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Summary. — T h e  influence of g a m m a  radiation,  X-rays,  UV-light 
a t  254 n m  a n d  365 n m ,  t h e  la t te r  combined with furocoumarin  
sensitizers h a s  been studied on  plaque forming ability, phage 
adsorption, D N A  injection, a n d  replication processes. UV-light 
(365 nm)  plus furocoumarin t r ea tmen t  of phage particles gave 
rise t o  t w o  types  of D N A  crosslinks. Type  I crosslink corresponded 
t o  furocoumarin mediated covalent linkage between ad jacen t  sites 
in opposite s t rands  of t h e  double helix. Crosslink t y p e  I I  (hairpin 
crosslink) required a highly condensed D N A  a n d  corresponded 
t o  t h e  covalent linking of ad jacen t  sites in double helical segments 
of a folded D N A  molecule. T h e  relationships of t h e  t y p e  I crosslinks 
t o  inhibition of D N A  replication a n d  of t h e  t y p e  I I  crosslinks t o  
suppression of t h e  D N A  injection process are discussed. P ro­
nounced deviations in phage inactivation have  been obtained b y  
X- ray  radiat ion alone compared wi th  UV-light (254 n m )  pre-
t rea ted  a n d  subsequently X- ray  i r radiated probes. T h e  observed 
protective effect of t h e  la t te r  was  described in t e rms  of a n  in­
ducible repair mechanism. T h e  same protection has  been observed 
b y  combination of g a m m a  radiat ion wi th  a sublethal  UV-light 
(254 n m )  dose. 

Key words: phage lambda-, DNA photoproducts; adsorption; inject­
ion-, replication-, inducible repair 

Introduction 

Light  is a n  ubiquitous environmental  factor .  Therefore, interact ion studies 
of electromagnetic waves of varying energy with  biological mater ia l  have  
been f requent ly  performed (Heléne et al., 1982). In living systems the main 
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t a r g e t  of radiation d a m a g e s  i s  t h e  genetic material  (Smith, 1977). T h u s  f a r .  
DNA under  in vitro a n d  in vivo conditions h a s  been preferential ly taken  into 
account when s t u d y i n g  t h e  eifects  of radiation on l iv ing s y s t e m s  (Song a n d  
Tapley,  1979). L i g h t  of var ious  energies, i.e. X - r a y s  or UV-light, causes 
d i f ferent  d a m a g e s  t o  t h e  DNA. Whi le  ionizing radiation most ly  produces 
single and  double  s t rand  b r e a k s  (Freifelder, 1966), UV-light a t  254 n m  i s  
mainly responsible f o r  b a s e  modifications (Kittler  and  Lober,  1977). Lower  
e n e r g y  l ight  a d j a c e n t  t o  U V  (365 nm, UVA-light)  and  in t h e  vis ible  region 
is capable  of modi fy ing  t h e  DNA v i a  sensitization mechanisms (Lober 
a n d  Kitt ler ,  1977; Song and  Tapley,  1979; Ki t t le r  a n d  Lober,  1988). I n  th i s  
paper  w e  present  our  results  obtained w i t h  g a m m a  radiation, X-rays ,  UV-
l ight  a t  254 nm, and UVA-l ight  a t  365 n m  plus  furocoumarin der iva t ives  
a s  sensitizers in t h e  p h a g e  l a m b d a  sys tem.  Along  this  line w e  h a v e  focused 
our  interest  on t h e  consequences of t h e  DNA modifications mentioned a b o v e  
on dist inct  multiplication s teps  of t h e  phage, especially on adsorption, in­
jec t ion ,  a n d  repl ica t ion processes.  F ina l ly ,  r epa i r  mechan i sms  involved  i n  
t h e  e l iminat ion  of t hese  d a m a g e s  will b e  br ief ly  discussed.  

Materials and Methods 

Phages and bacteria. Inves t iga t ions  were per formed wi th  phage  l a m b d a  eb2 a n d  t h e  hos t  
bac te r ia  E. coli C 000, E. coli S R  20 a n d  repair-defic ien t  m u t a n t s  of these  s t ra ins  which were 
k indly  provided b y  D r .  M.  Sedliaková,  Brat is lava,  Czechoslovakia. 

