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ABSTMCT 

The colonial green alga Budorina elegans was used in a study of 

cellular repair processes for damage due to various inactivating agents. 

Reactivation was estimated by survival and growth of the organisms fol- 

lowing the inzcttvating treatment with uitraviolet iight (WL) and/or 

drugs. Quantitative and qualitative measurements of repair mechanisms 

were made by post-UVL treatment with certain drugs whose effects in other 

systems had been shown to include interference with particular DNA repair 

precesses. Those most extensively used here in this capacity were acri- 

dine orange and caffeine. Acridine orar,ge had effect on dark (non- 

photoreactivated, or NPR) survival, but interfered markedly with photo- 

reactivation (PR); however, this latter effect was found to be at least 

partially due to absorption of the PR light wavelengths by acridine 

orange. Caffeine reduced both PR and NPR survival; NPR survival was re- 

duced slightly at all UVL dose levels, while PR survival was affected only 

at higher UVL doses. 

For an estimation of both the specificity of drugs interfering with 

repair processes, and the versatility of repair capability in - E. elegans, 

other inactivating agents were used in place of UVL. Acridine orange in- 

terfered with survival following treatments both with ethyl methane- 

sulfonate and with 4-nitroquinoline-1-oxide; caffeine caused only a slight 

reduction in survival following either drug. 
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CHAPTER - I 

INTRODUCTIOB - GENERAL 

U l t r a v i o l e t  l i g h t  (UVL) has  long been used a s  bo th  a  l e t h a l  and a  

mutagenic agent  f o r  a  g r e a t  v a r i e t y  of organisms. Its range  of e f f e c t s  is  

f a i r l y  wide ( Jagger ,  19581, caus ing  a b e r r a t i o n s  i n  many c e l l u l a r  p rocesses ,  

both nuc l ea r  and cytoplasmic.  There a r e  many p o s s i b l e  t a r g e t s  i n  t h e  c e l l  

f o r  UVL i r r a d i a t i o n ;  p r o t e i n ,  XNA and DNA a l l  absorb  s t r o n g l y  i n  t h e  UV 

range,  and thus  may be  expected t o  be  a f f e c t e d  by such r a d i a t i o n .  However, 

t h e  most s i g n i f i c a n t  damage ( i n  terms of s u r v i v a l  of  t h e  organism) i s  t h a t  

done t o  t h e  DNA, a s  i t  is  t h e  s i t e  of t h e  c o n t r o l l i n g  mechanism of c e l l u l a r  

p rocesses ,  

Within t h e  DNA molecule t h e r e  a r e  s e v e r a l  types  of a b e r r a t i o n s  cansed 

by t h e  high-energy photons of UVL (Setlow, 1966 b ) ;  t h e s e  i n c l u d e  DNA cha in  

breaks ,  d e c a t u r a t i o n ,  n u c l e i c  ac id -p ro t e in  c ros s - l i nks ,  hyd ra t e s  of cyto-  

s i n e  and u r a c i l ,  thymine-uraci l  he te roadducts  (Ikenage -- e t  a l . ,  1970) and 

f i  f i  A 
pyrimidine dimers (TT, CT and CC). So f a r ,  b i o l o g i c a l  importance has  been 

a t t ached  almost  e n t i r e l y  t o  pyrimidine dimers ,  p a r t i c u l a r l y  of t h e  thymine- 

thymine type  (Setlow e t  a l . ,  1965; Setlow, 1966 b ) .  These a r e  formed by 

t h e  hyd ra t ion  of t h e  5 , 6  double  bond i n  t h e  pyrimidine r i n g s  of two ad ja -  

c e n t  thynine  molecules ,  w i th  subsequent formation of new covalen t  bonds be- 

tween them (Fig.  1-1) .  This  new s t r u c t u r e  i n  t h e  DNA w i l l  cause d i s rup-  
d 

t i o n  and perhpas prevent ion  of DNA s y n t h e s i s  du r ing  the  next  - S phase i n  

t h e  c e l l  c y c l e  - hence i t s  observed e f f e c t s  of mutat ion and l e t h a l i t y  

(Setlow, 1966 b ) .  Thymine dimers have been shown t o  be  produced by UVL 



F i g u r e  1-1. Thymine d i m e r i z a t i o n  between two a d j a c e n t  thymines .  Dimer- 

i z a t i o n  p roduces  two new c o v a l e n t  bonds ,  w i t h  consequen t  

l o s s  o f  t h e  5 , 6  doub le  bond i n  t h e  p y r i m i d i n e  r i n g  ( a f t e r  

J a g g e r ,  1964) . 





i r r a d i a t i o n  i n  Eudorina  e l e g a n s  (Kemp -- e t  a l . ,  i n  p r e p . ) ,  b u t  t h e i r  b i o -  

l o g i c a l  impor tance  h a s  n o t  y e t  been shown i n  t h i s  organism.  However, f o r  

t h e  purposes  o f  t h i s  s t u d y  i t  w i l l  b e  assumed t h a t  t h e  most i m p o r t a n t  UVL- 

induced DNA damage i n  - E. e l e g a n s  i s ,  i n  common w i t h  o t h e r  organisms 

s t u d i e d ,  t h e  thymine dimer .  

A c e l l  s u f f e r i n g  t h e  e f f e c t s  of UVL damage i s  n o t  n e c c e s s a r i l y  

doomed, a s  most c e l l s  appear  t o  p o s s e s s  some mechanism f o r  t h e  r e p a i r  of 

t h i s  damage b e f o r e  s y n t h e s i s  b e g i n s .  P robab ly  many modes of r e p a i r  have 

evo lved ,  b u t  s o  f a r  o n l y  two main c l a s s e s  of r e p a i r  have been  found. 

Both i n v o l v e  t h e  e l i m i n a t i o n  of thymine d imers  from DNA, and b o t h  a r e  

enzymat ic ;  one r e q u i r e s  v i s i b l e  l i g h t  as a  p h y s i c a l  c o - f a c t o r ,  and t h e  

o t h e r  does  n o t .  The l a t t e r  i s  g e n e r a l l y  c a l l e d ,  s i m p l y ,  d a r k  r e p a i r ,  

and t h e  fo rmer ,  p h o t o r e a c t i v a t i o n  (PR) .  Dark r e p a i r  i s  t h e  l o n g e r  of 

t h e  two p r o c e s s e s ,  which i n  b a c t e r i a  a p p e a r s  t o  i n v o l v e  f o u r  s t e p s  (Set-  

low, 1967; Wi tk in ,  1969; Gr igg ,  1970) :  

r e c c g n i t i o n  of t h e  dimer and "nicking"  ( i . e .  p roduc ing  a  s i n g l e  

s t r a n d  b r e a k  i n )  t h e  DNA s t r a n d  on e i t h e r  s i d e  of i t ,  r e l e a s i n g  a 

s i n g l e - s t r a n d e d  o l i g o n u c l e o t i d e ;  

d e p o l y m e r i z a t i o n  of t h e  damaged DNA s t r a n d  4 C  t o  50 n u c l e o t i d e s  t o  

e i t h e r  s i d e  of t h e  l e s i o n ;  

s y n t h e s i s  of a  new segment t o  r e p l a c e  t h e  m i s s i n g  one ,  u s i n g  t h e  

i n t a c t  s t r a n d  a s  a  t e m p l a t e ;  and 

j o i n i n g  t h e  ends  of t h e  new segment t o  t h e  o r i g i n a l  DNA s t r a n d .  

T h i s  mode of r e p a i r ,  a s  can be s e e n ,  i n v o l v e s  enough DNA s y n t h e s i s  s o  a s  

t o  be  d e t e c t a b l e  by t h e  u s e  of r a d i o a c t i v e  t r a c e r s ,  and i s  o f t e n  c a l l e d  



"unscheduledDNA syn thes i s " ,  o r  " r e p a i r  r e p l i c a t i o n t t  t o  d i s t i n g u i s h  i t  from 

t h e  s y n t h e s i s  observed du r ing  5 phase i n  t h e  normal c e l l  c y c l e  (Cleaver ,  

1969; Rauth, 1970). 

The mechanism f ~ r  PR appears  much s imp le r ,  and thus  i s  much more ef-  

f i c i e n t  than  da rk  r e p a i r .  The PR enzyme, being i t s e l f  a chronophore ( c f .  

Jagger ,  1958) o r  u s i n g  energy t r a n s f e r r e d  from another  chromophore is a c t i -  

va t ed  by l i g h t  i n  t h e  range of 300 t o  450 nm (Jagger ,  1958).  I n  i t s  a c t i -  

va ted  form, i t  recognizes  pyrimidine dimers and s p l i t s  them i n  s i t u .  The -- 
v a r i a t i o n  from organism t o  organism i n  t h e  peak wavelength f o r  PR sugges t s  

s e v e r a l  d i f f e r e n t  t ypes  of PR; i n  f a c t ,  even w i t h i n  one organism t h e r e  may 

be  s e v e r a l  types ,  a s  i n  Streptomyces g r i s e u s  (Jagger  e t  a l . ,  1970). 

Both of t h e s e  r e p a i r  mechanisms depend, f o r  t h e  amount of damage each 

can r e p a i r ,  on t h e  l e n g t h  of t ime between UVL i r r a d i a t i o n  and t h e  onse t  of 

t h e  nex t  s y n t h e s i s  phase i n  t h e  c e l l  c y c l e .  Once DNA s y n t h e s i s  has  occur red ,  

any damage s t i l l  remaining is  appa ren t ly  "f ixed",  and no longer  r e p a i r a b l e .  

Thus t h e  observed UVL-induced l a g  i n  growth (Roberts and Aldous, 1949) is  

t o  t h e  advantage of t h e  organism, f o r  i t  a l lows  some t i m e  f o r  r e p a i r  t o  t a k e  

p l a c e ,  t h u s  reduc ing  mutat ion and l e t h a l i t y .  Any t rea tment  which i n c r e a s e s  

the l e n g t h  of t h i s  l a g  pe r iod ,  then ,  w i l l  i n c r e a s e  t h e  amount of r e p a i r  

p o s s i b l e .  This  i s  t h e  p r i n c i p l e  upon which a r e  based t h e  phenomena known 

a s  pho top ro t ec t i on  and l i q u i d  ho ld ing  recovery.  The former i s  accomplished 

by i r r ad i a t i ngco rgan i sms  w i t h  l i g h t  of 300 t o  450 nlil p r i o r  t o  UVL i r r a d i a -  

t i o n ;  t h i s  r e s u l t s ,  a s  observed mainly i n  b a c t e r i a  ( Jagger ,  1964; Jagger  - e t  

g g , 1 9 6 4 ;  Set low,  1966 a )  and fungi  ( J agge r ,  1964),  i n  an increased  growth 

l a g  fo l lowing  UVL i r r a d i a t i o n ;  consequent ly  more da rk  r e p a i r  can t ake  p l a c e ,  



and inc reased  s u r v i v a l  and reduced muta t ion  r a t e s  a r e  observed. (This 

mechanism seems a l s o  t o  account f o r  t h e  process  known a s  i n d i r e c t  photo- 

r e a c t i v a t i o n ,  which has  been observed i n  nonphotoreac t i v a b l e  (&-) s t r a i n s  

of E. c o l i  ( Jagger  e t  a l . ,  1970) fo l lowing  post-UVL i r r a d i a t i o n  w i th  l i g h t  

of 310 t o  380 nx wavelength.)  Liquid ho ld ing  recovery (Alper and G i l l i e s ,  

1958; f i r s t  r epo r t ed  by Roberts  and Aldous, 1949) i nvo lves  lengthening  t h e  

growth l a g  by post-UVL hold ing  i n  a  non-nutr ient  s o l u t i o n  (such a s  a  phos- 

pha t e  b u f f e r ) ,  a g a i n  r e s u l t i n g  i n  g r e a t e r  s u r v i v a l  and lower mutat ion r a t e s  

than observed w i t h  inmediate  t r a n s f e r  t o  growth-sustaining media. 

