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C o n v e r s i o n  of p s o r a l e n  D N A  m o n o a d d u c t s  in E. col i  to  i n t e r s t r a n d  D N A  c r o s s  l inks  by near  UV l ight  
(320-360 nm)." Inabi l i ty  of  ange l i c in  tO f o r m  c r o s s  l inks ,  in v ivo  
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Summary. B o t h  angel ic in  a n d  psora len  m o n o a d d u c t s  fo rmed  in  v ivo  in E.  coli b y  nea r  U V  l igh t  p roduce  l e tha l  a n d  
m u t a g e n i c  effects. H o w e v e r  psora len  m o n o a d d u c t s  are c o n v e r t e d  to  cross l inks  b y  h ighe r  doses of UV;  angel ic in  m o n o -  
a d d u c t s  are  not .  Th e  re levance  of these  resul t s  to  psora len  p h o t o s e n s i t i z a t i o n  is discussed.  

F u r o c o u m a r i n s  2 s u c h  as psora len ,  8 - m e t h 0 x y p s o r a l e n  a n d  
t r i m e t h y l p s o r a l e n  pho tosens i t i ze  deoxyr ibonuc le ic  acid in 
t h e  presence  of nea r  U V  l igh t  (320-360 nm,  NUV)  pro-  
duc ing  l e tha l  a n d  m u t a g e n i c  effects in a wide range  of 
viruses,  bac te r ia ,  a n d  e u k a r y o t i c  cells (see tab le ,  b for 
references).  D N A  i n t e r s t r a n d  cross l inks  b e t w e e n  pso-  
ra lens  a n d  p y r i m i d i n e  bases  in  oppos i te  s t r a n d s  of t he  
D N A  dup lex  h a v e  been  imp l i ca t ed  as t he  m a j o r  f ac to r  
c o n t r i b u t i n g  to t he  sens i t iz ing  ac t ions  of the  psoralens3,~, 24. 
Exc i s ion  a n d  gene t ic  r e c o m b i n a t i o n ,  con t ro l led  b y  t he  
u v r  a n d  recA genes  in E.  coli, are  respons ib le  for r ecove ry  
f rom cross l ink ing  damage3 ,  5. I t  h a s  been  r epo r t ed  b y  
Reid  a n d  W a l k e r  s a n d  b y  B e n - H u t  and  E l k i n d  7 t h a t  
m a m m a l i a n  cells possess a n  eff ic ient  m e c h a n i s m  for  t he  
r epa i r  of m o n o a d d u c t s  a n d  cross l inks  in  t h e i r  own  DNA.  
Cells f rom p a t i e n t s  w i t h  F a n c o n i ' s  a n a e m i a  (FA) a p p e a r  
defec t ive  in t he  ab i l i ty  to r e p a i r  D N A  cross l inks  s. H u m a n  
f ib rob las t s  f rom n o r m a l  a n d  F A  sub jec t s  h a v e  t he  ca- 
p a c i t y  to  r epa i r  on ly  m o n o a d d u c t s  in  t he  D N A  of i r ra-  
d ia ted ,  in fec t ing  a d e n o v i r u s ;  f ib rob las t s  cu l t u r ed  f rom 
p a t i e n t s  w i t h  X e r o d e r m a  p i g m e n t o s u m  c a n n o t  r epa i r  
m o n o a d d u c t s  in  pho t o s ens i t i z ed  adenov i ruses  0. These  
r epa i r  def ic iences  h a v e  been  d e m o n s t r a t e d  b y  inc reased  
s ens i t i v i t y  to  kill  a n d  h igh  suscep t ib i l i t y  to  c h r o m o s o m e  
damage .  M a n y  of t he  k n o w n  pre requ is i t es  for a n d  con-  
sequences  of pso ra len  p h o t o s e n s i t i z a t i o n  in these  a n d  
o t h e r  biological  sys t ems  are  p r e s e n t e d  in t he  tab le .  