Radiation sources. Thermax X - r a y  tube  operating a t  80 k V  and 12 m A and  6 0 Co aus  g a m m a  
radiation source were used. For UV-radiation experiments a t  254 nm a n d  365 nm a low-pressure 
Westinghouse t y p e  W L  782(30) l a m p  (Philips) and a high pretsuie  mercury lamp (Type HBO 
500, V E B  Narva ,  Berlin, G.D.R.) were employed. The  latter  ^ a s  supplemented with a glass  
f i l ter  cut  off l ight below 300 nm.  

Radioactive labelling oj phage DNA. For  measurements of phage adsorption and DNA injection 
the  phage lambda DNA w a s  3 2 P-labelled (Kittler  et al., 1977). The  phage DNA replication w a s  
monitored using  3 H-thymidine incorporated b y  the  pulse-labelling technique (Young and Sinshei-
mer, 1967). 

Furocoumarin derivatives. The  linear furocoumarin der ivat ive  xanthotoxin (8-methoxypsora-
len, 8-MOP) and t h e  angular  derivative angelicin were used. Both were generous g i f t s  f rom Prof. 
G. Rodighiero, Padova,  I ta ly .  In  order to  ensure penetration of these substances into the phage 
particles, 8-MOP or angelicin (50 (ig/ml) were added to  the  phage suspension 30 min before 
irradiation. 

Sucrose gradient technique. The  DNA crosslink formation caused b y  reaction of photochemic-
al ly  excited furoeoumarins w a s  followed b y  alkaline centrifugation (Cole and Zusman, 1970). 

Results 

T h e  f i r s t  s tudies  were  designed t o  dist inguish between d a m a g e s  caused b y  
adsorption of  t h e  p h a g e  particles  on t h e  sur face  of  bacter ia  a n d  p h a g e  DNA 
injection into t h e  host  d u e  t o  X - r a y  t rea tment .  Fig .  1 shows  inactivation of  
phage  l a m b d a  a n d  changes in adsorption a n d  DNA injection caused b y  X -
r a y  radiation in t h e  presence of t r y p t o n e  or t r y p t o n e  supplemented w i t h  
0.1 mol/1 cys tamine  in nitrogen atmosphere.  P h a g e  adsorption a n d  DNA 
injection decreased w i t h  increasing X - r a y  dose. The  inhibition of both  cor­
r e sponds  t o  a b o u t  2 0 %  of  t o t a l  inac t iva t ion .  R a d i a t i o n  i n  0.1 mol/1 c y s t a m i n e  
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Fig.  1 
Ef fect  of X - r a y  treatment  on phage 
lambda.  Inactivation (triangles), adsorp­

t ion  (squares),  in jec t ion  (circles) 
Light  symbols :  i r radia ted  i n  t r yp tone  
Ful l  symbols :  i r rad ia ted  i n  t r y p t o n e  sup­
plemented w i t h  0 .1  M cys tamine .  

. N 
loq — 

No 

solution diminished p h a g e  inactivation,  t h e  ra t io  of adsorption a n d  injection 
to t h e  whole d a m a g e s  (20%) remained, however,  unchanged.  W h e n  looking 
for  react ivat ion process t h e  only  phenomenon observed  a f t e r  X - r a y  t r e a t m e n t  
in t h e  p h a g e  l a m b d a  occurred through  genetic recombination a s  experiment ­
ally p r o v e d  b y  m a r k e r  rescue.  T h e  effect iveness of r e p a i r  w a s  m a r k e d l y  e n -

Survival r a t e  of phage  l ambda  a f t e r  
gamma i r radia t ion  solely a n d  g a m m a  
irradiated probes  p r e  t r ea ted  w i th  a sub­

le thal  UV-l ight  (254 n m )  dose 
E m p t y  symbols :  g a m m a  rad ia t ion  on ly ,  
full symbols :  p re t r ea t ed  w i th  UV-l ight  
and subsequen t  g a m m a  rad ia t ion .  
# S R  20 ( u v r +  r ec + )  
A S R  22 (uvr~ rec + )  
y1 S R  73 (uvr~ rec~) 
I S R  74 ( u v r +  rec")  

' l o g —  

2000 
d o s e l G y ]  



404 HRADEČNÁ, Z., & K I T T L E R ,  L 

Kifl. 3 
Influence of furocoumarins plus nea 
UVA-light (365 nm) on adsorptioi 
(circles), injection (squares), and plaqu 
forming  abi l i ty  (triangles) of p h a g  

lambda cb2 

haneed when p h a g e s  were  pre t reated  w i t h  sub le tha l  doses  of  UV-light (25-
n m )  a n d  s u b s e q u e n t l y  i r radiated  w i t h  g a m m a  r a y s  a s  s h o w n  in Fig.  2. 