Many organisms possess  bo th  da rk  r e p a i r  and PR; a l l  organisms s o  f a r  

s t u d i e d ,  w i t h  t h e  except ion  of c e r t a i n  W - s e n s i t i v e  b a c t e r i a l  and funga l  

mutants ( H i l l ,  1958; Elder  and Beers, 1965; Chang and Tuveson, 1967; 

Nishoka and Doudney, 1969, e t c . )  appear  t o  be  a b l e  t o  undergo r e p a i r  re-  

p l i c a t i o n ,  o r  da rk  r e p a i r .  Many mammalian c e l l  systems have been r epo r t ed  

d e f i c i e n t  i n  PR a b i l i t y  (Trosko - e t  -* a 1  9 1965; Cleaver ,  1969; Rauth, 1970);  

only r e c e n t l y  was t h e  PR of UVL-induced DNA l e s i o n s  r epo r t ed  f o r  a mammalian 

c e l l  system (Shaef fe r  -- e t  a l ,  1971).  Thus, w i th  t h e  except ion  of t hose  

mammalian c e l l s  d e f i c i e n t  i n  PR a b i l i t y ,  t h e  mechanisms f o r  a v e r t i n g  s e r i o u s  

consequences t o  t h e  c e l l  from UVL i r r a d i a t i o n  seem t o  be  f a i r l y  cons t an t  

from one organism t o  ano the r ,  a t  l e a s t  among those  s tud i ed .  Most work i n  

t h i s  f i e l d ,  however, ha s  been conducted wi th  h e t e r o t r o p h i c  systems (mainly 

p roka ryo te s ) , cwh i l e  l i t t l e  a t t e n t i o n  h a s  been paid t o  t h e  r e p a i r  capabi- 

l i t i e s  of au to t rophs .  Also,  a l l  q u a n t i t a t i v e  work has  been done us ing  uni- 

c e l l u l a r  organisms - n a t u r a l l y  enough, f o r  good q u a n t i t a t i v e  r e s u l t s  



in this field are nore easily obtained from such a system. However, to 

quote Loppes (1969), "it is necessary for organism of different evolu- 

tionary levels to be investigated if results are to be generalized". 

Thus, because of this lack of existing knowledge of many of the 

genetic and physiological aspects of autotrophic, and of multicellular 

organisms, the colonial green alga Eudorina elegans Ehrenberg promised 

to be an interesting subject for study. This alga grows well in axenic 

culture; its size and growth habit make possible the performance of 

operations with it which have previously been done mainly with bacteria, 

yeasts, and manmalian cells. It has the capability of dividing vegeta- 

tively indefinitely, and so can be maintained in continuous culture; but 

it is heterothallic, and under certain conditions the sexual cycle may 

be induced, allowing formal genetic studies. Growth and division char- 

acteristics of the organism have been studied by Rayns and Godward (1965); 

Goldstein (1964), Mishra (1967), and Mishra and Threlkeld (1968) have 

contributed to characterization of the mating types and genetic system; 

and Wentworth (1970) has conducted a preliminary study of UVL- and drug- 

sensitivity, as well as of mutant isolation and characterization in E. - 

elegans . 

E. elegans exists mainly as a coenobium of 16 chlamydomon~d-like - 

cells; occasionally coenobia of 8 or 32 cells are encountered. Each of 

these cells has the potential of dividing 4 times in rapid succession 

(Rayns and Godmrd, 1965), remaining in the original coenobial envelope, 

so that each of the 16 cells is now a cluster of 16 small cells. This 

we call a "mulberry" form; it is fairly stable, but as maturity of the 



s t a g e  i n c r e a s e s ,  i t  b r e a k s  down i n t o  1 6  new coenobia  ( p r e n a t u r e  breakdown 

may sometimes be  caused by c e n t r i f u g i n g  o r  by UVL i r r a d i a t i o n ) .  Under 

c u l t u r e  c o n d i t i o n s  p r e s e n t e d  h e r e  ( s e e  M a t e r i a l s  and Methods - G e n e r a l ) ,  

t h e  t ime  r e q u i r e d  f o r  one " g e n e r a t i o n "  ( i . e .  from 1 t o  16 coenobia )  i s  

about  1 day .  

It was s u g g e s t e d  by Wentworth (1970) ,  and by Kemp and Wentworth 

(1971) ,  t h a t  - E.  e l e g a n s  possessed  l i t t l e  o r  no d a r k  r e p a i r  c a p a b i l i t y ,  

though i t s  PR sys tem was v e r y  e f f i c i e n t .  With t h i s  o b s e r v a t i o n  a s  a 

s t a r t i n g  p o i n t ,  i t  was dec ided  t h a t  t h e  UVL s e n s i t i v i t y  and r e p a i r  capa- 

b i l i t i e s  of - E .  e l e g a n s  shou ld  b e  more c a r e f u l l y  s t u d i e d .  T h i s  s t u d y ,  

t h e n ,  was i n i t i a t e d  w i t h  t h e  purpose  of d i s c o v e r i n g  j u s t  what DNA r e p e l r  

c a p a b i l i t i e s  a r e  p r e s e n t  i n  E. c l e g a n s ,  and what some of t h e i r  c h a r a c t e r -  

i s t i c s  a r e ;  and ,  h o p e f u l l y ,  of d e t e r m i n i n g  what s i g n i f i c a n c e  t h e s e  might  

have t o  t h e  s u r v i v a l  of t h e  organism. T h i s  i n v o l v e s  a  s t u d y  of b o t h  UVL- 

and d r u g - s e n s i t i v i t y ,  u s i n g  mainly  t h e  e f f e c t s  of v s r i c u s  p h y s i c a l  para-  

m e t e r s  t o  c h a r a c t e r i z e  t h e s e  s e n s i t i v i t e s .  The o n l y  measure of s e n s i t i v i t y  

used i s  s u r v i v a l ,  a s  t h e  g e n e t i c  sys tem of t h e  organism i s  n o t  y e t  s u f -  

f i c i e n t l y  worked o u t  t o  a l l o w  measurement of m u t a t i o n  r a t e .  
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CHAPTER I1 

MATERIALS AND METHODS - GENERAL 

A .  The Organism: 

The s t r a i n s  of Eudorina elegans used i n  t h i s  s tudy  were ob ta ined  

from t h e  Algae C u l t u r e  C o l l e c t i o n ,  Ind i ana  Un ive r s i t y ,  Bloomington, 

Ind iana ,  U.S.A. They a r e  l i s t e d  a s  compat ible  mating types  ( S t a r r ,  1964) ,  

des igna ted  1192 and 1193 (descr ibed  by Golds te in ,  1964, a s  56m and 5 6 f ,  

r e s p e c t i v e l y ) .  The two s t r a i n s  gave q u a l i t a t i v e l y  s i m i l a r  r e s u l t s  under 

t h e  exper imenta l  c o n d i t i o n s  employed and were t hus  used in te rchangeably .  

B. Media: 

The medium used f o r  main ta in ing  c u l t u r e s  f o r  exper imenta l  purposes 

cons i s t ed  of a  modif ied B r i s t o l ' s  s a l t  s o l u t i o n  (Cain, 1965) ,  w i t h  t r a c e  

elements provided by ~ a f f r o n ' s  mix ture  (Hughes e t  a l . ,  1958) ,  and enr iched  

by t h e  a d d i t i o n  of 200 m l  Euglena medium per  l i t r e  of f i n a l  medium. This  

medium i s  denoted B r i s t o l ' s  complete medium, o r  Bc, throughout  t h i s  work; 

t h e  b a s i c  medium, no t  enr iched ,  is  denoted B r i s t o l ' s  minimal medium, o r  

Bm. The composition of a l l  media mentioned above is g iven  i n  Appendix I. 

So l id  medium f o r  p l a t e s  was ob ta ined  by adding 1.5% w/v Difco aga r  

t o  Bc medium; t op  aga r  f o r  t h e  pour p l a t i n g  technique  was made by t h e  

a d d i t i o n  of 0.6% w/v Difco  agar  t o  Bc medium. A l l  media were s t e r i l i z e d  

C 

by au toc l av ing  a t  15  p . s . i .  f o r  15  minutes .  

C. Chemicals: 

A l l  i no rgan ic  compounds added t o  growth media were r eagen t  grade;  



t h e  s o u r c e  of o r g a n i c  supplements  a r e  g i v e n  i n  Appendix I.  

S tock  s o l u t i o n s  of a c r i d i n e  o range  ( J . T .  Baker Chemical  C o . ,  New 

J e r s e y ) ,  1 5  mg/ml, c a f f e i n e  (Enstman Organic  Chemicals ,  New York, N.Y.), 

0 . 1  - M ,  and a c r i f l a v i n e  (Matheson, Coleman and B e l l ,  Nomood, Ohio) ,  1 5  

mg/ml, were  made up i n  Bm and k e p t  a t  5 ' ~ ;  any s o l u t i o n s  more t h a n  3  

months o l d  were d i s c a r d e d .  I o d o a c e t i c  a c i d  (Matheson, Coleman and B e l l ,  

Ohio) ,  mitomgcin C (Signa Chemical  Co., M i s s o u r i ) ,  and deoxyadenosine  

(Calbiochem.,  Los Angeles ,  C a l i f . )  were  e i t h e r  added d i r e c t l y  t o  t h e  med- 

ium t o  t h e  d e s i r e d  c o n c e n t r a t i o n ,  o r  made up i n t c  s o l u t i o n s  i n  Em immed- 

i a t e l y  p r i o r  t o  u s e .  E t h y l  m e t h a n e s u l f o n a t e  (Eastman Organic  Chemicals ,  

New York, N.Y.),  which was o b t a i n e d  i n  8 - 1: l l q u i d  form,  was added d i r e c t l y  

t o  t h e  c u l t u r e  t o  b e  t r e a t e d .  4-nitroquinoline-1-oxide ( D a i i c h '  P u r e  

Chemical Co. ,  Tokyo; o b t a i n e d  from H .  S t i c h ,  U n i v e r s i t y  of B r i t i s h  Colum- 

b i a )  was k e p t  i n  a  s t o c k  s o l u t i o n  of 0 . 0 1  M i n  95% e t h a n o l ,  s t o r e d  a t  5' - 

C ;  any s o l u t i o n  more t h a n  3  months o l d  was d i s c a r d e d .  

D.  Growth C o n d i t i o n s :  

S tock  c u l t u r e s  were main ta ined  on Bc s l a n t s  and c loned  p e r i o d i c a l l y  

f o r  a b i l i t y  t o  grow on b o t h  Em and Bc, a s  d e s c r i b e d  by Wentworth (1970) .  

Growth c o n d i t i o n s  f o r  e x p e r i m e n t a l  c u l t u r e s  were  k e p t  s t a n d a r d  i n  

a n  a t t e m p t  t o  keep v a r i a b i l i t y  due  t o  l i f e  c y c l e  d i f f e r e n c e s  t o  a  minimum. 

A 5-nl  a l i q u o t  of a  l a t e  l o g a r i t h n i c  phase  c u l t u r e  (approx imate ly  2 .5  x  

4 
1 0  co lony  Corning u n i t s ,  o r  c f u ,  p e r  ml) was i n o c u l a t e d  i n t o  50 m l  Bc 

i n  a  200- o r  250-ml Erlenmeyer f l a s k .  The c u l t u r e  was grown on a  s h a k i n g  

p l a t f o r m  (approx imate ly  80 o s c i l l a t i o n s / m i n )  a t  3 2 + 1 • ‹ C ,  under  banks of 



40-watt Cool WWte f l u o r e s c e n t  l i g h t s  ( l i g h t  i n t e n s i t y  abou t  1000 f t - c ,  

measured o u t s i d e  t h e  f l a s k s ) .  L i g h t  was p rov ided  on a  c y c l e  of 1 6  h r  

l i g h t :  8 h r  d a r k .  A f t e r  48 h r  growth under  t h e s e  c o n d i t i o n s ,  t h e  c u l t u r e  

( i n  l a t e  l o g a r i t h m i c  phase)  was h a r v e s t e d  f o r  exper iment .  C u l t u r e s  were  

h a r v e s t e d  by c e n t r i f u g i n g  i n  a  S o r v a l l  Desk C e n t r i f u g e  SP/X head a t  

2 1 0 0 + 1 0 0  rpm (approx imate ly  500 x  g )  f o r  5  min. The s u p e r n a t a n t  was 

decan ted  and t h e  c u l t u r e  resuspended i n  s t e r i l e  p h o s ~ h a t e  b u f f e r  (K HPO 
2 4  

- 3 and KH2P04, f i n a l  c o n c e n t r a t i o n  1 .7  x 1 0  - M. pH = 6 . 8  t o  7 . 0 ) .  T h i s  

s u s p e n s i o n  was t h e n  r e - c e n t r i f u g e d  under  t h e  same c o n d i t i o n s ,  and r e s u s -  

pended i n  phospha te  b u f f e r  t o  t h e  f i n a l  c o e n o b i a l  c o n c e n t r a t i o n  d e s i r e d .  

