
BNL- 24808 

W PIEOTOBIOLOGY: POSTREPLICATION REPAIR 

mmCE 
m o p o " . n t ~ o a m t o f m *  
lprrnorrdYthcutitsdStamGonmrnn~~lb. - a,es OQ thc Uuiid sut.r -1 of I 

pIlsrlly",Q my r o y o ( ( h s i r ~ ~ . n y  oftwf 
mDw s u w a m E t r n . a ~ - *  

Betsy K. Sutherland m y r t n m ; Y , r x p g l ~ ~ ~ ~ - ~ ~  I- a rsrpondbiliY for thc 8 ~ ~ ~ w . d -  ; 
m , " " f " ~ o f r w ~ r r m u Q n ~ ~ " " ~ p O d u * Q  I 
a w n , ~ . a * ~ 8 t h . ( I n ~ ~ ~ o '  1 

Biology Department 
I pmuely o l d  a*". 

Brookhaven Na t idna  1 Laboratory 
Upton, New York 11973 

We have discussed two r epa i r  modes: 1) photoreact ivat ion,  
i n  which dinters a r e  reversed i n  DNA; and 2) exc is ion  r epa i r ,  i n  
which les ions  a r e  removed from the  DNA. What happens i f  i t  i s  
time f o r  the  c e l l  t o  synthesize  a whole new copy of DNA before  
t h e  l e s ions  2re reversed o r  removed? One might image a number 
of  scenar ios .  1) The DNA r e p a i r  enzymas may s top  a t  the  damage q$lift 

and never start again. 2 )  The DNA r e p a i r  enzymes might go on 8 ,+-, , , w% > k/ @A",r" <:- 
;vi ;, 3 <; ,:3, 

i n s e r t i n g  a few bases, not  necessar i ly  the  r i g h t  ones, and then  ~ : ~ ~ t g $ ; ; > . ,  
copy a s  usual.  3) F ina l ly ,  the  DBA ~ e p a i r  enzymes might f a l l  ,& 
of f  t h e  DNA and resume synthesis  f u r t h e r  downstream. 

What does happen i n  b io log ica l  systems? There is evidence 
t b a t  our second p o s s i b i l i t y ,  i n s e r t i o n  of a few bases a t  random, 
can happen i n  vitro.. This might a l s o  happen -- i n  vivo.  There is  
a l s o  good evidence from a number of systems, both b a c t e r i a l  and 
mammalian, t h a t  the t h i r d  p o s s i b i l i t y  can happen i n  c e l l s ;  t h a t  
is, t h a t  the DNA r e p a i r  enzymes f a l l  o f f  the  DEA, r e s t a r t  l a t e r  
downstream and leave a gap. 

The evidence for the  second p o s s i b i l i t y ,  t h e  i n s e r t i o n  of 
i nco r rec t  bases is  a s  follows. Setlow and Bollum t e s t ed  the  
a b i l i t y  of DNA polymerase t o  copy u l t r a v i o l e t  i r r a d i a t e d  DNA 
(1). They found t h a t  the  product DNA had a decreased number of 
A ' s  incorporated i n t o  the new DHA. Thus the  o r i g i n a l  pa ren ta l  
s t r and  of DNA which contained thymine dlmers could not code 
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c o r r e c t l y  f o r  t h e  AA sequence which should have been i n s e r t e d  
oppos i t e .  They a l s o  found t h a t  t h e r e  was a  d e c r e a s e  i n  t he  
number of AA n e a r e s t  neighbor sequences,  t hus  implying t h a t  t h e  
i n c o r p o r a t i o n  by the  DNA polymerase a c r o s s  from a  pyr imidine  
dimer tias i n a c c u r a t e .  They a l s o  found t h a t  t h e r e  was a  d e c r e a s e  
i n  t h e  t o t a l  amount of s y n t h e s i s  a s  i f  t h e  enzyme g o t  t o  t h e  
damaged r e g i o n  and s p e n t  much longe r  t han  usua 1 t h a n  "deciding" 
what t o  do be fo re  i t  could proceed down the  DNA. 