I n a c t i v a t i o n  s tudies  h a v e  been e x t e n d e d  a lso  t o  t h e  near  UV-light w a v e  
lengths  (365 n m )  wi th  furocoumar ins  a s  sensitizers.  B o t h  der iva t ives ,  8-M01 
a n d  angelicin, reduced t h e  e f fect iveness  of  p l a q u e  f o r m i n g  abi l i ty ,  p h a g e  a d  
sorpt ion a n d  DNA injection.  8-MOP. however ,  h a d  a more  pronounced actio] 
t h a n  t h e  la t te r  (Fig. 3). P h a g e  DNA inject ion into  t h e  host  cell a s  well a 
p h a g e  DNA replication remained pract ical ly  unaf fected  w h e n  UVA-l igh  
(365 nm) or furocoumarin  d e r i v a t i v e s  alone were  used, while  a combinatioi 
o f  b o t h ,  however ,  showed a s t r o n g  synerg i s t ic  e f fect .  T h e  DNA-crosslink for  

Table 1. Itcpnir of PNA pboto<lainaj|es inclined by (lie combined 
iii'lion of furocoumurlns plus 1 Y A - l i g h l  (Ml>5 nm) in 

the system pli:i| |r lambda-E. coli 

E. cnli BtruiiiH Plaque forming abi l i ty  (%)*  

8 - M O P  Angelicin 

HR 20 uvr 'ree+ 20 9 0 - 9 5  
S R  74 u v r ' r o c  H 85 
HR 22 u v r  reo 4  0.7 50 
HR 73 u v r ' r o c  0.25 28 

* related to  untreated control 
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•/. 
of total 

radioactivity 
c rosstinked 

DNA 

2 i B 
UV Do s* (3/m?x ) 

single stranded 

DNA 

control 

smgli strandtd 

J/m2xW3 

cross!mk» d 
DNA 

% 
100 

fraction number 

Bottom 
* 

Fig. 4 

Distr ibut ion of isolated pliage l a m b d a  3 H - D N A  o n  alkal ine sucrose g rad ien t  a f t e r  UVA-l ight  
(365 n m )  p lus  x a n t h o t o x i n  t r e a t m e n t  (UV-doses a r e  u p  t o  6.25 x 103 J / m 2 )  

Table 2 .  In f luence  of X- rays  a n d  UY-liglit o n  pliage lambda 
mult ipl icat ion 

Radia t ion  sources I n a c t -  Adsorp-  I n j e c t -  Repl ica t -
iva t ion  t i on  ion ion 

X-rays  
UV-light (254 n m ) 1  

UVA-light (365 n m )  
UVA-light (365 n m )  
plus furocoumarins  

+ - + 
+ 
( + ) 

+ 

+ + 
+ 

+ + 

1 Kellenberger  et al., 1959 
+ = inhibi ted 
— = unaffected 
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2 

/ \ 

•U 
-3 

L e f t :  in dilute aqueous solution 
Rigl i t :  in pliage head 
1 monoaddition product 
2 crosslink t y p e  I 
3 crosslink t y p e  II  
4 nucleic acid — pro te in  crosslink 

Schemat ic  representat ion of possible 
DNA-furocoumar in  crosslinks 

Fi)|. 5 

raation in i n t a c t  p h a g e  par t ic les  a s  a consequence  of 8 -MOP p l u s  UVA-l igh t  
(365 n m )  t r e a t m e n t  w a s  mon i to red  o n  a lkal ine  sucrose g rad ien t  (Fig.  -1), 
where  t h e  photochemica l ly  crosslinked D N A  showed a d i s t inc t ly  d i f fe ren t  
s ed imen ta t ion  profile a s  c o m p a r e d  w i t h  single s t r a n d e d  mater ia l .  I n  T a b l e  1 
t h e  repa i r  of D N A  p h o t o d a m a g e s  induced  b y  combined  ac t ion  of fu rocou-
m a r i n s  p lu s  UVA-l igh t  (365 n m )  in t h e  s y s t e m  of p h a g e  l a m b d a  E. coli v a ry i ng  
in  r epa i r  c a pa c i t y  is s um m a r i z e d .  I t  is obv ious  t h a t  D N A  modif icat ions  
caused  b y  angelicin can  b e  e l imina ted  w i t h  h igher  efficiency t h a n  those  
gene ra t ed  b y  8-MOP.  