Coenobial  c o n c e n t r a t i o n  was e s t i m a t e d  by measur ing  absorbance  of t h e  sus-  

pens ion  a t  560 nm i n  a  Coleman Spec t rophotomete r  6C (Wentworth, 1970) .  

I n  a l l  e x p e r i m e n t a l  work p r e s e n t e d  h e r e ,  t h e  o r i g i n a l  c o e n o b i a l  

c o n c e n t r a t i o n ,  o r  i n p u t  c f u ,  was assayed  a s  a c o n t r o l ;  t h i s  was done by 

t a k i n g  a n  a l i q u o t  of t h e  resuspended c u l t u r e  b e f o r e  e x p e r i m e n t a l  t r e a t -  

ment,  and d i l u t i n g  i t  i n  s t e r i l e  phospha te  b u f f e r  f o r  p l a t i n g .  

C o n s i d e r a b l e  q u a n t i t a t i v e  v a r i a b i l i t y  was observed between e x p e r i -  

ments ,  d u e  a p p a r e n t l y  t o  l i f e  c y c l e  v a r i a t i o n s  i n  t h e  organism. However, 

q u a l i t a t i v e l y  s i m i l a r  r e s u l t s  were o h t a i n e d  from d u p l i c a t e  exper iments ;  

t h u s  each  f i g u r e  p r e s e n t e d  i n  R e s u l t s  s e c t i o n s  r e p r e s e n t s  t h e  r e s u l t s  of 

a  s i n g l e  t y p i c a l  exper iment ,  u n l e s s  o t h e r w i s e  i n d i c a t e d .  P l a t i n g  e r r o r  

was found t o  be  w i t h i n  a  range  of f 1 0 Z a b o u t  t h e  c a l c u l a t e d  s u r v i v a l  l e v e l  

a t  each  a s s a y  p o i n t .  



CHAPTER I11 

INTRODUCTION - UVL 

Most k i n e t i c  s t u d i e s  of UVL i n a c t i v a t i o n  and e f f e c t s  of va r ious  post-  

UVL cond i t i ons  on r e p a i r  c a p a b i l i t i e s  have been conducted wi th  prokaryotes  

(Roberts and Aldous, 1949; Witkin,  1961, 1966 a&b; Setlow, 1966 a ;  Harm, 

1967, 1970; Barnhart  and Cox, 1970),  and almost  e n t i r e l y  w i t h  h e t e r o t r o p h i c  

systems ( Jagger ,  1958; Nasim, 1968; Kilbey and Smith,  1969; K ie fe r ,  1970).  

Davies (1965) d i d  a  pre l iminary  s tudy  of WL i n a c t i v a t i o n  and r e p a i r  i n  

Chlsmydomonas, from which h e  concluded t h a t  bo th  da rk  r e p a i r  and PR were 

p r e s e n t ;  Van Baalen (1968) s t u d i e d  post-UVL s u r v i v a l  i n  Agmenellum, consid- 

e r i n g  only  PR and t h e  e f f e c t s  of UVL i r r a d i a t i o n  on photosynthes i s .  PR 

enzyme has  been e x t r a c t e d  from s e v e r a l  green p l a n t s  (Elder  and Beers ,  1965; 

S a i t o  and Werbin, 1969, 1970) ,  and a c t i o n  s p e c t r a  f o r  t h e  enzyme determined 

i n  v i t r o .  K i n e t i c  s t u d i e s  of UVL i n a c t i v a t i o n  and r e a c t i v a t i o n  i n  green -- 

p l a n t s ,  then ,  form a  l a r g e  gap i n  knowledge of DNA r e p a i r  mechanisms. This  

s tudy ,  hope fu l ly ,  w i l l  h e l p  t o  f i l l  t h e  gap. 

Prev ious  work, p a r t i c u l a r l y  w i t h  b a c t e r i a  (Setlow, 1966; Witkin,  1966 

a)  and mammalian c e l l s  (Cleaver ,  1969; Rauth, 1970) have made ex t ens ive  

u se  of drugs t o  i n t e r f e r e  w i t h  p a r t i c u l a r  r e p a i r  p rocesses ,  t hus  a i d i n g  i n  

t h e  c h a r a c t e r i z a t i o n  of t h e  r e p a i r  mechanisms p re sen t .  Those most commonly 

used were c a f f e i n e  (Cleaver  and Thomas, 1970; Rauth, 1967; Harm, 1971) and 

a c r i f l a v i n e  (Witkin,  1961; Alper ,  1963; Doudney -- e t  a l . ,  1964; Cavies ,  1965; 

Setlow, 1966); bo th  have been shown t o  i n t e r f e r e  w i th  da rk  r e p a i r .  The 

nlode of a c t i o n  of c a f f e i n e  has  no t  been determined,  bu t  i t  appears  t o  



have s e v e r a l  e f f e c t s  (Cleaver ,  1969; Harm, 1971). A c r i f l a v i n e  has  been 

shown f a i r l y  c l e a r l y  t o  i n t e r c a l a t e  i n t o  t h e  DNA molecule  and i n t e r f e r e  

w i th  t h e  e x c i s i o n  of pyr imid ine  dimers  (Lerman, 1961, 1963; Setlow, 1966 

b ) .  Other drugs  used inc lude  c r y s t a l  v i o l e t  (Witkin,  1961),  i odoace t a t e  

and dini t rophenol .  (E lder  and Beers ,  1965) ,  and mitomycin C (Cleaver ,  

1969). Some of t h e s e  have been used i n  t h i s  s tudy  a s  an  a i d  t o  cha rac t e r -  

i z i n g  r e p a i r  p roces se s ,  and t o  enab le  f a i r l y  d i r e c t  comparison t o  r e s u l t s  

obtained i n  o t h e r  systems. 

MATERIALS Ah33 METHODS - WL 

A .  Standard I r r a d i a t i o n  Method: 

UVL i r r a d i a t i o n  of t h e  harves ted  c u l t u r e  ( s e e  M a t e r i a l s  and Methods 

- General) was c a r r i e d  ou t  i n  l i q u i d ;  t h e  c u l t u r e ,  i n  a  p l a s t i c  d i spos-  

a b l e  P e t r i  d i s h ,  was exposed t o  l i g h t  from t h e  c e n t r a l  p a r t  of two 

Sylvania  G15T8 germic ida l  lamps (95% emission a t  254 nm, by manufac turer ' s  

s p e c i f i c a t i o n s )  w h i l e  a g i t a t e d  on a  shaking p la t form.  Dose r a t e s  used 

-2 -1 
were 1 0  and 20 e r g s  ram s e c  , a s  measured by a  Blak-Ray W Meter (5-2261, 

and c r o s s - c a l i b r a t e d  by a  phage T4 i n a c t i v a t i o n  curve  (Harm, 1968; Went- 

worth,  1970).  These two r a t e s  produced t h e  same s u r v i v a l  l e v e l s  pe r  t o t a l  

dose.  T o t a l  doses  were t imed, and d e l i v e r e d  by opening and c l o s i n g  a 

door benea thc the  UVL lamps. Al iquots  were taken  between exposures ,  and 

d i l u t e d  a p p r o p r i a t e l y  f o r  s u r v i v a l  assay .  

S u r v i v a l  was assayed by t h e  pour p l a t i n g  technique ,  u s ing  top  aga r  

(kept  s o f t  a t  4 5 ' ~ )  and p l a t e  aga r  of t h e  same composition. A l l  opera- 



t i o n s  d u r i n g  and a f t e r  UiTL i r r a d i a t i o n  were  c a r r i e d  o u t  under  G.E .  "Gold" 

i n c a n d e s c e n t  o r  f l u o r e s c e n t  lamps t o  p r e v e n t  unwanted PR; t h e s e  lamps 

emit  o n l y  a t  wave leng ths  above 500 nm. A l l  s u r v i v a l  a s s a y s  were p l a t e d  

i n  d u p l i c a t e  o r  q u a d r u p l i c a t e  a t  each  d o s e  l e v e l ,  and t h e  a v e r a g e  among 

t h e  p l a t e s  t a k e n .  A l l  exper iments  were  done w i t h  i n t e r n a l  c o n t r o l s  t o  

e n s u r e  t h a t  comparisons  made between exper iments  were  v a l i d ;  q u a n t i t a t i v e  

v a r i a b i l i t y  between exper iments  made t h i s  e s s e n t i a l .  

B. Post-UVL C o n d i t i o n s :  

For PR c o n d i t i o n s ,  p l a t e s  were t r a n s f e r r e d  i m ~ ~ e d i a t e l y  t o  s t a n d a r d  

growth c o n d i t i o n s  of 3 2 t 1 • ‹ C ,  under Cool White f l u o r e s c e n t  l i g h t s ,  a t  

a n  i n t e n s i t y  on t o p  of t h e  p l a t e s  of approx imate ly  1000 f t - c .  To t e s t  

f o r  d a r k  (NPR) r e p a i r ,  p l a t e s  were  i n c u b a t e d  f o r  48 h r  i n  t h e  d a r k  (32 t 

1•‹C) b e f o r e  t r a n s f e r  t o  l i g h t  c o n d i t i o n s  a s  above.  A l l  p l a t e s  were i n -  

cuba ted  u n t i l  c o l o n i e s  had appeared  and were  c o u n t a b l e  (5 t o  6 d a y s ) .  

S u r v i v a l  was n o t e d ,  t h e n ,  i n  t e rms  of co lony  forming u n i t s ,  o r  c f u .  

L i g h t  of h i g h e r  i n t e n s i t y  t h a n  t h a t  used f o r  r e g u l a r  PR was o b t a i n e d  

from a  S y l v a n i a  500~3/Q/cL/U 120 V tungs ten-ha logen  lamp i n  a  D i c r o l i t e  

Co. h o u s i n g .  T h i s  hous ing  was equipped w i t h  a  r e a r  m i r r o r  t o  t r a n s m i t  

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

n e a r  i n f r a r e d  and t r a n s m i t  v i s i b l e  l i g h t .  A 5-cm w a t e r  l a y e r  ( i n  a  

p l e x i g l a s s  t r a y )  was p laced  between t h e  lamp and t h e  c u l t u r e s  t o  b e  photo- 

r e a c t i v a t e d  i n  o r d e r  t o  f u r t h e r  r e d u c e  i n f r a r e d  r a d i a t i o n .  L i g h t  i n t e n -  

s i t y  o b t a i n e d  i n  t h i s  way was approx imate ly  4000 f t - c  i n c i d e n t  on t h e  

p l a t e s .  



C .  Chemicals  : 

To a i d  i n  t h e  c h a r a c t e r i z a t i o n  of r e p a i r  p r o c e s s e s ,  c e r t a i n  d r u g s  

were  used t o  t r e a t  W L - i r r a d i a t e d  c u l t u r e s .  U n l e s s  o t h e r w i s e  s t a t e d ,  t h i s  

was done by a d d i t i o n  of t h e  d rug  t o  b o t h  t h e  p l a t e  a g a r  and t h e  t o p  a g a r ,  

t o  t h e  same c o n c e n t r a t i o n .  C a f f e i n e ,  a c r i d i n e  o r a n g e ,  and a c r i f l a v i n e  

were k e p t  a s  s t o c k  s o l u t i o n s  i n  s t e r i l e  Bm; f u r t h e r  s t e r i l i z a t i o n  of t h e s e  

s o l u t i o n s  was deemed unnecessa ry  due t o  t h e  t o x i c i t y  of t h e  d r u g s .  The 

c o n c e n t r a t i o n s  main ly  used i n  t h e  p l a t i n g  medium ( c a f f e i - n e ,  2 x - M 

a c r i d i n e  o r a n g e ,  1 5  pg/ml;  a c r i f l a v i n e ,  30 ug/ml) d i d  n o t  a f f e c t  t h e  

number of c o l o n i e s  from a n  u n i r r a d i a t e d  sample ,  a l t h o u g h  a  s l i g h t  reduc-  

t i o n  i n  co lony  s i z e ,  compared t o  t h e  c o n t r o l  p l a t e s  (Bc p l a t e s )  was ob- 

s e r v e d .  

