of DNA. 



We could look f o r  the  i n s e r t i o n  of new bases .  Two major 
procedures have been used t o  look f o r  t h e  i n s e r t i o n  of new bases  
i n t o  DHA. The f i r s t  of these  i s  c a l l e d  unscheduled DNA s y n t h e s i s .  
O r d i n a r i l y  c e l l s  s y n t h e s i z e  new DNA only  dur ing  a  l i m i t e d  p o r t i o n  
of t h e  c e l l  c y c l e  c a l l e d  S o r  s y n t h e s i s .  However, i f  t h e  c e l l s  
have been exposed t o  W, one g e t s  DNA s y n t h e s i s  even though t h e  
c e l l  i s  not  i n  t h e  normally scheduled pe r iod  of t h e  c e l l  c y c l e  
f o r  s y n t h e s i s .  Thus t h i s  i n c o r p o r a t i o n  o f  new DNA is  c a l l e d '  . 
unscheduled DNA s y n t h e s i s .  It seems t o  r e p r e s e n t  t h e  i n s e r t i o n  
o f  t h e  i~ew b a s e s  corresponding t o  t h e  p o r t i o n  of the  DNA which 
were rep laced  due t o  t h e  removal of  damaged bases .  

The second method of looking f o r  t h e  i n s e r t i o n  o f  new DNA 
bases  i s  by bromodeoxyuridine pho to lys i s .  I n  t h i s  method c e l l s  
which a r e  undergoing r e p a i r  s y n t h e s i s  a r e  supp l i ed  wi th  bromo- 
deoxyur idine  (which i s  an analog of thymidine).  I t  i s  
incorpora ted  i n t o  the  DNA; when t h e  c e l l s  a r e  exposed t o  long- 
wavelength UV (e.g.  313 nm) t h e  bromodeoxyuridine absorbs  t h e  
l i g h t  producing f r e e  r a d i c a l s  which make b reaks  i n  t h e  DNA. So 
whenever t h e r e  i s  new s y n t h e s i s  i n  the  presence o f  bromodeoxy- 
u r i d i n e ,  by t h e  long wavelength p h o t o l y s i s  one can  induce DNA 
breakage and t h u s  c e l l s  which have undergone DNA r e p a i r  can  be  
recognized by s m a l l e r  s i z e  of t h e  DNA. 

Nucleot ide  e x c i s i o n  r e p a i r  provided t h e  f i r s t  c o r r e l a t i o n  
of  DNA r e p a i r . ' d e f e c t  and p o s s i b l e  human d i sease .  Cleaver  f i r s t  
no t i ced  t h a t  x i rodema gigmentosum c e l l s  u r ~ d e m e n t  unscheduled 
UNA s y n t h e s i s  a t  a  lower l e v e l  than  did  normal c e l l s  (1) .  These 
c e l l s  a l s o  show decreased r e p a i r  s y n t h e s i s  a s  d e t e c t e d  by bromo- 
deoxyur idine  p h o t o l y s i s .  

Complementation a n a l y s i s  has a l s o  been c a r r i e d  o u t  on 
xeroderma c e l l s  i n  c u l t u r e .  C e l l s  from two i n d i v i d u a l s  a r e  
'fused us ing  h e a t  i n a c t i v a t e d  s e n d a i  v i r u s .  The fused product 
of  t h e  two c e l l s  i s  c a l l e d  a  heterokaryon.  J u s t  a s  i n  comple- 
menta t i o n  i n  E. discussed  above, ' t h e r e  i s  complementa t i o n  of 
unscheduled DNA s y n t h e s i s  i f  t h e  two xeroderma c e l l s  a r e  from 
i n d i v i d u a l s  w i t h  d i f f e r e n t  d e f e c t s  i n  the  same r e p a i r  pathway. 

There a r e  a t  l e a s t ' f i v e  and perhaps seven complementation 
groups i n  XP, as  de f ined  by t h e  f u s i o n  method ( 2 ) .  However, 
t h e r e  a r e  no data  on which f u n c t i o n  i s  miss ing i n  which XP c e l l s .  
Furthermore,  our unders tanding of  the  p r o t e i n s  which f u n c t i o n  
i n  DNA r e p a i r  i n  normal humans i s  fragmentary a t  b e s t .  

I n  t h e  p a s t  few y e a r s  Tanaka and h i s  a s s o c i a t e s  and Hanawal:. 
and h i s  a s s o c i a t e s  have been a b l e  t o  pu t  a  d i m e r - s p e c i f i c  endo- 
n u c l e a s e . i n t o  XP c e l l s  (3,4): When, th is  i s  done, t h e  c e l l s  then 
undergo unscheduled DNA s y n t h e s i s  a t  roughly the  normal l e v e l .  