T h e  sensitivity of phages t o  X-rays  depends on t h e  additives in t h e  nutri­
tion medium. F o r  this  reason some radical scavangers like cysteine, evstamine 
or  ascorbic acid were supplemented.  The  observed protective effect (Fig. 1) 
is strongly indicative t h a t  radicals a s  intermediates are involved in t he  D N A  
fragmenta t ion  process. Such damaged phage D N A  is partially incapable of 
being injected in to  the  host  (Hradečná, 1966). In addition, the adsorption of 
phage particles on the host is diminished (Fig. 1). Adsorption has been de­
scribed in t e rms  of protein-protein interactions between the  phage tai l  a n d  
t h e  cell surface. T h e  reduced phage adsorption on t h e  cells a f te r  X - r a y  
t r ea tmen t  should therefore be viewed as  modification of t he  protein recogni­
tion pa t te rn .  Our experiments have  shown t h a t  a f t e r  X- ray  inactivation of 
t h e  phage lambda a lesser degree of reactivation occurs t h a n  for UV-light 
(254 nm)  irradiated suspensions. The  phages d o  not seem t o  carry  a mea­
surable a m o u n t  of DNA lesions resembling t o  UV-light (254 nm) damages.  
I f  t hymine  dimers are predominant ly  responsible for t h e  dea th  of UV-light 
(254 nm)  irradiated phages, t hen  such dimers should no t  p lay  a dominant  
role in t he  inactivation due  t o  X-ray  t r ea tment .  

UV-light (254 nm) is mainly absorbed b y  t h e  purine a n d  pyrimidine bases. 
T h e  effects of X-rays on DNA are less specific. T h e  only noticeable reactiva­
tion phenomenon observed with  X- ray  inactivated l ambda  phages is a certain 
marker  rescue. T h a t  means, undamaged pa r t s  of irradiated phage genome are 

Discussion 
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incorporated t o  a measurable  e x t e n t  into  t h e  non-irradiated phages  which 
s imultaneously infect  t h e  host .  I f  one corrects f o r  t h e  lack of adsorption a n d  
injection, t h e  rescue is near ly  a s  extens ive  a s  in t h e  case of UV-light (254 n m )  
i rradiated phages  (Hradečná, 1966). I t  h a s  been shown (Hradečná a n d  Holo-
nová,  1980) t h a t  subsequent  t rea tment  b y  t w o  di f ferent  k i n d s  of radiat ion 
such a s  UV-light a n d  g a m m a  r a y s  increases t h e  resistance of p h a g e  i f  compared 
t o  single g a m m a  r a y  t r e a t m e n t  (Fig. 2). The  p laque  forming  abi l i ty  of  i r ra ­
d i a t e d  p h a g e s  w a s  d e t e r m i n e d  w i t h  d i f fe ren t  h o s t  s t r a in s  v a r y i n g  i n  r e p a i r  
capac i ty .  

T h e  absence  of a n y  r e p a i r  c a pa c i t y  i n  E. coli h o s t  cells w h i c h  r e n d e r  t h e  
cells m o r e  UV-l igh t  sensi t ive h a d  n o  inf luence o n  t h e  r epa i r  of  g a m m a  r a d i a ­
t i o n  d a m a g e d  p h a g e  par t ic les .  T h e  m e c h a n i s m  of t h i s  r epa i r  does  n o t  d e p e n d  
o n  uvr- a n d  rec-genes. I t  could b e  sugges ted  t h a t  t h e  i r r ad i a t ed  p h a g e  D N A  
is  a s ignal  f o r  some  h o s t  S O S  genes  w h i c h  release t h e  repressed  recA p r o t e i n  
involved  i n  t h e  r epa i r  mechan i sm.  T h e  induc t ion  of t h e  S O S  repa i r  s y s t e m  
c a n  occur  u p o n  t h e  in t roduc t ion  of  a n  UV- l igh t  d a m a g e d  D N A  molecule  
(Walker ,  1984). T h e  s a m e  inducible  r epa i r  e f fec t  w a s  f o u n d  b y  t h e  combi­
n a t i o n  of UVA-l igh t  (365 n m )  a n d  UV-l ight  (254 n m )  a s  well a s  b y  visible 
l ight  a n d  UVA-l igh t  (365 n m )  (unpubl ished resul ts) .  