D .  L i g h t  1Ie~surerr .ents  : 

To o b t a i n  q u a n t i t a t i v e  measurements of  l i g h t  q u a l i t y  and q u a n t i t y  

r e c e i v e d  by t h e  organisms on p l a t e s ,  a n  ISCO s p e c t r o r a d i o m e t e r  was u s e d .  

Two Cool White f l u o r e s c e n t  t u b e s  were suspeilded above t h e  s p e c t r o r a d i o -  

me te r  s e n s i n g  h e a d ,  and t h e  p l a t e  o r  p l a t e s  d e s i r e d  i n t e r p o s e d  between 

t h e  l i g h t  and t h e  s e n s o r .  I n t e n s i t y  r e a d i n g s  were  t a k e n  automat ica l1 .y  

a t  5-nm i n t e r v a l s  and t h e  r e s u l t s  c a l c u l a t e d  and p l o t t e d  by a  computer 

program s u p p l i e d  c o u r t e s y  of W.S. Duval.  

E.  C lon ing :  

For c l o n i n g ,  e i t h e r  p re -  o r  post-UVL, t h e  e x p e r i m e n t a l  c u l t u r e  was 

d i l u t e d  t o  a p p r o x i m a t e l y  10 c f u / m l .  A s e r i e s  of s m a l l  d i s p o s a b l e  t e s t  



t u b e s  was p repared  by p l a c i n g  0 . 4  m l  of Bc i n  each ;  t o  each  was t h e n  added 

0 . 1  m l  of t h e  d i l u t e d  c u l t u r e .  These t u b e s  were  i n c u b a t e d  i n  t h e  d a r k  a t  

32 t 1•‹C f o r  a s  l o n g  a s  d e s i r e d .  G e n e r a l l y  one s e t  of 50 t u b e s  was p l a t e d  

each day f o r  4 d a y s  f o l l o w i n g  i n i t i a t i o n  of t h e  exper iment .  

RESULTS - WL 

A .  E f f e c t  of L i g h t i n g  C o n d i t i o n s :  

The s e n s i t i v i t y  of E. e l e g a n s  depends t o  some e x t e n t  upon tempera- 

t u r e  and n u t r i t i o n  (Kemp and Wentwortll, 1 9 7 1 ) ,  b u t  a  much more d r a m a t i c  

e f f e c t  i s  s e e n  w i t h  a  change i n  l i g h t i n g  c o n d i t i o n s  ( F i g .  111-1).  The 

a v e r a g e  d o s e  n o d i f y i n g  f a c t o r  ( K e l z e ~ ,  1 9 L 9 )  f o r  PR - v s  NPR i s  0.2. There  

i s  a  s m a l l  " shou lder"  r e g i o n  p r e s e n t  i n  t h e  NPR s u r v i v a l  c u r v e ;  when t h e  

s l o p e  of t h e  e x p o n e n t i a l  i n a c t i v a t i o n  c u r v e  i s  e x t r a p o l a t e d  i t  i n t e r s e c t s  

t h e  100% s u r v i v a l  mark a t  v a l u e s  r a n g i n g  (among s e v e r a l  exper iments )  from 

50 t o  800 e r g s  e2. 
The PR r e s p o n s e  i s  dependent  upon b o t h  PR l i g h t  i n t e n s i t y  and l e n g t h  

of exposure  t ime  t o  PR l i g h t  ( F i g .  111-2).  Lack of a d e q u a t e  equipment 

p reven ted  t h e  d e t e r m i n a t i o n  of any p o s s i b l e  dependence upon PR l i g h t  wave- 

l e n g t h  which may be shown by - E .  e l e ~ a n s .  C c v p l e t e  l o s s  of PR a b i l i t y  i s  

f a i r l y  s low;  abou t  28  t o  30 h o u r s  d a r k  i n c u b a t i o n  a r e  r e q u i r e d  b e f o r e  PR 

w i l l  no l o n g e r  occur  w i t h  exposure  t o  w h i t e  l i g h t  ( F i g .  111-3). I t  was 

f o r  t h i s  r e a s o n  t h a t  d a r k  i n c u b a t i o n  t ime f o r  NPR c o n d i t i o n s  was i n c r e a s e d  

from 24 t o  48 h o u r s ,  t h u s  removing PR a s  a  p o t e n t i a l  component o f  "dark" 

s u r v i v a l .  



Figure 111-1. Post-UVL survival in - E. elegans: photoreactivation (PR) 

vs non-photorcactivation (NPR). UVL-irradiated cultures - 

were plated and either exposed to PR light immediately 

(m) (PR conditions) or kept in the dark for 48 hr to 

prevent PR (m) (NPB conditions) before moving to the 

light to complete growth. All incubation was at 32 2 1•‹C. 





F i g u r e  111-2 .  K i n e t i c s  of PR: t h e  r e l a t i o n s h i p  of t ime  t o  l i g h t  i n -  
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t e n s i t y .  O r g a n i s m  were  exposed t o  8000 e r g s  mm UVL, 

p l a t e d ,  and exposed t o  PR l i g h t  f o r  g i v e n  p e r i o d s  of t ime.  

Furt!ier ?R e f t e r  t h e s e  t ime  p e r i o d s  was p reven ted  by d a r k  

i n c u b a t i o n  f o r  48 h r .  Highes t  i n t e n s i t y  o f  l i g h t  was ob- 

t a i n e d  w i t h  a  D i c r o l i t e  lamp; i n t e n s i t i e s  < 1000 f t - c  - 

were o b t a i n e d  w i t h  t h e  u s e  of Cool White f l u o r e s c e n t  

l i g h t s ,  w i t h  o p a l  p l e x i g l a s s  between t h e  l i g h t  s o u r c e  and 

p l a t e s  f o r  t h e  two lower i n t e n s i t i e s :  4000 f t - c  (m), 

D i c r o l i t e ;  1000 f  t -c  (0- o) , Cool V h i t e ,  no p l e x i g l a s s ;  

550 f t -c  (El-0) , Cool White ,  1 p l e x i g l a s s  s h e e t ;  300 

f t - c  (&-A), Cool White,  2 p l e x i g l a s s  s h e e t s .  A l l  p o i n t s  

i n  t h i s  f i g u r e  a r e  n o r n a l i z e d  a g a i n s t  an  u n i r r a d i a t e d  

c o n t r o l .  



TIME IN PR LIGHT (HR)  



F i g u r e  111-3. Decay of PR a b i l i t y :  e f f e c t  of c a f f e i n e  and of a c r i d i n e  

o range  (A@) i n  p l a t i n g  medium. Organisms were  exposed 

- 2 
t o  3000 e r g s  mm UVL,  p l a t e d ,  and i n c u b a t e d  i n  t h e  d a r k  

f o r  v a r y i n g  p e r i o d s  of t ime  b e f o r e  exposure  t o  PR l i g h t .  

- 3 
A l i q u o t s  were  p l a t e d  on Bc (w), on BC + 2 x  1 0  5 

c a f f e i n e  (-), and on Bc + 1 5  pg/ml A 0  (A-A) . 1 1 
i 



TIME IN DARK BEFORE PR LIGHT (HR) 



B. E f f e c t s  of Ac r id ine  Orange: 

Acr id ine  orange (AO) was o r i g i n a l l y  used i n  an a t t empt  t o  v e r i f y  t h e  

apparent  l a c k  of da rk  r e p a i r  i n  E. e legans  (Kemp and Wentworth, 1971). It 

i s  a  compound very s i m i l a r  t o  a c r i f l a v i n e ,  which has  been r epo r t ed  t o  i n t e r -  

f e r e  w i th  NPR e x c i s i o n  r e p a i r  (Witkin,  1961; Davies ,  1966; Cleaver ,  1969). 

A c r i f l a v i n e  and A0 had s i m i l a r  e f f e c t s  on post-UVL s u r v i v a l  of - E. - e l e ~  

(Fig.  111-4); A0 was chosen simply f o r  convenience. 

The presence  of A0 had no e f f e c t  on NPR s u r v i v a l ,  b u t  markedly re- 

duced PR s u r v i v a l  (Fig.  111-4), a lmost  t o  t h e  NPR l e v e l .  This  e f f e c t  had 

no t  been p rev ious ly  r epo r t ed  (Witkin, 1963) ,  pos s ib ly  because i t  may have 

been dismissed a s  be ing  due simply t o  abso rp t ion  of t h e  PR l i g h t  wavelengths 

by AO. Experiments designed t o  t e s t  t h e  l i g h t  abso rp t ion  p r o p e r t i e s  of A0 

i n  aga r  p l a t e s  showed, indeed,  t h a t  a t  l e a s t  a  l a r g e  p a r t  of t h e  e f f e c t  of 

A0 on PR was probably due t o  s e l e c t i v e  abso rp t ion  of t h e  PR wavelengths 

by t h e  dye. F i r s t ,  a  measurement of t h e  spectrum of l i g h t  emit ted by t h e  

Cool White f l u o r e s c e n t  tubes ,  and t r ansmi t t ed  by t h e  agar  p l a t e s ,  w i th  

and without  AO, was taken  by means of an  ISCO spec t rorad iometer  (Fig.  III- 

5; s e e  a l s o  Appendix 1 1 ) .  It can be  c l e a r l y  seen  from f i g u r e  111-5 t h a t  

t h e  A0 s u b s t a n t i a l l y  reduces t h e  t r ansmi t t ed  l i g h t  i n  t h e  range of 440 t o  

540 nm. 

Second, a  comparison was made between post-WL s u r v i v a l  when p l a t e d  

C 

on AO, and s u r v i v a l  when p l a t e d  on Bc and exposed t o  PR l i g h t  wi th  a n  A0 

p l a t e  i n t e rposed  a s  a f i l t e r .  Th i s ,  a s  shown i n  f i g u r e  111-6, i nd i ca t ed  

t h a t  t h e  e f f e c t  of A0 on PR s u r v i v a l  may n o t  be  e n t i r e l y  due t o  f i l t r a -  

t i o n  of PR l i g h t ;  c o n t a c t  of t h e  c e l l s  w i th  A0 produces approximately a  
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Figure 111-5. Spectroradiometer measurements of emrssion spectrum of 

Cool \;Thite fluorescent lights, and transmittance through 

plating media. 

A-A Cool Ihite fluorescent lights, emiscion spectrum 

0---a Cool White fluorescent lights, transmitted through 

Bc + 15 pg/ml A 0  agar in plate 

Cool White fluorescent lights, transmitted through 

Ec agar in plate 

For comparison of curve shapes, intensities are normalized 

+ -  1 . g  - +  .-o..-i,-,+~-. ~ n n  ,, A I . , - , , ~ , . + ~  4-t .-p;t;Q 
L v a~ w a v c ~ c ~ ~ h c ~ ~  uuv r ~ r i ~ .  r ~ u a v ~ u  cr- I I I L C I I L I L  CILS ZrC 

given in Appendix 11. 
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F i g u r e  111-6. E f f e c t s  of A 0  on PR: c o n t a c t  w i t h  A 0  v s  l i g h t  f i l t e r i n g  - 

by AO. W L - i r r a d i a t e d  and p l a t e d  organisms were  k e p t  

e i t h e r  under  PR c o n d i t i o n s  (open symbols) o r  I P R  condi-  

t i o n s  ( c l o s e d  symbols) .  A l i q u o t s  were p l a t e d  on Bc 

(o--o, e--e), on Bc which was i n c u b a t e d  under  Bc + 15 ug/  

ml A 0  p l a t e s  ( i . e .  A 0  f i l t e r s )  (G -1-1, L?EEO- m), and 

on Bc + 1 5  pg/ml A 0  (A--A, A-A). 