The  fol lowing m e c h a n i s m  34, 7, ~0 ha s  been  p o s t u l a t e d  to  
account for  pso ra len  photosensitization: 1. D N A  -k pso-  
r a l en  ~ i n t e r c a l a t e d  complex  of psora len  w i t h  DNA.  
2. I n t e r c a l a t e d  com pl ex  + N U V  --> p s o r a l e n - D N A  m o n o -  
adduc ts .  3. P s o r a l e n - D N A  m o n o a d d u c t s  + N U V  --> in-  
t e r s t r a n d  D N A  cross l inks.  Var ious  va lues  h a v e  been  
sugges ted  for t h e  p e r c e n t a g e  of t o t a l  b o u n d  psora len  
fo rming  cross l inks  7, ~0 a n d  a d i r ec t  r e l a t ionsh ip  b e t w e e n  
cell s u r v i v a l  a n d  t h e  a m o u n t  of non-cross  l inked  D N A  
has  been  repor tedg,  n .  However ,  severa l  ques t ions  a n d  
e x p e r i m e n t s  are g e n e r a t e d  f rom t he  3 m echan i s t i c  pos tu -  
la tes  as s t a t ed .  These  conce rn  t h e  re la t ive  s ignif icance of 
each  of t h e  3 s teps  in  t he  pho tosens i t i z ing  ac t ion  of t he  
psoralens .  W e  have a t t e m p t e d  to c lar i fy  some of t h e  
imp l i ca t ions  of these  pos tu la t e s .  

F i rs t ly ,  h o w  s t rong  is t h e  ' i n t e r c a l a t e d '  complex  of pso-  
r a l en  w i t h  D N A  ? I n  v i t ro ,  Musa jo  a n d  Rod igh ie ro  1. re- 
p o r t e d  w e a k  b o n d  i n t e r a c t i o n s  be tween  f u r o c o u m a r i n s  
a n d  aqueous  so lu t ions  of D N A  in  t he  absence  of i r rad ia -  
t ion.  I f  i n t e r c a l a t i o n ,  in  t he  n o r m a l l y  accep ted  sense, is a 
neces sa ry  p re r equ i s i t e  u n d e r  s t ep  1 for t he  ope ra t ion  of 
s tep  2, t h e n  t r e a t m e n t  in t he  d a r k  of  bac te r i a l  cells w i t h  
psora len ,  fol lowed b y  t h e  r e m o v a l  of n o n - c o m p l e x e d  
psora len  pr io r  to  i r r ad ia t ion ,  shou ld  resu l t  in  p h o t o s e n -  
s i t i za t ion  a s  m o n o a d d u c t s  a n d  cross l inks  would  be  
fo rmed  f rom the  i n t e r c a l a t e d  complexes .  This  e x p e c t a t i o n  
is unfulf i l led  (figure 1); a f ind ing  essent ia l ly  s imi lar  to  
t h a t  obse rved  b y  B e n - H u r  a n d  E l k i n d  in  m a m m a l i a n  
cells 24. R e c e n t  ev idence  o b t a i n e d  f rom bac te r i a l  D N A  (in 
v i t ro)  fai led to show t he  changes  in D N A  m e l t i ng  p o i n t s  