UVA-l igh t  (365 n m )  induces  t h e  cova len t  b ind ing  of f u r o c o u m a r i n s  t o  
D N A .  Monoadd i t ion  p r o d u c t s  a n d  crosslinks were  obse rved  wh ich  a r e  b o t h  
bel ieved t o  p roduce  m u t a g e n i c  a n d  l e tha l  e v e n t s  i n  va r ious  t y p e s  of viruses ,  
bac te r ia ,  a n d  e u k a r y o t i c  cells (Scot t  et cd., 1976). Crosslink f o r m a t i o n  is 
s t rongly  inf luenced b y  t h e  s ter ical  a r r a nge m on t s  of t h e  r e a c t a n t s ,  i.e. t h e  
f u r o c o u m a r i n  molecules a t t a c h e d  t o  t h e  t h y m i n e  res idues  of t h e  D N A .  
T h u s ,  t h e  condi t ions  p re sen t  i n  d i lu te  a que ous  solut ion a r e  q u i t e  d i f f e ren t  
f r o m  those  in  biological sys tems,  e.g. inside t h e  p h a g e  h e a d .  Whi l e  i n  t h e  
f o r m e r  case t h e  m o s t  i m p o r t a n t  d e t e r m i n a n t  of D N A  is i t s  s econda ry  s t ruc ­
tu r e ,  i n  t h e  l a t t e r  case t h e  h igh  local concen t ra t ion  of D N A  f o r m s  a t e r t i a r y  
s t r u c t u r e  which  h a s  a h igher  degree  of compac tness .  I n  a q u e o u s  D N A  solut ion  
a n d  in  living s y s t e m s  8 -MOP is wel l -known f o r  i t s  ab i l i ty  t o  f o r m  crosslinks 
while these  p h o t o p r o d u c t s  were  n o t  de tec tab le  f o r  angelicin.  Therefore ,  w e  
t r e a t e d  p h a g e  l a m b d a  D N A  in situ w i t h  365 n m  UVA-l igh t  i n  t h e  presence of  
e i ther  angelicin o r  8-MOP, wh ich  h a d  h a r d l y  a n y  ef fec t  o n  t h e  adso rp t i on  of 
phages  a t  t h e  hos t ,  while  t h e  in jec t ion  of p h a g e  D N A  i n t o  t h e  b a c t e r i a  w a s  
s t rong ly  af fec ted .  B o t h  de r iva t ives  inh ib i ted  in jec t ion ,  b u t  8 - M O P  a b o u t  
twice a s  m u c h  a s  angelicin (Fig. 3). 

Th is  dev ia t ion  is n o t  caused  b y  differences i n  t h e  p e n e t r a t i o n  p roper t i e s  
of f u r o c o u m a r i n  de r iva t ives  t h r o u g h  t h e  cell wall,  a s  could b e  s h o w n  b y  t h e  
close correlat ion be tween  t h e  reac t ion  efficiencies w i t h  isola ted D N A  a n d  
D N A  in situ of va r ious  t j ' p e s  of m a m m a l i a n  cells a n d  viruses .  T h e  v a r i a t i o n  

; in t h e  composi t ion of t h e  cell walls  does  n o t  ind ica te  s ignif icant  differences i n  
pene t r a t i on  proper t i es  of t h e  d r u g .  

Therefore ,  we  conclude t h a t  f u r o c o u m a r i n  p lu s  n e a r  UV-l igh t  t r e a t e d  p h a g e  
D N A  is  s t rong ly  p r e v e n t e d  t o  leave  t h e  p h a g e  t h r o u g h  t h e  t a i l  f o r  cell i n -