S u r p r i s i n g l y  enough, a l l  XP c e l l s  t e s t e d ,  no m a t t e r  what t h e  
complementation groups a r e  complemented by t h e  exogenous dimer- 
s p e c i f i c  endonuclease! One p o s s i b i l i t y  i s  t h a t  a n  endonuclease i s  

. missing i n  a l l  known XP ' s .  Perhaps d e f e c t s  i n  o t h e r  r e p a i r  
enzymes would be l e t h a l  t o  c e l l s .  On the  o t h e r  hand, c e l l s  which 
show complementation by t h e  UV-endonuclease a r e  might be under- 
going a n  a l t e r n a t e  e x c i s i o n  pathway i n i t i a t e d  by t h e  UV-endo: 
nuc lease  and thus  t h e  process  might not  r e l a t e  t o  normal e x c i s i o n  
a t  a l l .  

11. Base 'Excision Repair  

The second kind of e x c i s i o n  r e p a i r  i s  c a l l e d  "hasc exo io i sn"  
i n  whioh t h e  boud berween the  sugar  and t h e  damaged base  i s  
severed (5) .  Since  t h i s  bond is  the  N-glycosyl bond, t h e  enzyme 
r e l e a s i n g  t h e  damage base  i s  c a l l e d  an  N-glycosylase. The r e s u l t  
of the  a c t i o n  of the  enzyme i s  j u s t  t h e  r e l e a s e  o f  the  damaged 
base  from the  DNA. A f t e r  the  r e l e a s e  of t h e  damaged b a s e ,  t h e r e  
i s  a  n i c k  i n s e r t e d  i n t o  t h e  sugar-phosphate backbone a t  t h e  s i t e  
of t h e  sugar  which l acks  t h e  base .  The enzyme performing t h i s  ' 
s t e p  has  been termed a n  "apur in ic  endonuclease" f o r  h i s t o r i c a l  
r easons :  t h e  f i r s t  DXA which was genera ted w i t h  miss ing b a s e s  was 
prepared by rehoving pur ines  from t h e  DNA, t h u s  t h e  o r i g i n  of 
t h e  terms a p u r i n i c  DNA and "apur in ic  endonuclease" ( 6 ) .  A f t e r  
t h e  n i c k i n g  o f . t h e  sugar-phosphate backbone, t h e r e  i s  e x c i s i o n  
and r e s y n t h e s i s  j u s t  a s  bc fo re .  Both t h e  endonuclease and the  
N-glycosylase ,have been found i n  b a c t e r i a l  and i n  human c e l l s .  
For example, f o r  the  u r a c i l  N-glycosylase the  s u b s t r a t e  i s  DNA 
damage i n  which thymine i n  DNA is  demethylated t o  produce u r a c i l .  
The N-glycosylase breaks  t h e  N-glycosyl bond i n  between t h e  base  
u r a c i l  and t h e  r e s t  of the  DNA, l e a v i n g  t h e  sugar-phosphate back- 
bone i n t a c t  and r e l e a s i n g  t h e  u r a c i l  from t h e  DNA. Then t h e  
endonuclease makes a  n ick  a t  the  damaged s i t e  b u t  i t  would 
n o t  make r e l e a s e  t h e  damaged base ,  f o r  example, u r a c i l ,  from t h e  
DNA. 

Are t h e r e  de , fec t s  i n  t h i s  mode of e x c i s i o n  r e p a i r  i n  humans? 
Indeed,  some xeroderma c e l l s  show d e f i c i e n c i e s  i n  t h e  l e v e l  of 
t h e  a p u r i n i c  endonuclease. Linn and h i s  group have been a b l e  
t o  p u r i f y  p a r t i a l l y  such a n  enzyme from human c e l l s  and thus  can 
determine t h e  source  of t h i s  d e f i c i e n c y :  i s  i t  due t o  a  dec rease  
i n  t h e  number of enzyme molecule o r  t o  d e f e c t i v e  enzymes ( 6 ) ?  
Ways of d i s t i n g u i s h i n g  t h e s e  p o s s i b i l i t i e s  invo lve  t h e  c h a r a c t e r -  
i z a t i o n  of  the  p h y s i c a l ,  chemical and k i n e t i c  p r o p e r t i e s  of  t h e  
enzyme; i n  f a c t ,  Linn and h i s  a s s o c i a t e s  have found t h a t  t h e  
a p u r i n i c  endonuclease p r e s e n t  i n  some XP c e l l s  shows a l t e r e d  
k i n e t i c  p r o p e r t i e s ; . -  This impl ies  a  change i n  enzyme s t r u c t u r e  
r a t h e r  t h a n  a  c o n t r o l  mutation.  Th i s  poses a  problem: XP c e l l s  