or s e d i m e n t a t i o n  cha rac te r i s t i c s  expec t ed  if psora lens  
were to  i n t e r ca l a t e  w i t h  D N A  (Lown, pe r sona l  comm.) .  
T h u s  i n t e r c a l a t i o n  is n o t  a p re requ i s i t e  for pho tosens i t i za -  
t ion.  
Secondly,  t h e  ac tua l  role of m o n o a d d u c t s  in cell  l e t ha l i t y  
is genera l ly  cons idered  to  be c o m p a r a t i v e l y  smal l  ~0, as. 
R e m o v a l  of psora len  a f t e r  suff ic ient  i r r ad i a t i on  to give 
e x p o n e n t i a l  kil l  (figure 2, psora len  r e m o v e d  a f t e r  97 .5% 
kill) d id  n o t  affect  t he  s lope  of t h e  su rv iva l  curve.  Th i s  
c o m p a r e s  well  w i t h  t he  d a t a  of B e n - H u r  a n d  E t k i n d  2, for 
m a m m a l i a n  cells in t i ssue  cul ture .  T h e y  obse rved  a v e r y  
s l ight  c h a n g e  in slope and  t h u s  sugges ted  t h a t  m o n o -  
a d d u c t s  la rgely  c o n s t i t u t e d  s u b l e t h a l  damage .  However ,  
if t h e  in i t i a l  r a d i a t i o n  dose in the  presence  of pso ra len  is 
decreased  (30% kill), t h e n  i t  follows t h a t  the  n u m b e r  of 
m o n o a d d u c t s  formed,  conve r t ib l e  to  cross l inks  b y  con-  
t i n u e d  i r rad ia t ion ,  will be  fewer. L imi t ed  m o n o a d d u c t  
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Fig. 1. Effect of near-UV irradiation on survival of E. coli WP2 Try- 
in the presence of psoralen; compared to the effects of removing the 
psoralen prior to irradiation and after a short period of irradiation. 
Cultures grown in brain heart infusion broth to 2 • 108 cells/ml were 
collected by filtration on 0.22 ~m millipore filters, washed" and re- 
suspended in 0.07 M PO 4 buffer (pH 7.0). At least 10 min prior to 
irradiation, psoralen, dissolved in 95% ethanol, was added to the 
cells at a final concentration of 1.85 • 10 -4 M. Cells were protected 
from light except during irradiation by 2 General Electric Company 
black lamps (F20T12 BLB) which, at 9 cm distance emitted 
1.34• 101 j/m s. Survival figures were obtained by conventional 
colony counts on nutrient agar after 24 h incubation at 37~ 
[ ] -  [] Psoralen was added to the cells as described and after 
10 min, in the dark, cells were refiltered, washed and resuspended in 
buffer without psoralen. Cells were then subjected to irradiation 
procedures. � 9  �9 Psoralen was present throughout irradiation. 
�9 -- O After a NUV fluence of 2.01 • 10 * j/m ~ (yields 68.3% sur- 
vival) indicated by the arrow, unbound psoralen was washed away 
and irradiation continued. Bars indicate :t: SD. 
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f o r m a t i o n  r e s u l t s  in  a r e d u c e d  r a t e  of k i l l  b y  c ross  l i n k s  as  
s h o w n  in  f i g u r e  1. T h e  s u r v i v a l  of E .  co i l  i n  t h e  p r e s e n c e  
of a n g e l i c i n ,  a n  a n g u l a r  t u r o c o u m a r i n  i n c a p a b l e  of f o r m -  
i n g  D N A  i n t e r s t r a n d  c ros s  l i n k s  ~3 w a s  a l so  e x a m i n e d  
( f igure  2). T h e  a b s e n c e  of c ros s  l i n k  f o r m a t i o n  w i t h  
a n g e l i c i n  w a s  c o n f i r m e d  w i t h  e v i d e n c e  o b t a i n e d  f r o m  