From E. c o l i  comes major  ev idence  t h a t  t h e  t h i r d  p o s s i b i l i t y  
can  happen; t h a t  i s ,  t h a t  t h e  r e p l i c a t i n g  enzymes.might f a l l  off 

' t h e  DNA and r e s t a r t  l e a v i n g  a  gap. Much o f  t h i s  ev idence  comes 
from t h e  l a b o r a t o r y  of  Howard-Flanders and h i s  c o l l e a g u e s  (2): 
They found f i r s t  t h a t  gaps were made i n  DNA s y n t h e s i z e d  j u s t  
a f t e r  W. Th i s  was done b  t a k i n g  .an e x c i s i o n - d e f e c t i v e  &. c o l i  
which was p r e l a b e l e d  w i t h  I4C thymidine. A f r e r  u l t r a v i o l e t  
i r r a d i a t i o n  t h e  c e l l s  were exposed t o  3~ thymidine  f o r  60 minutes  
and t h e n  sedimented i n  a l k a l i  t o  s e p a r a t e  t h e  DNA s t r a n d s .  They 

, found t h a t  t h e  newly syn thes i zed  DNA r e s u l t i n g  from t h e  UV 
i r r a d i a t e d  c e l l s  had a s m a l l e r  molecular  weight  and t h a t  from 
u n - U V ' ~  c e l l s .  They a l s o  found d i s t a n c e  between t h e  gaps  was 
approximate ly  equa l  t o  t h e  d i s t a n c e  between dimers  i n  t h e  DNA. 
 h hey knew t h e  average  molecular  weight  of t h e  p i e c e s ,  t h e .  
UV exposure and thus  t h e  number o f  dimers i n  t h e  genome.)  hey 
a l s o  have shown t h a t  pyr imidine  dimers  a r e  o p p o s i t e  gaps i n  t h e  
newly syn thes i zed  DNA. To do t h i s ,  t hey  used b a c t e r i a l  episomes, 
s m a l l  p i e c e s  o_f,.,DNA which can e x i s t  i n  t h e  b a c t e r i a l  c e l l s  
independent  o'f t h e  c e l l u l a r  chromosomes. They U V ' ~  a  b a c t e r i a l  
cell which was e x c i s i o n -  and which conta ined  a n  episome w i t h  
a  g e n e t i c  marker. They t r a n s f e r r e d  t h e  episome t o  e x c i s i o n -  
p r o f i c i e n t  o r  e x c i s i o n - d e f i c i e n t  h o s t s ,  and found t h a t  t h e  
c a p a c i t y  of t h e  r e c i p i e n t  f o r  e x c i s i o n  r e p a i r  made no d i f f e r e n c e .  
Th i s  imp l i e s  t h a t  t h e  s t r u c t u r e  which was be ing  t r a n s f e r r e d  i n t o  
t h e  c e l l s  was n o t  a b l e  t o  be r e p a i r e d  by e x c i s i o n  r e p a i r .  However, 
when t h e  episome was t r a n s f e r r e d  t o  .a c e l l  and t h e n  photo- 
r e a c t i v a t e d  (and t h e  c o n t r o l  kep t  i n  t h e  d a r k ) ,  i t  was found t h a t  . 
t h e  p h o t o r e a c t i v a t e d  samples gave much more b i o l o g i c a l  a c t i v i t y  
a s  recognized by t h e  presence  of  t h e  marker o f  t h e  episome. This  
imp l i e s  t h e  s t r u c t u r e  which was be ing  t r a n s f e r r e d  was s u s c e p t i b l e  
t o  p h o t o r e a c t i v a t i o n .  As you can  t e l l ,  a  dimer i n  a  DNA o p p o s i t e  
a  gap can  be  a c t e d  on by p h o t a r e a c t i v a t i n g  enzyme s i n c e  no 
i n c i s i o n  and t h u s  breakage of  t h e  DNA would b e  involved.  F i n a l l y ,  
t hey  have e s t ima ted  t h e  s i z e  of  t he  gaps by chromatography t o  be  
about  1,000 n u c l e o t i d e s .  

What happens a f t e r  t h e  gap i s  c r e a t e d  i n  t h e  c e l l ?  
Howard-Flanders has  shown i n  b a c t e r i a l  c e l l s  t h e r e  i s  s low gap 
f i l l i n g  a f t e r  u l t r a v i o l e t  i r r a d i a t i o n .  I f  t h e  g. c o l i ,  which 