have been shown t o  b2 d e f i c i e n t  i n  p h o t o r e a c t i v a t i n g  enzyme, i n  
e x c i s i o n  r e p a i r ,  and i n  a p u r i n i c  endonuclease.  Now one might 
th ink  t h a t  t h e s e  d e f i c i e n c i e s  might be due t o  a  common c o n t r o l  
mechanism which would j u s t  dec rease  t h e  l e v e l s  o f  s e v e r a l  r e p a i r  . . . . .  
enzyines. But t h e  evidence from L i n n ' s  l a b  i n d i c a t e s  t h a t  t h e  
a p u r i n i c  endonuclease,  a t  l e a s t ,  i s  not  merely p r e s e n t  i n  lower 
numbers b u t  is  a c t u a l l y  an  a l t e r e d  enzyme. I f  these  k i n e t i c  
s t u d i e s  on p a r t i a l l y  p u r i f i e d  enzymes a r e  v a l i d ,  t h i s  means t h a t  
t h e r e  a r e  m u l t i p l e  d e f e c t s  i n  XP. However, t h e  l e v e l  of XP i n  
t h e  popu la t ion  (1/200,000) i s  too high f o r  XP t o  r e s u l t  from a  
r e q u i s i t e  t h r e e  o r  f o u r  s e p a r a t e  mutations.  - ( I f  t h i s  were t h e  
case ,  one would expect  t o  have almost  no XP's i n  the  human 
popula t ion!)  Thus t h i s  poses one of.  the  important  problems i n  
DNA r e p a i r  and human d i s e a s e  today:  exa ,c t ly  what i s  tho molceular 
O r l g i n  of XP? 

111. Damage Removal 

The'  t h i r d  kind of  e x c i s i o n  r e p a i r  i s  s imple  removal of  
damaged reg ion  of a  base  i n  DNA wi thout  e x c i s i o n  of a  s t r e t c h  o f  
DNA and wi thou t  e x c i s i o n  of t h e  base .  An example o f  t h i s  seems 
t o  be the  removal o f  methyl groups which have been added t o  DNA 
bases  by methyla t ing agen t s .  The c e l l s  could e x c i s e  t h e  e n t i r e  
r e g i o n  (n 'ucleot ide  e x c i s i o n ) ,  they could j u s t  remove the  base  
(base  e x c i s i o n ) ,  , b u t  bo th  t h e s e  r e p a i r  pathways a r e  c o s t l y  i n  terms 
of  energy t o  r s s ~ i l t t ~ e s i z e ,  and t o  l i g a t e  t h e  new s t r a n d  back t o  
t h e  p a r e n t a l  s t r a n d s .  Pegg h i s  some evidence t h a t  r a t  l i v e r  
c o n t a i n s  a n  a c t i v i t y  which can mere ly  remove t h e  methyl groups 
from t h e  damaged base  ( 7 ) .  Th i s  enzyme has not  been p u r i f i e d  and 
i t  remains t o  be seen i f  the  a c t i v i t y  can  be  i s o l a t e d  and 
cha . rac te r i zed .  It i s  a l s o  n o t  known i f  i t s  a c t i v i t y  e x i s t s  i n  
human c e l l s ,  nor  i s  i t  known i f  XP's a r e  d e f i c i e n t  i n  t h i s  enzyme. 
Problems i n  determining t h e s e  p o i n t s  w i l l  i nc lude  t h e  i n s e n s i t i v i t y  
of  t h e  assay  (which r e q u i r e  many grams of s u b s t r a t e  of c e l l u l a r  
m a t e r i a l  f o r  a  few a s s a y s ,  each assay  r e q u i r i n g  many mil l igrams 
of  DNA). 

Thus a l though e x c i s i o n  r e p a i r  has been one of t h e  most 
s t u d i e d  of  t h e  r e p a i r  mechanisms, t h e r e  a r e  s t i l l  many important  
q u e s t i o n s  whi-ch remain t o  be  answered. F i r s t ,  it i s  not  r e a l l y  
known e x a c t l y  which enzymes i n  b a c t e r i a ,  f o r  which we may t a k e  
E. c o l i  t o  be a prime example, p a r t i c i p a t e  i n  e x c i s i o n  r e p a i r .  - - 
I f  t h e r e  a r e  d e f i c i e n c i e s  i n  our  knowledge i n  b a c t e r i a ,  one might 
s a y  t h a t  our  knowledge i n  human c e l l s  is  i n  chaos. There i s  
r e a l l y  no complete o r  p a r t i a l  idea  a s  t o  e x a c t l y  which enzymes 
p a r t i c i p a t e  i n  e x c i s i o n  r e p a i r  i n  normal cells ,much l e s s  which 
enzymes a r e  d e f i c i e n t  i n  xeroderma c e l l s .  



There  a r e  r e a l l y  no good e x p l a n a t i o n s  a t  t h i s ,  p o i n t  a s  t o  t h e  
molecu la r  cause  of  such  appa ren t  DNA r e p a i r  d e f i c i e n c y  d i s e a s e s ,  
such  a s  XP. Indeed we a r e  s u f f e r i n g  a n  embarrass o f  r i c h e s ,  w i t h  
t o o  many molecu la r  d e f e c t s .  F i n a l l y  the.  p o s s i b i l i t y .  o f  a  new.. and :.- " 

i n t r i g u i n g  r e p a i r  sys tem i n  which o n l y  t h e  damaged p o r t i o n  o f  
b a s e  i s  removed w i t h o u t  any new s y n t h e s i s  i s  a n  i n t r i g u i n g  one 
which d e s e r v e s  f u r t h e r  s t u d y .  
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