50% r e d ~ c t i o n  i n  s u r v i v a l  o v e r  organisms exposed t o  A0 o n l y  a s  a  f i l t e r .  

I t  i s  p o s s i b l e  t h a t  t h i s  d i f f e r e n c e  was due  t o  a  c o n c e n t r a t i n g  of 

t h e  d r u g  i n  t h e  c e l l s ;  t h o s e  c e l l s  c o n t a i n i n g  t h e  d r u g  t i o d d  t h e n  have  a  

g r e a t e r  c o n c e n t r a t i o n  of A0 t h a n  i n  t h e  s u r r o u n d i n g  a g a r ,  and would per-  

haps  b e  s c r e e n e d  n o r e  e f f e c t i v e l y  from PR l i g h t .  T h i s  t h e o r y  was t e s t e d  

by u s i n g  d i f f e r e n t  c o n c e n t r a t i o n s  of A0 (15 and 60 pg/ml) i n  p l a t e s  used 

a s  f i l t e r s .  The s u r v i v a l  r a t e  on p l a t e s  exposed t o  PR under  60 pg/ml 

A0 f i l t e r s  was i n t e r m e d i a t e  between t h a t  on p l a t e s  under  1 5  pg/ml f i l t e r s  

and t h a t  p l a t e d  i n  medium c o n t a i n i n g  1 5  pg/ml A0 ( F i g .  111-7).  

I f  t h e  r e d u c t i o n  of PR s u r v i v a l  by A0 was due t o  l i g h t  f i l t e r i n g ,  

t h e  e f f e c t  shou ld  be  overcome by t h e  u s e  of  g r e s t e r  i n t e n s i t i e s  of PR 

l i g h t  w i t h  t h e  same c o n c e n t r a t i o n  of AO. The exper iment  was done b o t h  

w i t h  A0 i n  c o n t a c t  w i t h  t h e  i r r a d i a t e d  c e l l s ,  and w i t h  A0 used o n l y  as a 

f i l t e r .  F i r s t ,  i n s t e a d  of i n c r e a s i n g  l i g h t  i n t e n s i t y ,  b o t h  A0 c o n c e n t r a -  

t i o n  and l i g h t  i n t e n s i t y  were  r e d u c e d ;  s h e e t s  of o p a l  p l e x i g l a s s  were 

used a s  n e u t r a l  d e n s i t y  f i l t e r s  t o  r e d u c e  PR l i g h t  i n t e n s i t y .  A s  shown 

i n  f i g u r e  111-8, b o t h  " c o n t a c t "  and " f i l t e r "  A0 had l e s s  e f f e c t  on PR 

s u r v i v a l  a t  h i g h e r  l i g h t  intensities; t h i s  r e d u c t i o n  i n  e f f e c t i v e n e s s  

appeared  t o  be  of t h e  same o r d e r  whe the r  A0 was used a s  a  f i l t e r  o r  was 

p l a c e d  i n  c o n t a c t  w i t h  t h e  o rgan i sms .  F u r t h e r  a t t e m p t s  a t  overcoming 

t h e  e f f e c t  of A0 on PK were made u s i n g  a  h i g h - i n t e n s i t y  D i c r o l i t e  lamp 

( i n t e n s i t y  a p p r o x i m a t e l y  4 t imes  t h a t  of t h e  Cool White f l u o r e s c e n t  

t u b e s ) .  The e f f e c t s  of A0 on PR s u r v i v a l  under  t h i s  lamp were  compared 

w i t h  t h e  e f f e c t s  under  Cool h%i te  f l u o r e s c e n t  t u b e s ,  a s  shown i n  T a b l e  

111-1. To h e l p  compensate f o r  t h e  a p p a r e n t  c o n c e n t r a t i n g  of A0 by t h e  



F i g u r e  111-7. E f f e c t s  of A0 on PR: c o n t a c t  w i t h  A 0  v s  l i g h t  f i l t e r i n g  - 

by two c o n c e n t r a t i o n s  of AO. UVL-irradiated c u l t u r e s  

were  p l a t e d  and p laced  under  PR c o n d i t i o n s .  P l a t i n g  

and i n c u b a t i o n  were  done a s  f o l l c w s :  e--a p l a t e d  on Bc, 

no f i l t e r ;  o--o p l a t e d  on Bc, i n c u b a t e d  under  1 5  yg/ml 

A0 f i l t e r ;  A-A p l a t e d  on Bc, i n c u b a t e d  under  60 yg/ml 

A0 f i l t e r ;  k - A  p l a t e d  on 15 pz/ml. AO,  no f i l t e r .  





F i g u r e  111-8. Overcoming PR l i g h t  f i l t e r i n g  e f f e c t  on A0  w i t h  i n c r e a s -  

i n g  l i g h t  i n t e n s i t y .  O r g a n i s m  were exposed t o  6000 e r g s  
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mm UVL,  p l a t e d ,  and p laced  under v a r i o u s  l i g h t  i n t e n -  

s i t i e s  (ach ieved  w i t h  t h e  u s e  of o p a l  p l e x i g l a s s )  f o r  

growth.  A l i q u o t s  were p l a t e d  on Bc (H), on Bc + 15 pg/  

m l  A0 (A-A), and on Bc i n c u b a t e d  under  1 0  pg/ml A 0  f i l -  

t e r s  (0--o). A l l  p o i n t s  i n  t h i s  f i g u r e  a r e  normal ized  

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

an  a v e r a g e  of two exper iments .  
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T a b l e  111-1. PR under  hi-gh l i g h t  i n t e n s i t y  ( D i c r o l i t e  lamp) and low l i g h t  

i n t e n s i t y  (Cool White f l u o r e s c e n t  l i g h t s ) ;  e f f e c t s  of A 0  i n  

p l a t i n g  medium o r  a s  a  PR l i g h t  f i l t e r .  A c u l t u r e  i r r a d i a t e d  
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w i t h  6 0 0 0 e r g s  mm UVL was p l a t e d  i n  t h e  d a r k .  P l a t e s  were 

t h e n  exposed t o  e i t h e r  D i c r o l i t e  (approx.  4 0 0 8 f t - c )  o r  Cool 

White f l u o r e s c e n t  (approx.  1000 f t - c )  l i g h t s  f o r  2 h r .  

Growth was completed under  s t a n d a r d  growth c o n d i t i o n s .  Bc 

p l a t e s  were  used a s  f i l t e r s  on a l l  t h o s e  p l a t e s  n o t  under  A 0  

f i l t e r s  i n  o r d e r  t o  e l i m i n a t e  d i f f e r e n c e s  i n  PR l i g h t  i n -  

t e n s i t y  r e e c h i n g  t h e  o rgan i sms .  

% s u r v i v a l  under  
UVL d o s e  Cool White f l u o -  % s u r v i v a l  under 

( e r g s  nunw2) P l a t e  t y p e  r e s c e n t  l i g h t s  D i c r o l i t e  lamps 

6000 Bc + A0 f i l t e r  
(Bc + 60 ] ~ g / m l  AO) 1 . 3  



c e l l s ,  t h e  c o n c e n t r a t i o n  of A0 i n  t h e  f i l t e r  p l a t e s  was i n c r e a s e d  12- fo ld  

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

t h e  e f f e c t  of A 0  when used  a s  a  f i l t e r  was overcome t o  some e x t e n t ,  w h i l e  

no such  overcoming of i t s  e f f e c t  was no ted  w i t h  A0 i n  c o n t a c t  w i t h  t h e  

o rgan i sms .  D i r e c t  compar isons  of  s u r v i v a l  under  t h e  two l i g h t  i n t e n s i t i e s  

were  made d i f f i c u l t  t e c z u s e  of a p p a r e n t  photodynamic k i l l i n g  by t h e  A 0  

under  t h e  i n f l u e n c e  of t h e  h i g h e r  l i g h t  i n t e n s i t y .  

The phenomenon of t h e  decay o f  PR a b i l i t y  i s  c o m p l e t e l y  masked by 

t h e  p r e s e n c e  of A0 i n  t h e  p l a t i n g  medium, as i l l u s t r a t e d  i n  f i g u r e  111-3. 

PR i s  p r e v e n t e d ,  r e d u c i n g  a l l  s u r v i v a l  t o  t h e  NPR l e v e l .  

C .  E f f e c t s  of C a f f e i n e :  

C a f f e i n e  a l s o  h a s  been r e p o r t e d  t o  i n t e r f e r e  w i t h  d a r k  r e p a i r ,  b u t  

n o t ,  a p p a r e n t l y ,  i n  t h e  same manner a s  d o e s  a c r i f l a v i n e  ( C l e a v e r ,  1969) .  

I n  - E.  e l e g a n s ,  post-UVL s u r v i v a l  was somewhat reduced by t h e  p r e s e n c e  of 

c a f f e i n e  i n  t h e  p l a t i n g  medium, i n  b o t h  PR and NPR s i t u a t i o n s  ( F i g .  III- 

9 ) .  There  i s  a  s m a l l  b u t  r e p r o d u c i b l e  r e d u c t i o n  of NPR s u r v i v a l  a t  a l l  

d o s e  l e v e l s ;  PR s u r v i v a l  i s  reduced  o n l y  a t  h i g h e r  d o s e  l e v e l s  ( g r e a t e r  

t h a n  4000 e r g s  m c 2 ) .  The p o s s i b i l i t y  of a  f i l t e r  e f f e c t ,  a s  w i t h  AO,  

cou ld  be  d i s c o u n t e d  h e r e ,  a s  t h e  a b s o r p t i o n  spec t rum of c a f f e i n e  i s  i n  t h e  

UY r a n g e ,  peak ing  a t  270 t o  275 nm ( F i g .  111-10) ;  and t h e  s h o r t e s t  wave- 

l e n g t h  e m i t t e d  by  t h e  l i g h t s  used f o r  PR i s  a b o u t  300 nm. 

The decay  of  PR a b i l i t y  i s  a f f e c t e d  d i f f e r e n t l y  by c a f f e i n e  t h a n  

by A0 ( F i g .  111-3).  The decay  r a t e  on c a f f e i n e - c o n t a i n i n g  medium i s  i n -  

. + c r e a s e d  o v e r  t h a t  found on Bc; a l t h o u g h  t h e  s l o p e  changes  a t  abou t  24 t o  



F i g u r e  111-9. Post-UVL s u r v i v a l  i n  E .  e l e g a n s :  e f f e c t  of c a f f e i n e .  - 

UVL-ir radia ted  c u l t u r e s  were  p l a t e d  and p l a c e d  under  

e i t h e r  PR c o n d i t i o n s  (open symbols)  o r  NFR cond i . t j ens  

( c l o s e d  symbols) .  P l a t i n g  was done on Bc (m, G-Q) 

and on Bc + 2 x 10'~ M c a f f e i n e  (0--0, 0-0). - 
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F i g u r e  111-10. Absorp t ion  spec t rum of c a f f e i n e  (10 - M aqueous s o l u t i o n ) .  

Absorbance w a s  measured i n  a Eausch and Lomb Spectrophoto-  

m e t e r ,  u s i n g  a  1-cm p a t h  l e n g t h .  



ABSORBANCE 



t o  30 h o u r s ,  a s  w i t h  Bc, t h e  f i n a l  s u r v i v a l  l e v e l  i s  reduced  t o  l e s s  t h a n  

50% of t h a t  f o u n d o n  Bc p l a t e s .  

D. E f f e c t  of o t h e r  d r u g s  on UVL s e n s i t i v i t y :  

Another  d r u g  used i n  a n  a t t e m p t  t o  a f f e c t  r e p a i r  p r o c e s s e s  i n  E .  - 
-7 

e l e g a n s  was i o d o a c e t a t e  (5  x  1 0  - M, i n c o r p o r a t e d  i n  t h e  p l a t i n g  medium); 

i t  h a s  been  r e p o r t e d  t o  i n t e r f e r e  w i t h  d a r k  r e p a i r  ( E l d e r  and B e e r s ,  1965) .  