e t h i d i u m  b r o m i d e  s p e c t r o f l u o r i m e t r i c  a n a l y s i s  on  b a c -  
t e r i a l  D N A  i r r a d i a t e d  in  v i t r o  (Lown,  p e r s o n a l  c o m m . )  
a n d  b y  e x p e r i m e n t s  in  t h i s  l a b o r a t o r y  on D N A  o b t a i n e d  
f r o m  i r r a d i a t e d  b a c t e r i a  a n d  a n a l y s e d  b y  a l k a l i n e  d e n s i t y  
g r a d i e n t  u l t r a c e n t r i f u g a t i o n .  A t  e q u i m o l a r  c o n c e n t r a -  
t i ons ,  a n g e l i c i n  r e q u i r e d  5.5 t i m e s  m o r e  i r r a d i a t i o n  t h a n  
p s o r a l e n  t o  g i v e  9 0 %  ki l l .  I r r a d i a t i o n  f o l l o w i n g  r e m o v a l  
of u n b o u n d  a n g e l i c i n  i m m e d i a t e l y  t e r m i n a t e d  p h o t o s e n -  
s i t i v i t y  t o  f u r t h e r  N U V ;  s l i g h t  r e c o v e r y  of l e t h a l  d a m a g e  
w a s  a p p a r e n t .  T h e  c o v a l e n t  a n g e l i e i n - D N A  b o n d s  a r e  n o t  
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Fig. 2. Sensitivity of E. Coli WP2 Try to near-UV irradiation in the 
continuous presence of psoralen or angelicin and tollowing removal 
of these photosensitizing agents. Cells were grown and treated as 
described in figure 1 except both psoralen and angelicin (isopsoralen) 
were examined. � 9  �9 Irradiation in the presence of psoralen. 
�9 -- �9 Irradiation in the presence of angeliein. Arrows indicate the 
times at which cells were tiltered, washed with buffer to remove 
unbound psoralen or angelicin, then resuspended in the original 
volume for contained irradiation in the absence of flee photosensi- 
tizing agents. Hollow symbols represent post-washing irradiation: 
D -  [] unbound psoralen removed; D - - ~  unbound angeliein 
removed. Bars indicate ~ SD. 
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Fig. 3. Changes in the sedimentation characteristics of 3H-labelled 
E. coli DNA following NUV irradiation in the presence of psoralen 
and after removal of unbound psoralen. Cultures of E. coli WP2 Try-  
were grown for 12 h ( ~  1 • 10 s cells/nil final density) in minimal 
medium supplemented with 10 btg/ml L-tryptophan arid 4 [zCi/ml 
[methyl-3H] thymidine (spec. act. 17 Ci/mmole). Cells were filtered, 
resuspended, treated with psoraleu and irradiated as described in 
figure 1. Post-irradiation treatment:  0.1 ml of cells were lysed in 
0.15 ml 2% sodium dodecyl sulfate containing 0.1 M NaC1, 0.01 M 
Tris, 0.01 M EDTA arrd 0.25 N NaOH on the surface of alkaline 
sucrose gradients (3.25 ml of 5 20% [w/v] sucrose on top of 0.75 ml 
60% [w/v] sucrose in 0.2 N NaOH arid 10 -a M EDTA). Gradients 
were kept 30 nfin at room temperature to facilitate lysis and release 
of DNA prior to centrifugation at 95,000 • g Ior 60 nfin at 20 ~ in a 
Beckman SW 56 rotor. 5-drop fractions were collected onto filter 
paper squares by upward displacement (fraction 1 = 5% sucrose): 
fractions below No. 40 represent material  in the 60% sucrose layer 
therefore have been represented as single points. Papers were washed 
sequentially in ice-cold 5 % TCA, ethanol and acetone before counting 
for tr i t ium in toluene-PPO scintillation fluid. 