we used i n  the  experiment  j u s t  d i scussed  above ( t h a t  i s ,  e x c i s i o n  
minus, 14c thymine l a b e l e d ,  t h e n  u l t r a v i o l e t - i r r a d i a  t e d ,  allowed 
t o  i n c o r p o r a t e  3~ thymidine and then  sedimented i n  a l k a l i )  had 
been 'allowed t o  grow. l onge r  and had been sampled a t  d i f f e r e n t  
t imes of i ncuba t ion  a f t e r  t h e  U V ,  i t  would be found t h a t  
immediately a f t e r  t h e  UV molecular  weight  of  t h e  DNA i s  l a r g e .  
(Remember t h a t  t h e s e  b a c t e r i a  a r e  e x c i s i o n  d e f i c i e n t . )  A f t e r  
a  few minutes  t h e  molecular  weight  i s  s m a l l e r ;  t h a t  i s ,  du r ing  
DNA s y n t h e s i s  t h e  s y n t h e s i s  on t h e  damaged templa te  g i v e s  r i s e  
t o  DNA o f  lower molecular  w e i g h t . t h a n  i f  the  s y n t h e s i s  were 
o c c u r r i n g  on undamaged t empla t e .  A f t e r  a  few hours ,  t h e  molecular  
weight o f  t h e  DNA became l a r g e  a g a i n  implying t h a t  somehow t h e  
gaps were f i l l e d .  The exac t  mechanism by which the  gap f i l l i n g  
occurs  i s  s t i l l  n o t  w e l l  understood.  I t  i s  thought  t h a t  somehow 
t h e  E .  c o l i  can  use  in fo rma t ion  from t h e  m u l t i p l e  cop ie s  of  t h e  
b a c t e r i a l  chromosome p r e s e n t  i n  t h e  c e l l  t o  provide  t h e  c o r r e c t  
i n fo rma t ion  f o r  s y n t h e s i s  o f  t h e  DNA. Again we should p o i n t  ou t  
t h a t  t h e r e  a r e  no i d e a s  a s  t o  e x a c t l y  which enzymes can  
p a r t i c i p a t e  i n  t h e s e  r e p a i r  p roces ses ,  even though 4. c o l i  would 
seem t h e  i d e a l  system s i n c e  t h e  g e n e t i c s  a r e  reasonably  w e l l  
worked ou t .  

.What happens i n  mammalian c e l l s ?  The problems of examining 
p o s t r e p l i c a t i o n  r e p a i r  i n  mammalian c e l l s  a r e  many. F i r s t  t he  
molecular  w e i g h t . o f  t h e  i n t a c t  DNA i s  s o  l a r g e  t h a t  t h e  
s e d i m e n t a t i o n . o f  molecules  is  no t  a s  independent DNA molecules  
b u t  agg rega ted , '  t ang led  masscs. Thus i n  o r d e r  t o  be a b l e  t o  
examine t h e  DNA a t  a l l ,  i t  must b e  fragmented i n t o  molecular  

8  we igh t s  l e s s  t h a n  about  5 x  10 . Using t h i s  procedure,  Alan 
Lehmann i n  England has found t h a t  t h e r e  a r e  gaps i n  newly 
r e p l i c a t e d  m a t e r i a l  formed a £  t e r  UV ( 3 ) .  The d i s t a n c e  between 
t h e  gaps i s  approximate ly  equa l  t o  t h e  d i s t a n c e  between dimers.  
I n  mar sup ia l  c e l l s  i t  has been shown t h a t  a f t e r  UV t h e  newly 
syn thes i zed  DNA i s  s m a l l e r  t h a n  t h e  DNA syn thes i zed  on undamaged 
t empla t e s .  I f  t h e  c e l l s  a r e  U V ' ~  and t h e n  p h o t o r e a c t i v a t e d ,  
t h e  DNA i s  l a r g e r .  Th i s  would imply ' t h a t  t h e  gaps which made 
t h e  DNA s m a l l e r  were indeed oppos i t e  dimers .  There is  a l s o  gap 

. . 
f a l i n g  a f t e r  u l t r a v i o l e t  i r r a d i a t i o n .  However, t h e r e  i s  
disagreement  about  t h e  s i z e  of  the  DNA made a f t e r  u l t r a v i o l e t  
i r r a d i a t i o n ,  t h e  i n t e r p r e t a t i o n  of  ' s i z e  changes,  and everi 
whether  p o s t r e p l i c a t i o n  r e p a i r  i s  a n  independent  r e p a i r  p rocess  
were some a b e r r a n t  e x c i s  ion .  