However, i t s  p r e s e n c e ,  a t  t h e  h i g h e s t  c o n c e n t r a t i o n  n o t  a f f e c t i n g  t h e  

number of i n p u t  c f u ,  had no e f f e c t  on e i t h e r  PR o r  NPR s u r v i v a l .  De- 

- 5  oxyadenos ine  (5  x 1 0  M) was a l s o  u s e d ,  i n  t h e  same way, a s  i t  i s  a - 

n u c l e i c  a c i d  s y n t h e s i s  i n h i b i t o r  (Klenow, 1 9 6 2 ) ;  t h u s  i t  was p o s s i b l e  t h a t  

i t  c o u l d  i n t e r f e r e  w i t h  r e p a i r  r e p l i c a t i o n .  I t  had no d i s c e r n i b l e  e f f e c t  

on post-UVL NPR s u r v i v a l  i n  - E.  e l e g a n s ;  however,  i t  s l i g h t l y  reduced  
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s u r v i v a l  under  PR c o n d i t o n s  ( a t  LVL d o s e s  g r e a t e r  t h a n  4000 e r g s  rnm ) 

when c u l t u r e s  were  d r u g - t r e a t e d  p r i o r  t o  UVL f o r  a t  l e a s t  24 hours .  

E .  UVL and t h e  Biology of - E .  e l e g a n s :  

Work p r e s e n t e d  i n  t h i s  s t u d y  was done w i t h  c u l t u r e s  i n  l a t e  l o g a r i -  

thmic  p h a s e ,  growing i n  e n r i c h e d  medium (Bc) a t  3 2 ' ~ ;  post-UVL s u r v i v o r -  

s h i p  l e v e l s  a r e  t a k e n  from c u l t u r e s  grown under  t h e s e  c o n d i t i o n s .  Work 

by Wentworth (1970) and by Kemp and Wectworth (1971) h a s  shown t h a t  p o s t -  

UVL s u r v i v a l  i n  - E. e l e g a n s  i s  reduced by s l i g h t l y  l e s s  o p t i m a l  c o n d i t i o n s  

( i . e .  c o n d i t i o ~ s  p roduc ing  s lower  g r o w t h ) ,  such  a s  lower  p r e -  and p o s t -  

i r r a d i a t i o n  t e m p e r a t u r e s ,  minimal growth medium, o r  " s t a r v a t i o n 1 '  i n  phos- 

p h a t e  b u f f e r  p r i o r  t o  UVL i r r a d i a t i o n .  



We have a l s o  found a  change i n  a p p a r e n t  UC7L s e n s i t i v i t y  w i t h  t h e  

t ime  of day - t h a t  i s ,  w i t h  t h e  s t a g e  i n  t h e  l i f e  c y c l e  of t h e  organism. 

A s  p r e v i o u s l y  d e s c r i b e d ,  each c e l l  i n  a  1 6 - c e l l e d  coenobium d i v i d e s  u n t i l  

i t  i s  1 6 - c e l l e d ;  t h e n  t h i s  mulber ry  coenobium b r e a k s  down t o  form 16 new 

coenobia .  T h i s  breakdown s t a g e  a p p e a r s  t o  occur  a t  noon o r  i n  t h e  e a r l y  

a f t e r n o o n  - about  6  t o  8 h o u r s  a f t e r  t h e  s t a r t  of t h e  d a i l y  16-hour 

l i g h t  p e r i o d .  I n  t h e  morning,  a s  might b e  e x p e c t e d ,  - E .  e l e g a n s  was some- 

what l e s s  s e n s i t i v e  t o  UVL t h a n  i n  t h e  a f t e r n o o n  a s  a  r e s u l t  of t h e  

p r e s e n c e  of many mulber ry  coenobia  i n  t h e  c u l t u r e .  These  coenobia  may 

themse lves  have been more UVL-resistant  because  of t h e  e x t r a  c e l l s  t o  

c o n t r i b u t e  t o  s u r v i v a l  of t h e  coenobium a s  a  whole. They a l s o  p rov ided  

h i g h e r  a p p a r e n t  s u r v i v a l  i n  t h e  c u l t u r e ,  a s  t h e  UVL t r e a t m e n t  seemed t o  

induce  p remature  breakdown, t h u s  p roduc ing  a  h i g h e r  c f u  coun t  i n  t h e  

i r r a d i a t e d  samples ( a t  low d o s e s ,  t h e  c f u  l e v e l  was s o m e t l ~ e s  h i g h e r  t h a n  

t h a t  of t h e  u n i r r a d i a t e d  c o n t r o l ) .  However, t h e  i n c r e a s e  i n  s u r v i v a l  due 

t o  a c e r t a i n  l e v e l  of mulberry  coenobia  h a s  n o t  been  q u a n t i t a t i v e l y  pre-  

d i c t a b l e ;  l i t t l e  s u c c e s s  h a s  been ach ieved  i n  a t t e m p t i n g  t o  e q u a t e  a  

c e r t a i n  l e v e l  of mulber ry  coenobia  i n  a  c u l t u r e  (by microscope c o u n t s )  

w i t h  a  l e v e l  of s u r v i v a l .  

Although i t  seems l i k e l y  t h a t  a h i g h  number of c e l l s  i n  a  coenobium 

would r e s u l t  i n  a  g r e a t e r  r e s i s t c n c e  t o  UVL, i t  i s  n o t  known j u s t  what 

t h e  r e l a t i o n s h i p  i s  between t h e  number of c e l l s  and s u r v i v a l .  I n  a  16- 

c e l l e d  organism,  how many of t h e  c e l l s  must be  i n a c t i v a t e d  by t h e  UVL t o  

e l i m i n a t e  t h e  coenobium a s  a  colony forming u n i t ?  I n  an a t t e m p t  t o  answer 

t h i s  q u e s t i o n ,  c u l t u r e s  were c loned  b o t h  b e f o r e  and a f t e r  UVL t r e a t m e n t .  



I n  t h i s  way counts  could be taken of t h e  number of coenobia which emerged 

from non- i r rad ia ted  and from i r r a d i z t e d  coenobia. These experiments ,  how- 

e v e r ,  were unsucces s fu l  due t o  t h e  extreme v a r i a b i l i t y  of t h e  r e s u l t s .  

DISCUSSION - UVL 

A. E f f e c t  of L igh t ing  Condit ions:  

The very  sma l l  "shoulder" r eg ion  on t h e  NPR post-UVL s u r v i v a l  

curve  (Fig.  111-1) sugges t s  a  r e l a t i v e l y  i n e f f i c i e n t  da rk  r e p a i r  mechanism 

i n  - E. e l egans  (Davies,  1966, 1967; Kemp and Wentworth, 1971).  The shoulder  

r eg ion  i n  t h e  NPR s u r v i v a l  curve r epo r t ed  h e r e  i s  somewhat sma l l e r  than  

t h a t  r epo r t ed  by Wentworth (1970). There are two p o s s i b l e  reasons  f o r  

t h i s  d i f f e r e n c e :  f i r s t ,  t h e  da rk  i ncuba t ion  t i m e  used by Wentworth f o r  

NPR cond i t i ons  was 24 hours  r a t h e r  t han  t h e  48 used i n  t h i s  s tudy ,  s o  

t h a t  some PR may have occur red ,  r a i s i n g  h i s  observed s u r v i v a l  l e v e l s ;  

second, h i s  media and growth c o n d i t i o n s  were s l i g h t l y  d i f f e r e n t  from 

those  used h e r e ,  s o  t h a t  t h e  cond i t i on  of h i s  c u l t u r e s  i n  terms of meta- 

b o l i c  a c t i v i t y  and growth s t a g e  were probably q u i t e  d i f f e r e n t .  Kemp and 

Wentworth (1971) r epo r t ed  t h e  presence of a  shoulder  r eg ion  more compar- 

a b l e  t o  t h a t  shown h e r e ;  i n  t h i s  ca se ,  c u l t u r e  c o n d i t i o n s  were very  

s i m i l a r  t o  t hose  r epo r t ed  h e r e ,  except  t h a t  t h e i r  c u l t u r e s  were harves ted  

a t  a  s l i g h t l y  e a r l i e r  s t a g e  of growth. 

C 
It should be mentioned h e r e  t h a t  t h e r e  may be  another  r e a s o q n o t  

r e l a t e d  t o  a  r e p a i r  mechanism, f o r  t h e  observed "shoulder" i n  t h e  NPR 

s u r v i v a l  curve.  A s  a l r eady  noted,  breakdown of m u l t i p l e  coenobia may 



be  induced by WL i r r a d i a t i o n .  And, a l t h o u g h  t h e  number of m u l t i p l e  

coenobia  i n  e x p e r i m e n t a l  c u l t u r e s  was v e r y  low, i t  was a t  t imes  a s  h i g h  

as 5 p e r c e n t  of t h e  t o t a l  c o e n o b i a l  p o p u l a t i o n .  The breakdown of one o r  

two of t h e s e  p e r  100 coenobia ,  a t  low d o s e s  of UVL,  would b e  s u f f i c i e n t  

t o  c a u s e  a  s m a l l  s h o u l d e r  on t h e  UVL s u r v i v a l  c u r v e .  

E .  e l e g a n s  p o s s e s s e s  a v e r y  e f f i c i e n t  PR mechanism, a s  evidenced - 

by t h e  f a c t  t h a t  100% r e c o v e r y  can b e  o b t a i n e d  w i t h  WL d c s e  l e v e l s  a s  
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h i g h  a s  6000 o r  7000 e r g s  mm . The d o s e  modifying f a c t o r  of 0 .2  i s  

computed a t  t h e  10% s u r v i v a l  l e v e l ,  a s  i t  is  n o t  c o n s t a n t  over  t h e  whole 

i n a c t i v a t i o n  r a n g e ;  i f  i t  were c o n s t a n t ,  t h e  PR and NPR i n a c t i v a t i o n  

c u r v e s  would e x t r a p c l a t e  t o  t h e  same p o i n t  on t h e  o r d i n a t e  ( J a g g e r ,  1958) 

Cons tan t  d o s e  modifying f a c t o r s ,  though,  seem t o  be  t h e  e x c e p t i o n  r a t h e r  

t h a n  t h e  r u l e  ( J a g g e r ,  1958) ;  t h i s  s u g g e s t s ,  a s  might  be  e x p e c t e d ,  a  

change of c o n d i t i o n s  w i t h i n  t h e  c e l l  w i t h  i n c r e a s i n g  UVL dose .  There  

presumably comes a  d o s e  l e v e l  of UVL i r r a d i a t i o n  where t h e  r a t e  of PR i s  

governed n o t  p r i m a r i l y  by t h e  amount of l i g h t ,  b u t  by t h e  l i m i t i n g  num- 

b e r  of PR enzyme rr.olecules. Thus a  change o c c u r s  i n  t h e  f a c t o r s  invo lved  

i n  PR r a t e  d e t e r m i n a t i o n ,  and a  r e s u l t i n g  change i n  t h e  dm•’ i s  observed .  

Complete r e c i p r o c i t y  of t ime  and l i g h t  i n t e n s i t y  was n o t  found i n  

t h e  PR r e s p o n s e ,  a l t h o u g h  i t  i s  e v i d e n t  from f i g u r e  1 1 1 - 2  t h a t  PR i s  

dependent  upon b o t h  of t h e s e  p a r a m e t e r s .  However, a l l o w i n g  f o r  t h e  + l o %  

p l a t i n g  e r r o r  and r e a l i z i n g  t h a t  t h e  s u r v i v a l  c u r v e  s l o p e s  change a s  

maximum PR i s  approached, f a i r l y  c l o s e  r e c i p r o c i t y  can b e  c a l c u l a t e d .  