A Q -- �9 Control plus psoralen, no irradiation. 
[3 -- [] 2.10 • 10 ~ j /m ~ in the presence of psoralen. 
�9 - -  �9 8.04 • 102 j/m 2 in the presence of psoralen. 

B O -- O Control plus psoralen, no irradiation, psoralen, washed 
away prior to layering onto gradient. 

�9 -- �9 2,01 x 10 ~ j/m 2 plus psoralen, unbound psoralen washed 
away, an additional irradiation of 6.03 • 102 j/m ~ then 
onto gradient. 

A -  A 8,04• j/m 2 plus psoralen, then unbound psoralen 
washed away and cells layered onto gradient. 

Ordinate = ~H cpm per fraction taken as percentages of the total 
radioactivity, on the gradients (,~ 19,000 epm). Abscissa = Iraction 
numbers from 1 (5% sucrose) to 40 (the 60% sucrose layer). L = 5% 
sucrose, H ~ 60% sucrose. 
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s p l i t  b y  r e i r r a d i a t i o n  a t  n e a r  U V  w a v e t e n g t h s ~ * .  N e i t h e r  
p s o r a l e n  n o r  a n g e l i c i n  p h o t o s e n s i t i z e d  ki l l  is m o d i f i e d  b y  
e n z y m a t i c  p h o t o r e a c t i v a t i o n S ,  is. I t  w o u l d  s e e m ,  t h e r e -  
fore ,  t h a t  t h i s  r e c o v e r y  is t h e  r e s u l t  of  d a r k  r e p a i r  m e c h a -  
n i s m s .  T h e s e  r e s u l t s  s u p p o r t  t h e  p r o p o s e d  s e q u e n t i a l  con -  
v e r s i o n  of  m o n o a d d u c t s  to  c ro s s  l i n k s  a n d  s h o w  c l e a r l y  
t h a t  m o n o a d d u c t s  c o n t r i b u t e  to  cell  d e a t h ,  a l b e i t  less  
e f f e c t i v e l y  t h a n  c r o s s  l inks .  
T h i r d l y ,  a n a l y s i s  b y  a l k a l i n e  d e n s i t y  g r a d i e n t  u l t r a c e n -  
t r i f u g a t i o n  o f  p s o r a l e n  p l u s  N U V  t r e a t e d  b a c t e r i a l  D N A  
(in v ivo )  h a s  s h o w n  a c lose  c o r r e l a t i o n  b e t w e e n  p h o t o -  
i n d u c e d  ki l l  a n d  t h e  d i s a p p e a r a n c e  of  n o r m a l l y  s e d i m e n t -  
i n g  D N A  1~. F i g u r e  3 i l l u s t r a t e s  t h e  c o n t i n u a t i o n  of  c ro s s  
l i n k  f o r m a t i o n  (loss of  D N A  in  t h e  n o r m a l  p e a k )  f o l l o w i n g  
r e i r r a d i a t i o n  in  t h e  a b s e n c e  of  u n b o u n d  p s o r a l e n  a f t e r  
i n i t i a l  s e n s i t i z a t i o n  a t  a low N U V  f l u e n c e  (2.0 • 10 ~ j /m~).  
T h i s  s u p p o r t s ,  a t  t h e  m o l e c u l a r  level ,  t h e  c o r r e l a t i o n s  
b e t w e e n  s u r v i v a l  a n d  D N A  c ros s  l i n k i n g  s h o w n  in f i g u r e  2. 
A n g e l i c i n  p h o t o s e n s i t i z a t i o n  ( m o n o a d d u c t  f o r m a t i o n )  d i d  
n o t  a f f e c t  D N A  pro f i l e s  ( u n p u b l i s h e d  r e su l t s ) .  C o n t i n u o u s  
i r r a d i a t i o n  (8.04 • 10 ~ j / m  ~) in  t h e  p r e s e n c e  of  p s o r a l e n  
r e s u l t e d  in  2 0 %  of t h e  D N A  r e m a i n i n g  u n c h a n g e d  in  
s e d i m e n t a t i o n  c h a r a c t e r i s t i c s .  R e m o v a l  of  t h e  u n b o u n d  
p s o r a l e n  a f t e r  2.0 • 10 ~ j / m  ~ a n d  t h e n  r e i r r a d i a t i o n  t o  a 
t o t a l  of  8 .04 • 10~ j /m~ le f t  2 5 . 5 %  of  t h e  D N A  u n a f f e c t e d .  
T h e s e  r e s u l t s ,  i l l u s t r a t e d  in  f i gu re  3, i n d i c a t e d  a 5 , 5 %  
d i f f e r e n c e  in  c r o s s  l i n k e d  D N A  ( m o n o a d d u c t s  n o t  de -  
t e c t e d )  c o r r e s p o n d i n g  t o  a n  8 . 6 %  d i f f e r e n c e  in  s u r v i v a l  
(kill  b y  b o t h  c r o s s  l i nks  a n d  m o n o a d d u c t s )  u n d e r  t h e  
s a m e  i r r a d i a t i o n  p r o c e d u r e s .  T h e  d i f f e r e n c e  in  t h e s e  f ig-  
u r e s  r e p r e s e n t s  a n  i n a b i l i t y  t o  d e t e c t  l e t h a l  n o n - c r o s s  
l i n k i n g  d a m a g e  b y  g r a d i e n t  a n a l y s i s .  
I n  c o n c l u s i o n ,  t h e  m e c h a n i s m s  c u r r e n t l y  p o s t u l a t e d  t o  
a c c o u n t  for  t h e  l e t h a l  p h o t o s e n s i t i z i n g  e f f e c t s  of  p s o r a l e n s ,  
e x c l u d i n g  n o n - c r o s s  l i n k i n g  c o u m a r i n s ,  w o u l d  a p p e a r  t o  
be  p a r t i a l l y  co r r ec t .  I n t e r c a l a t i o n ,  a s  n o r m a l l y  d e f i n e d ,  
is  n o t  t h e  n e c e s s a r y  p r e r e q u i s i t e  for  p s o r a l e n - D N A  c o v a -  
l e n t  b i n d i n g  s i n c e  t h e  ' a s s o c i a t i o n '  b e t w e e n  p s o r a l e n  a n d  
D N A  is e l i m i n a t e d  b y  s i m p l e  w a s h i n g  p r o c e d u r e s .  Cer-  
t a i n l y  i n t e r s t r a n d  D N A  c r o s s  l i n k s  o c c u r  a n d  r e q u i r e  u n -  
l i m i t e d  p r i o r  f o r m a t i o n  o f  p s o r a l e n - D N A  m o n o a d d u c t s  
t o  p r o d u c e  m a x i m u m  e x p o n e n t i a l  l e t h a l i t y  w i t h  c o n -  
t i n u o u s  N U V  e x p o s u r e .  H o w e v e r ,  m o n o a d d u c t s  a r e  a l so  
r e s p o n s i b l e  for  l e t h a l i t y  a s  e v i d e n c e d  b y  a n g e l i c i n  p h o t o -  
s e n s i t i z a t i o n .  (As  w i t h  c r o s s  l i n k i n g  c o u m a r i n s ,  m u t a t i o n  
in  b a c t e r i a l  s y s t e m s  a n d  c h r o m o s o m e  a b e r r a t i o n s  in  
m a m m a l i a n  cells ,  h a v e  b e e n  o b s e r v e d  f o l l o w i n g  a n g e l i c i n -  
N U V  t r e a t m e n t  a~ 