i fect ion,  a n d  t hose  molecules wh ich  a r e  ab le  t o  p e n e t r a t e  i n t o  t h e  h o s t  cells 
3 a r e  s ignif icant ly inh ib i ted  in  t h e i r  repl icat ion abi l i ty .  These  d a t a  sugges t  
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the  following model (Fig. 5). DNA in diluted aqueous  solution and photo-
chemically excited xanthotox in  generate  monoaddition products  and cross­
l inks  be tween  t h e  c o m p l e m e n t a r y  s t r a n d s  of t h e  D N A  d u p l e x  ( type  I cross-
Jink). F o r  s ter ic  reasons,  angelicin r eac t s  u n d e r  t hose  expe r imen ta l  condi t ions  
on ly  monofunc t iona l ly .  I n s ide  t h e  p h a g e  heads ,  however ,  b o t h  d r u g s  f o r m s  
t y p e  I I  crosslinks which  correspond t o  t h e  A f u n c t i o n a l  covalent  b ind ing  
be tween  a d j a c e n t  s i tes  in t h e  fo lded s t r u c t u r e  of t h e  double  helix (hai rp in  
crosslinks). Theore t i ca l  cons idera t ions  (Ki t t l e r  et al., 1980). physicochemical  
m e a s u r e m e n t s  (Ki t t l e r  a n d  Z immer ,  1976), a n d  electron microscopic s tud i e s  
( E b e r t  c.t al., 1981i) agree  well wi th  o u r  predic t ion  concerning t h e  exis tence  of 
t y p e  I I  D N A  crosslinks inside t h e  p h a g e  h e a d s  a n d  t h e  ab i l i ty  of angelicin 
t o  photo-cross l ink .  

S tud i e s  OJI t h e  repa i r  of D N A  d a m a g e s  caused b y  UV-l ight  (365 n m )  
plus  f u r o c o u m a r i n s  were  p e r f o r m e d  wi th  d i f fe ren t  h o s t  s t r a ins  of  E. coli 
v a r y i n g  in t h e i r  r epa i r  capac i ty .  T h e  resul ts  in T a b l e  1 p rov ide  evidence  
t h a t  monoadd i t i on  p r o d u c t s  will b e  repa i red  more  readi ly  t h a n  crosslink 
a n d  ww-genes d i sp lay  a higher  r epa i r  c a p a c i t y  t h a n  rec-genes. F o r  repa i r  of 
crosslinks b o t h  genes  a r e  necessary,  while monoaddi t ion  p r o d u c t s  can  b e  
e l imina ted  b y  e i t he r  o f  t h e  genes  alone.  Us i ng  s t r a in  E. coli S R  74  (uvr~, 
rac ) a s  a hos t ,  t h e  p l a q u e  f o r m i n g  ab i l i ty  f o r  phages  t r e a t e d  w i t h  n e a r  U V -
l ight  (365 n m )  p lus  8 - M O P  is o n e  o rde r  of m a g n i t u d e  smal le r  t h a n  f o r  ange­
licin, mean ing  t h a t  t h e  crosslink monoadd i t ion  p h o t o p r o d u c t  r a t io  is a b o u t  
I : 10. 

Fina l ly ,  t h e  effect iveness  of X - r a y s  a n d  UV-l igh t  o n  p h a g e  mult ipl i ­
cat ion s t e p s  is compiled in T a b l e  2. F o r  all r ad i a t i on  m e t h o d s  used ,  
p l aque  f o r m i n g  ab i l i ty  of p h a g e  l a m b d a  w a s  d iminished.  More differ­
e n t i a t e d  is t h e  b e h a v i o u r  f o r  t h e  d i s t inc t  mul t ip l ica t ion  s t eps  of p h a g e  adso rp ­
t ion ,  p h a g e  D N A  inject ion a n d  repl icat ion.  T h e  ini t ial  adsorp t ion  s t e p  is 
o n l y  d i s tu rbed  b y  X - r a y  t r e a t m e n t  while UV-l ight  i r rad ia t ion  shows n o  
measu rab le  effect .  A s  expec ted ,  X - r a y  d a m a g e s  o n  t h e  p ro te in  recognit ion 
p a t t e r n  were  m o r e  p ronounced  t h a n  t hose  d u e  t o  UV-l ight  which  is essent ia l  
f o r  p h a g e  adsorp t ion  o n t o  t h e  sur face  of t h e  hos t .  T h e  inhibi t ion of in jec t ion  
a p p e a r s  t o  occur  d u e t o  D N A  f r a g m e n t a t i o n  a n d  t y p e  I I  crosslink f o r m a t i o n  
u p o n  X - r a y  o r  combined  UVA-light  (365 n m  )plus fu rocoumar in  t r e a t m e n t s .  
D o u b l e  s t r a n d  b r e a k s  of D N A ,  D N A  base  pho top roduc t s ,  a n d  t y p e  I cross­
l inks  p roduced  b y  t r e a t m e n t  w i th  X - r a y s ,  UV-l ight  a t  254 n m ,  a n d  U V A -
l ight  (365 n m )  p lus  fu rocoumar ins ,  respect ively,  a r e  responsible f o r  t h e  
reduced  repl icat ion.  
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