It  i s  e v i d e n t  from t h e  f i n a l  s u r v i v a l  of t h e  l o w e s t - i n t e n s i t y  c u r v e  t h a t ,  

a t  t h i s  l i g h t  i n t e n s i t y ,  t h e r e  i s  n o t  s u f f i c i e n t  t ime f o r  maximum PR t o  



occur be fo re  any remaining damage is "fixed" and can  no longer  be photo- 

r e a c t i v a t e d .  Presumably t h i s  f i x a t i o n  may be  due t o  t h e  occurrence of DNA 

syn thes i s .  From t h e  curves  shown i n  f i g u r e  111-2, i t  appears  t h a t  such 

f i x a t i o n  i s  i n i t i a t e d  w i t h i n  2 t o  3 hours  fo l lowing  U-VL i r r a d i a t i o n .  This  

may be  an i n d i c a t i o n  t h a t  incubat ion  of UVL i r r a d i a t e d  coenobia i n  v i s i b l e  

l i g h t  sho r t ens  t h e  UVL-induced l a g  from t h a t  found dur ing  incubat ion  i n  t h e  

dark  (Fig.  111-3). Under dark  post-WL incubat ion  c o n d i t i o c s ,  PR a b i l i t y  

does n o t  completely decay u n t i l  about 30 hours a f t e r  i r r a d i a t i o n ;  thus  t h e  

post-UVL growth l a g  appears  t o  be much longer  under dark  condi t ions .  Growth 

and metabolism a r e  s lower i n  i n i t i a t i o n  and execut ion  under t h e s e  cond i t i ons  

- n a t u r a l l y  enough, as - E.  e legans  i s  a  photosynthe t ic  organism, and wh i l e  

photosynthes is  i s  n o t  r equ i r ed  f o r  growth on enriched medium, t h e  presence 

of l i g h t  under s t anda rd  growth cond i t i ons  presented  h e r e  induces growth 

about 113 more r a p i d  than  t h a t  i n  t h e  dark. 

B. E f f e c t s  of Acr id ine  Orange: 

The l a c k  of e f f e c t  of A0 on NPR s u r v i v a l  i n  - E.  e legans  i s  good evi-  

dence t h a t  t h i s  organism possesses  no NPR e x c i s i o n  r e p a i r .  This  i s  con- 

s i s t e n t  wi th  t h e  r e s u l t s  of o t h e r  work done wi th  t h i s  organism, such a s  

t h e  f i n d i n g  of a  l a c k  of l i q u i d  hold ing  recovery (Kemp and Wentworth, 1971).  

The smal l  shoulder  i n  t h e  NPR s u r v i v a l  curve i n d i c a t e s  t h a t  t h e r e  i s  a  

small  amount yf r e p a i r  t ak ing  p l ace  i n  t he  dark  by means of some mechanism 

no t  a f f e c t e d  by AO. A c r i f l a v i n e  (which g ives  t h e  same r e s u l t s  i n  our sys- 

t e m  a s  does AO) has been found t o  i n t e r f e r e  i n  s e v e r a l  systems wi th  the  

c l a s s i c a l  dark r e p a i r  (Witkins,  1961; Davies ,  1966; Singh, 1968; Cleaver ,  1969).  



Its  mode of a c t i o n  h a s  been s p e c i f i c a l l y  l i nked  w i t h  t h e  e x c i s i o n  of pyrim- 

i d i n e  dimers (Setlow, 1966 b ) .  It h a s  never been r epo r t ed  t o  i n t e r f e r e  

w i t h  PR (probably because of i t s  l i g h t  abso rp t ion  q u a l i t i e s ) ;  from t h i s ,  

and from knowledge of t h e  mechanism of PR (Jagger ,  1958) and of t h e  DNA- 

a c r i d i n e  complex (Lerman, 1961, 1963),  i t  i s  p o s s i b l e  t h a t  A 0  has  no e f -  

f e c t  upon t h e  monomerization of pyrimidine dimers by l i g h t .  \ f i a t ,  t hen ,  

is t h e  mechanism of a c t i o n  of A0 on PR i n  E. e legans?  - 

A p o s s i b l e  mechanism i s  one t h a t  does n o t  chemical ly  a f f e c t  t h e  PR 

process  b u t  a c t s  by simply absorbing t h e  wavelengths of l i g h t  r equ i r ed  

f o r  PR. The major wavelengths r equ i r ed  f o r  PR i n  - E.  e legans  a r e  n o t  y e t  

known; however, a c t i o n  s p e c t r a  f o r  p u r i f i e d  PR enzyme from o t h e r  p l a n t  

systems show peaks a t  4047 A f o r  bean s p r o u t s  ( S a i t o  and Werbin, 1969) 

and 4358 A f o r  Anacys t i s  n idu lans  ( S a i t o  and Verbin,  1970). -- I n  v ivo  PR 

a c t i o n  s p e c t r a  f o r  o t h e r  systems r ange  from j u s t  over  300 nm t o  about  

480 nm ( Jagge r ,  1958; Jagger  e t  a l . ,  1970). Any i r r a d i a t i o n  of wave- 

l eng th  s h o r t e r  than  300 nm tends  t o  i n a c t i v a t e  t h e  organism, and no PR 

a b i l i t y  has  been found f o r  wavelengths g r e a t e r  than  500 nm (poss ib ly  

l i g h t  a t  t h e s e  longer  wavelengths i s  no t  absorbed by any PR enzyme). 

S ince  from f i g u r e  111-5, t h e  main l i g h t  abso rp t ion  e f f e c t  of A 0  appears  

t o  be t h e  removal of t h e  peak a t  450 t o  460 nm (a  f i nd ing  c o n s i s t e n t  w i th  

work done by Zanker, 1952, i n  which he showed an  abso rp t ion  peak of 455 

nm a t  t h e  corfcentrat ion used i n  t h e s e  exper iments ) ,  perhaps t h i s  is  a 

c r i t i c a l  wavelength f o r  PR i n  - E.  e l egans ;  i t  i s  c e r t a i n l y  w i t h i n  t h e  

range suggested by r e p o r t s  of PR i n  o t h e r  systems. The amount of t o t a l  

i n t e n s i t y  r e d u c t i o n  by t h e  presence of A0 is  n o t  i n  i t s e l f  s u f f i c i e n t  t o  



r e d u c e  PR s u r v i v a l  ( s e e  Appendix 1 1 ;  c f .  F i g .  111-2).  

However, a s  o u t l i n e d  i n  R e s u l t s  - UVL, i t  a p p e a r s  t h a t  A 0  may i n t e r -  

f e r e  w i t h  PR n e i t h e r  s o l e l y  by l i g h t  a b s o r p t i o n  n o r  by chemica l  i n t e r -  

f e r e n c e ,  b u t  by a  combinat ion of t h e  two working s i m u l t a n e o u s l y .  L i g h t  

a b s o r p t i o n  (an  A0 p l a t e  used a s  a  l i g h t  f i l t e r )  a l o n e ,  even a t  h i g h  con- 

c e n t r a t i o n s  of A 0  ( F i g .  111-7) ,  d i d  n o t  r e d u c e  PR t o  t h e  l e v e l  r eached  

when c e l l s  i n  c o n t a c t  w i t h  A0 ( a t  a  much lower c o n c e n t r a t i o n )  a r e  exposed 

t o  P R l i g h t .  At tempts  t o  overcome t h e  f i l t e r  e f f e c t  by means of i n c r e a s i n g  

l i g h t  i n t e n s i t y  showed, however, t h a t  b o t h  "conta i  t" and " f i l t e r "  reduc- 

t i o n s  of PR were  cvercome t o  approx imate ly  t h e  same e x t e n t ,  s u g g e s t i n g  

t h a t  t h e  e f f e c t  of A 0  on PR s u r v i v a l  i s  due mainly  t o  l i g h t  f i l t r a t i o n  by 

t h e  A0 ( F i g .  111-8).  However, when l i g h t  i n t e n s i t y  was i n c r e a s e d  f u r t h e r  

w i t h  t h e  u s e  of a h i g h - i n t e n s i t y  D i c r o l i t e  lamp, the i n f l u e n c e  of t h e  A0 

f i l t e r  was overcome t o  some e x t e n t  by t h e  h i g h e r  i n t e n s i t y ,  w h i l e  A0 i n  

c o n t a c t  w i t h  t h e  organisms ( a t  1 /12  t h e  c o n c e n t r a t i o n  of t h e  f i l t e r )  main- 

t a i n e d  i t s  e f f e c t  a t  b o t h  i n t e n s i t i e s .  Thus i f  t h i s  e f f e c t  of A 0  on PR 

i s  due  t o  s e l e c t i v e  c o n c e n t r a t i o n  of A0 i n  t h e  c e l l s ,  w i t h  subsequen t  ab- 

s o r p t i o n  of PR l i g h t  wave leng ths ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  from w i t h i n  

t h e  c e l l  t o  t h e  s u r r o u n d i n g  medium must be  g r e a t e r  t h a n  12- fo ld .  Again ,  

t h i s  s u g g e s t s  t h e  p o s s i b i l i t y  of a  chemica l  e f f e c t  of t h e  A 0  i n  i n t e r f e r -  

i n g  w i t h  PR. The photodynamic k i l l i n g  a c t i o n  of A 0  under h i g h  l i g h t  i n -  

t e n s i t y  makes t h e  e x a c t  numbers o b t a i n e d  s l i g h t l y  u n c e r t a i n ;  however, s i n c e  

t h i s  e f f e c t  a p p e a r s  t o  be approx imate ly  t h e  same on b o t h  i r r a d i a t e d  and 

u n i r r a d i a t e d  c u l t u r e s  (Table  1 1 1 - l ) ,  t h e  c o n c l u s i o n s  drawn above a r e  n o t  

i n v a l i d a t e d .  



The e l i m i n a t i o n  of PR and thus  t h e  masking of i t s  decay by A 0  (Fig. 

111-3) i s  c o n s i s t e n t  w i t h  e f f e c t s  on PR and NPR s u r v i v a l  found f o r  A 0  

(Fig. 111-4). PR is  completely prevented,  and no e f f e c t  on NPR s u r v i v a l  

is  demonstrated. Th i s  i s  f u r t h e r  suppor t ing  evidence f o r  t h e  l a c k  of NPR 

exc i s ion  r e p a i r  i n  - E. e legans ,  b u t  does not  a i d  i n  so lv ing  t h e  problem of 

t h e  mechanism of A 0  a c t i o n  on PR. 

A l l  evidence so  f a r  sugges ts  s t r o n g l y  t h a t  t h e  e f f e c t  of A0 on PR 

s u r v i v a l  is  due t o  l i g h t  abso rp t ion ,  bu t  t h e  p o s s i b l i t y  of chemical i n t e r -  

f e r ence  s t i l l  cannot b e c o m p l e t e l y r u l e d  ou t .  It has  no t  y e t  been d e t e r -  

mined what type  of chemical i n t e r f e r e n c e  might be  involved;  t h i s  could b c  

an a r e a  f o r  f u r t h e r  research .  

C.  E f f e c t s  of Caf fe ine :  

Ca f fe ine  reduces s u r v i v a l  of i r r a d i a t e d  - E. e legans  under both  NPR 

and PR cond i t i ons .  Reduction occurs  a t  a l l  dose l e v e l s  under NPR condi- 

t i o n s ,  and only a t  h ighe r  doses under PR cond i t i ons .  I n  o t h e r  systems, 

c a f f e i n e  has been r epor t ed  t o  i n t e r f e r e  w i th  da rk  r e p a i r  mechanism, bo th  

exc i s ion  r e p a i r  (Witkin, 1961; Harm, 1967; Rauth, 1967; Cleaver  and 

Thomas, 1969),  and another  type  of da rk  r e p a i r  not  involv ing  t h e  exc i s ion  

of pyrimidine d i n e r s  (pos tu l a t ed  f o r  mouse L c e l l s  by Cleaver ,  1969).  

There has  a l s o  been a r e p o r t  of i n t e r f e r e n c e  wi th  PR i n  E. c o l i  by caf -  

f e i n e  (Harm, 1970, 1971). 
C 

A p o s s i b l e  explana t ion  f o r  t h e  e f f e c t s  of c a f f e i n e  on PR i n  - E.  

elegans i s  a  change i n  t h e  major c l a s s  of UVL-induced DNA l e s i o n s  a t  high- 

e r  WL doses ,  r e q u i r i n g  another ,  more c a f f e i n e - s e n s i t i v e  r e p a i r  mechanism. 