NUV 
Reactive + pyrimidine b a s e s ~ u n b o u n d  �9 
furocoumarins (~) of DNA(~) complex(*) 

DNA-eoumarin NUV Interstrand DNA- 
monoadducts  1, eoumarin cross links(~, ~, ~). 
(covalent bonding)(a, ~) 

a) For example: psoralen, 8-methoxypsoralen, 4,5 ̀ ,8-trimethylpso- 
ralen, angelicin (see also ref. 2). 

b) The following systems have been studied in vivo: 
phage 3,1~ T21~ , T4 n, ls ,  MS~*, ~bX 174", adenovirus 23 

Aspergillus conidia 19, E. eoli (various strains) s, 5,1~, 16, s0, Saeeharo- 
myees eerevisiae*, Salmonella typhimnrium*,  Sarcina lutea 21, 
Staphylococcus aureus ~2 
sea urchin s!6erm 15, Drosophila melanogaster2~, Erlieh aseites 
tumor  cells 4, mouse leukemia ceils 1~, Chinese hamster: eells~, ~4 
human  amnion cells 25, human  fibroblasts - normal and Xero- 
derma pigmentosum (XP)~6, Fanconi 's anaemia (FA) leukoeytes 8, 
mice 2~, guinea pigs 2~, humans  eg. 

e) The association is disrupted by simple washing procedures ~. 

d) LethaI damage ~ death. 
1. no O2 requirement for binding 12 
2. rate limited by DNA and eoumarin concentrations 10 
3. temperature dependent, at -196 ~ marked reduction in mono- 

adduct induced kill and mutat ion* (eL ref. 11) 
4. sensitivity dependent on intact  excision-recombination repair 

systems, i.e. exr-  and uvr -  E. coli extremely sensitive*. 
e) Sublethal damage ~1 -+ recovery and/or mutat ion*.  

1. no photoreactivation 13, * 
2. repair of adenovirus 2 by normal and FA cells, not by XP cells" 
3. Salmonella uvr  strains --> base-pair substi tutions and + 1 

frameshift mutations,  no - 2  frame-shifts* 
4. base-substi tution and locus mutat ions but  no appreciable sup- 

pression mutat ions or putat ive frame-shift mutations in 
S. eerevisiae*. 

5. exr-  unmutable* - intact  exr gene required for mutation.  

f) Formation dependent on steric relationships between reactive 
sites of coumarins and pyrimidine bases 3, reactivity of 4',5"- and 
3,4-double bonds of coumarins 1~, and prior monoadduct  forma- 
tion T. 

g) Lethal damage ~ death. 
I. E. coli uvr- ,  rec- and exr-  more sensitive than wild type 8,s~ 
2. temperature dependent - no detectable cross link formation at 

-196~ n 
3. relatively insensitive to pH 2t 
4. no 02 requirement 21, 23 
5. inhibition of scheduled DNA synthesis in normal and XP 

cells25-e~ 
6. no RNA or protein synthesis inhibition n,tT. 

h) Sublethal damage --> recovery and/or mutat ion 20 
l.  no photoreaetivation n ,  so 
2. excision and genetic recombination ~ recovery from cross 

links 3, 
3. exr , ree- mutan ts  of E. coli non-mutable ~~ 
4. suppressor + true reversions in E. coli WP2 ~0 
5. base substitutions, suppressor and locus mutations in S. cere- 

visiae, negligible frame-shifts* 
6. no repair synthesis in XP or FA cells s,28 
7. no repair of cross linking in adenovirus 2 by normal, FA or 

XP cells 9 
8. repair synthesis in normal mammal ian  cells 7, not in XP cells 28 
9. base-pair substi tutions (T418 and Salmonella*) and + 1 frame- 

shift mutat ions in Salmonella, no - 2  frame-shifts* 
10. random non-specific mutat ion in Aspergillus 19. 
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