XP c e l l s  a r e  a l s o  d e f i c i e n t  i n  p o s t r e p l i c a t i o n  r e p a i r .  
Lehrnann has  shown t h a t  i f  c e l l s  a r e  exposed t o  u l t r a v i o l e t  
l i g h t  and t h e n  grown, t he  molecular  weight  of t h e  DNA can  be 
fol lowed by fragmenting t h e  DNA i n t o  p i e c e s  a t  l e a s t  s m a l l e r  
t han  5 k lo8. 



A f t e r  W - i r r a d i a t i o n ,  normal c e l l s  show a  r educ t ion  i n  t h e  
molecular  weight  o f .  t h e  newly syn thes i zed  DNA, t hen  r a p i d l y  
conve r t  t h i s  DNA t o  t h e  5 x lo8  maximum. However, XP c e l l s  reach 
t h i s  l e v e l  much more slowZy than  do normal c e l l s .  The s t r i k i n g  
t h i n g ,  however, about  ~ e h m a n n ' s  d a t a  i s  t h a t  t h e  s l o p e s  o f  t he  
l i n e s  ( l o g  molecular  weight  v s .  t ime) ;  a r e  t h e  same ' f o r  XP and . 
normal c e l l s .  However, XP c e l l s  beg in  t h e  DNA s y n t h e s i s  pe r iod  
a t  a  much s m a l l e r  molecular  weight  t h a n  do t h e  normal. Th i s  
imp l i e s  ' t h a t  perhaps t h e  d e f e c t  i n  t h e  W ' s  i s  t oo  much n ick ing .  
o f  t h e  DNA r a t h e r  t h a n  no t  enough gap f i l l i n g .  . 

Another group of  p a t i e n t s  i s  diagnosed by c l i n i c a l  s i g n s  a s  
xeroderma pigmentosum; however, c e l l s  from t h e s e  XP "va r i an t s "  
e x c i s e  dimers  a s  w e l l  a s  do c e l l s  from normal i n d i v i d u a l s .  They 
a l s o  have v i r t u a l l y  a s  much unscheduled DNA synthesds  as do 
normal c e l l s .  ' Lahmnnn f  irtds t h a t  t h e  XP v a r i a n t s  a r e  even s lower 
than  XP'S t o  r each  t h e  l i m i t  molecular  we igh t ,  'again because  t h e  
molecular  weight  i s  i n i t i a l l y  s m a l l e r  b u t  t h e  r a t e s  of i n c r e a s e .  
a r e  t h e  same a s  normal. XP v a r i a n t s  a r e  a l s o  d e f i c i e n t  i n  photo- 
r e a c t i v a t i o n .  It i s  n o t  y e t  c l e a r  e x a c t l y  what i s  t h e  molecular  
cause  of  t h e  XP i n  t h e s e  c e l l s  which a r e  normal w i t h  regard  t o  
e x c i s  ion .  

MAJOR PROBLEMS I N  DNA REPAIR: 
PROSPECT OF SYNCHROTRON RADIATION STUDIES . .. . 

, .. - --.. 

During t h e s e  l e c t u r e s ,  I have poin ted  o u t  a  number of 
impor tan t  a r e a s  i n  DNA r e p a i r  which must be  so lved  b e f o r e  we can  
c o r r e l a t e  DNA r e p a i r  d e f i c i e n c i e s  and human d i s e a s e s .  For  example, 
what i s  t h e  molecular  cause  o f  XP? Another impor tan t  problem 
i s  t h e  t a r g e t  f a r  t h e  i n d u c t i o n  of human s k i n  cancer  by s u n l i g h t .  
What is  t h e  molecular  l e s i o n  which l eads .  t o  s k i n  cancer?  

Synchro t ron  r a d i a t i o n  o f f e r s  advantages f o r  a l l  of t h e s e  
s t u d i e s .  Fo r  example, i t  can  p r o v i d e ' i m p o r t a n t  i n fo rma t ion  on 
t h e  molecular  t a r g e t  f o r  s k i n  cance r  i nduc t ion .  One 1-ray f o r  
s t u d y i n g  t h i s  i s  by de termining  t h e  a c t i o n  spectrum. Are t h e  
wavelengths which i n a c t i v a t e  DNA more impor tan t  o r  a r e  t h e  
wavelengths which i n a c t i v a t e . p r o t e i n  more impor tan t?  These 
a c t i o n  s p e c t r a  could b e  performed on exper imenta l  animals  . o r  on 
c u l t u r e d  c e l l s  by looking  a t  UV t r ans fo rma t ion .  

Examining t h e  molecular l e s i o n  would be more d i f f i c u l t .  
However, we can  examine t h e  r o l e  o f  pyr imidine  dimers i n  
producing t h e s e  e f f e c t s  i f  we can  show t h a t  a  b i o l o g i c a l  damage 
caused by u l t r a v i o l e t  l i g h t  can  be  reversed  by longe r  wavelength 



l i g h t  i n  a  photoenzymatic r e v e r s a l .  Then we would s u s p e c t  t h a t  
di.mers were an  impor tan t  l e s i o n  i n  t he  p roduc t ion  of s k i n  cancer .  
However, t h e  proper  c o n t r o l s  must be done t o  show t h a t  photo- 

- r e a c t i v a t i o n  and no t  a  n o n s p e c i f i c  l i g h t  e f f e c t  ( f o r  example, on 
c e l l  g rowth) ,  was r e v e r s i n g  t h e  . . les ions .. . Aga5n here '  a c t i o n  
spec t roscopy  i s  c r u c i a l .  I f  we could  show t h a t  t h e  a c t i o n  . 

spectrum of t h e  l i g h t  r e v e r s a l  even t  was t h e  same a s  t h a t  f o r  
t h e  a c t i o n  spectrum of t h e  p u r i f i e d  p h o t o r e a c t i v a t i n g  enzyme, we 
would have good ev idence  t h a t  t h e  l i g h t  mediated a m e l i o r a t i o n  
of  damage was due t o  t r u e  p h o t o r e a c t i v a t i o n .  

Synchro t ron  o f f e r s  two major  advantages f o r  such b i o l o g i c a l  
s t u d i e s  . The f i r s t  is l i g h t  i n t e n s i t y .  Most b i o l o g i c a l  s t u d i e s  
have been l i m i t e d  t o  mercury l i n e s  i n  t h e  u l t r a v i o l e t ,  Tn most 
s o u r c e s ,  f o r  adequate  wavelength p u r i t y ,  t h e  i r r a d i a t i o n  t lmes  
have been many minutes t o  hours .  During t h e s e  i r r a d i a t i o n  t imes ,  
t h e  c e l l s '  me tabo l i c  p roces ses  a r e  proceeding;  t h e s e  may cornpli- 
c a t e  t h e  experiment o r  even l e a d  t o  p o s s i b l e  e r r o r s .  The second 
is t h e  advantage of  a  continuum. Most u l t r a v i o l e t  a c t i o n  s p e c t r a  
have been  l i m i t e d  t o  t h e  mercury l i n e s .  I n  many c a s e s  t h e r e  a r e  
n o t  enough f o r  good r e s o l u t i o n  of  a c t i o n  spectrum. (However, we 
should n o t i c e  t h a t  t h e  a b s o r p t i o n  spectrum of b i o l o g i c a l l y  
impor t an t  molecules; t h a t  is, molecules  e s s e n t i a l l y  i n  a  w a t e r  
s o l u t i o n ,  i s  v e r y  broad s o  i t  would n o t  b e  f r u i t f u l  t o  do a c t i o n  
s p e c t r a ,  s a y  a t  1 8 spac ing . )  

. . 

I n  a d d i t i o n  to '  d i s c u s s i n g  t h e  advantages t h a t  t h e  synchro-  
t r o n  now o f f e r  t o  b i o l o g i c a l  s t u d i e s ,  we must c o n s i d e r  some 
p o s s i b l e  problems. The f i r s t  i s  t h e  t iming  o f  t h e  synchro t ron  
beam. The pulsed  photons from t h e  synchro t ron  may g i v e  e n t i r e l y  
d i f f e r e n t  photochemistry,  and t h i s  must be  examined w l t h  r ega rd  
t o  t h e  p o s s i b i l i t y  of  multi-p.hoton e ' f f e c t s .  T h i s  might l e a d  t o  
e n t i r e l y  d i f f e r e n t  photobiology - which, w h i l e  o f  p o s s i b l e  i n t e r e s t  . 
i n  i t s e l f ,  might t e l l  us no th ing  about  c e l l s  and t h e i r  r e sponses  
t o  s o l a r  i n s u l t s .  F i n a l l y ,  j u s t  a s  i n  any b i o l o g i c a l  s t u d i e s ,  
we must have c a r e f u l  and informed b io logy ,  a s  w e l l  a s  s o p h i s t i -  
c a t e d  l i g h t  s o u r c e s ,  s o  they  b o t h  can  b e  used t o . t h e  maximum 
advantage.  
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