As mentioned p r e v i o u s l y ,  t h e  main s o u r c e  of t h e  b i o l o g i c a l  e f f e c t s  of WL 

i r r a d i a t i o n  a p p e a r s  t o  be  pyr imid ine  d imers ;  t h e s e  l e s i o n s  have been shown 

t o  b e  e l i m i n a t e d  by PR (Set low,  1966 a),dark r e p a i r  (Set low and Carrier, 

1964) ,  snd  by shor t -wavelength  r e v e r s a l  (Set low and Set low,  1962) .  The 

p o s s i b i l i t i c s  f o r  a n o t h e r  c l a s s  of r e p a i r a b l e  l e s i o n s  a r e  somewhat specu- 

l a t i v e ,  as WL i r r a d i a t i o n  c a u s e s  a  f a i r l y  wide r a n g e  of molecu la r  changes  

i n  DNA ( J a g g e r ,  1958; Set low,  1966b),and n o t  a l l  of t h e  b i o l o g i c a l  e f f e c t s  

of t h e s e  a r e  known. The two most l i k e l y  p o s s i b l i t i e s  a r e :  guanine- 

c y t o s i n e  d i m e r s ,  which,  though no thymine i s  p r e s e n t ,  are found t o  b e  

p h o t o r e a c t i v a b l e  (Ruper t ,  1964) ;  and h y d r a t e s  of c y t o s i n e  and u r a c i l ,  

which,  a c c o r d i n g  t o  Ono, Wilson and Grossman (1965),  c a u s e  DNA cod ing  

changes .  These  h y d r a t e s  a r e  h e a t - r e v e r s i b l e ,  b u t  s o  f a r  have n o t  been 

shown t o  b e  a f f e c t e d  by a n  enzymatic r e p a i r  sys tem (Set low,  1966 b ) .  

Another ,  p e r h a p s  more p l a u s i b l e ,  e x p l a n a t i o n  f o r  t h e  e f f e c t  of 

c a f f e i n e  on t h e  s u r v i v a l  l e v e l s  of - E.  e l e g a n s  f o l l o w i n g  WL i r r a d i a t i o n  

is  t h a t  c a f f e i n e  i n t e r f e r e s  w i t h  some r e p a i r - l i k e  p r o c e s s  d u r i n g  r e g u l a r  

DNA s y n t h e s i s  (S - p h a s e ) ,  such a s  t h e  by-pass ing of d imers  sugges ted  by 

C l e a v e r  (1969) .  Thus c a n  t h e  s m a l l  c o n s i s t e n t  r e d u c t i o n  of NPR s u r v i v a l  

by c a f f e i n e  b e  e x p l a i n e d .  T h i s  h y p o t h e s i s  a l s o  e x p l a i n s  t h e  s h o u l d e r  

r e g i o n  i n  t h e  NPR s u r v i v a l  curve ,  and t h e  l a c k  of e f f e c t  by A0 on t h i s  

s u r v i v a l .  The e f f e c t  on PR can a l s o  b e  accounted f o r  i f  i t  is  assumed 

C 
t h a t  t h e  c e l l ' s  PR mechanism is r a p i d  enough t h a t  few UVL-induced l e s i o n s  

remain i n  t h e  DNA a t  t h e  t ime  of t h e  n e x t  - S phase ,  u n t i l  f a i r l y  h i g h  d o s e s  

of UVL a r e  used ( s i n c e  a d e f i n i t e  t ime  i n t e r v a l  i s  r e q u i r e d  f o r  t h e  PR of 

each  l e s i o n ;  Harm, 1970).  At: some p o i n t  t h e  PR mechanism would n o t  b e  



a b l e  t o  r e p a i r  a l l  r e p a i r a b l e  l e s i o n s  b e f o r e  - S phase  began;  t h e  number of 

l e s i o n s  remain ing  a t  t h e  b e g i n n i n g  of s y n t h e s i s  would i n c r e a s e  from t h i s  

p o i n t  w i t h  i n c r e a s i n g  UVL dosage .  I f  t h e  c e l l  p o s s e s s e d  a c a f f e i n e -  

s e n s i t i v e  mechanism f o r  by-pass ing p y r i m i d i n e  d i m e r s  d u r i n g  DNA s y n t h e s i s ,  

r e s u l t s  s i m i l a r  t o  t h o s e  shown i n  f i g u r e  111-10 would b e  e x p e c t e d .  It i s  

assumed t h a t  a  c e r t a i n  p r o p o r t i o n  of p y r i m i d i n e  d imers  a n d / o r  o t h e r  l e s i o n s  

remain ing  i n  t h e  DNA d u r i n g  - S phase  would c a u s e  e r r o r s  i n  r e p l i c a t i o n ,  and 

t h u s  r e s u l t  i n  m u t a t i o n  a n d / o r  l e t h a l i t y .  

A p o s s i b l e  mechanism f o r  t h e  by-pass ing o f  p y r i m i d i n e  d imers  i s  sug- 

g e s t e d  by t h e  r e s u l t s  of Rupp and Howard-Flanders (1968) .  Using a n  - E .  

c o l i  mutan t  d e f e c t i v e  i n  e x c i s i o n  r e p a i r ,  t h e y  found e v i d e n c e  t h a t  when 

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

i n  t h e  d a u g h t e r  DNA s t r a n d .  S y n t h e s i s  c o n t i n u e s  on t h e  o t h e r  s i d e  of t h e  

l e s i o n ;  t h e  gaps  l e f t  a r e  l a t e r  e i t h e r  f i l l e d  o r  e l i m i n a t e d ,  s i n c e  v i a b l e  

d a u g h t e r  c e l l s  a r e  produced.  They s u g g e s t  t h a t  r a t h e r  t h a n  t h e  gaps 

b e i n g  f i l l e d  w i t h  random n u c l e o t i d e s  ( w h i c h , a c c o r d i n g  t o  them, would l e a d  

t o  h i g h  r a t e s  of m u t a t i o n  and l e t h a l i t y ) ,  t h e y  a r e  e l i m i n a t e d  by a  pro- 

c e s s  of r e c o m b i n a t i o n ,  l e a v i n g  a t  l e a s t  one  d a u g h t e r  s t r a n d  w i t h  t h e  f u l l  

complement of  g e n e t i c  i n f o r m a t i o n .  C a f f e i n e  would be v e r y  l i k e l y  t o  

i n t e r f e r e  w i t h  t h i s  t y p e  of " recombina t ion  r e p a i r " ,  a s  t h e r e  i s  e v i d e n c e  

t h a t  c a f f e i n e  i n t e r f e r e s  w i t h  t h e  enzymat ic  l i n k i n g  of two segments  of DKA 

( C l e a v e r ,  1 9 6 9 ) .  

The r e d u c t i o n  i n  post-UVL s u r v i v a l  b y  c a f f e i n e  o v e r  t h e  whcle  PR 

decay  c u r v e  (Fig. 111-3) i s  presumably due  mai-nly t o  an  i n t e r f e r e n c e  w i t h  



NPR s u r v i v a l ,  a s  s u g g e s t e d  by t h e  low f i n a l  s u r v i v a l  i n  t h e  p r e s e n c e  of 

c a f f e i n e .  The mechanism f o r  t h i s  i n t e r f e r e n c e  h a s  been d i s c u s s e d  above.  

PR s u r v i v a l  would n o t  be  a f f e c t e d  s i g n i f i c a n t l y  under  c o n d i t i o n s  i l l u s -  

- 2 t r a t e d  by f i g u r e  111-3 (UVL d o s e  = 3000 e r g s  n m  ) ,  f o r  i t  h a s  been shown 

( F i g .  111-10) t h a t  c a f f e i n e  h a s  no a p p a r e n t  e f f e c t  on PR s u r v i v a l  u n t i l  

- 2 
UVL d o s e s  g r e a t e r  t h a n  4000 e r g s  nm a r e  used .  T h i s  r e s u l t ,  t h e n ,  i s  

c o n s i s t e n t  w i t h  t h e  e f f e c t s  of c a f f e i n e  on post-UlC s u r v i v a l  a s  shown bv 

o t h e r  e x p e r i m e n t s .  

The p o s s i b i l i t y  must b e  b o r n e  i n  mind when c o n s i d e r i n g  t h e  e f f e c t s  

of t h e s e  d r u g s  on post-UVL s u r v i v a l ,  t h a t  t h e y  may s imply  b e  c a u s i n g  

f u r t h e r  damage t o  t h e  DNA. They do n o t  r e d u c e  t h e  nunber  of c f u  i n  a n u n -  

i r r a d i a t e d  c u l t u r e ,  b u t  pe rhaps  UVL-induced danage makes t h e  DKA more 

s u s c e p t i b l e  t o  damage by o t h e r  a g e n t s  - i n  o t h e r  words ,  a  synerg i sm o c c u r s  

between t h e  e f f e c t s  of t h e  UVL and of  t h e  d r u g .  However, t h i s  c a n n o t  b e  

de te rmined  a t  p r e s e n t ;  and t h e  more l i k e l y  i n t e r p r e t a t i o n  i s  p robab ly  t h a t  

which i s  more c o n s i s t e n t  w i t h  t h e  l i t e r a t u r e ,  and which a t t r i b u t e s  s u r -  

v i v a l  r e d u c t i o n  by  A0 and c a f f e i n e  t o  i n t e r f e r e c c e  w i t h  DNA damage r e p a i r  

mechanisms. 

D .  E f f e c t s  of Other  Drugs on UVL S e n s i t i v i t y :  

The h y p o t h e s i s  of  a  l a c k  of e x c i s i o n  r e p a i r  i n  - E .  e l e g a n s  i s  f u r t h e r  

s u p p o r t e d  by t h e  r e s p o n s e  of t h e  i r r a d i a t e d  organism t o  i o d o a c e t a t e ,  de- 

oxyadenos ine ,  and mitornycin C .  Any o r  a l l  of t l iccc  ~ l i o u l d  reduce  t h e  

c e l l ' s  c a p a b i - l i t y  f o r  e x c i s i o n  r e p a i r ,  b u t  none had any e f f e c t  on NPR 

post-UVL s u r v i v a l .  The tendency f o r  mitomycin C t o  r e d u c e  PI? s u r v i - v a l  



a t  h i g h e r  d o s e  l e v e l s ,  g i v i n g  s i m i l a r  r e s u l t s  t o  t h o s e  found w i t h  p o s t -  

UVL t r e a t m e n t  w i t h  c a f f e i n e ,  s u g g e s t s  t h a t  t h e  e f f i c i e n c y  of t h e  c e l l  

metabol ism a s  a  whole  i s  reduced by t h i s  compound, and t h u s  t h e  a b i l i t y  

t o  s y n t h e s i z e  DKA p a s t  p y r i m i d i n e  d i n e r s  is reduced .  

E .  UVL and t h e  Biology of  - E .  e l e g a n s  

The g r e a t  v a r i e t y  of  l i f e  s t a g e s  i n  a  c u l t u r e  of  - E.  e l e g a n s  a t  any 

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

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

organism ( a l t h o u g h  Ken Lee ,  i n  o u r  l a b o r a t o r y ,  h a s  r e c e n t l y  been s u c c e s s -  

f u l  i n  p roduc ing  f a i r l y  we l l - synchron ized  c u l t u r e s ) .  There  i s  some f a c t o r  

( o r  f a c t o r s )  o t h e r  t h a n  c o e n o b i a l  s i z e  o r  l i f e  c y c l e  s t a g e  which i s  i n t r o -  

d u c i n g  v a r i a b i l i t y  i n t o  e x p e r i m e n t a l  r e s u l t s .  The r e l a t i o n s h i p  of UVL 

s e n s i t i v i t y  t o ,  s i m p l y ,  t h e  b i o l o g y  of t h e  o rgan i sm,  i s  s t i l l  l a r g e l y  a  

mys te ry .  We do n o t  know whether  changes  i n  UVL s e n s i t i v i t y  a r e  due  t o  

d i f f e r i n g  n m b e r s  of  c e l l s  p e r  coenobium, t o  p h a s e s  of c u l t u r e  growth,  

t o  t i m i n g  o f  t h e  1 i g h t : d a r k  c y c l e ,  t o  d i f f e r e n t  s t a g e s  i n  t h e  c e l l  c y c l e ,  

o r  t o  any o r  a l l  of t h e s e  p a r a m e t e r s .  There  i s  a l s o  much y e t  t o  s t u d y  o f  

i n t e r c e l l u l a r  i n t e r a c t i o n s  w i t h i n  each coenobium: How independen t  i s  each 

c e l l  from i t s  n e i g h b o u r s ?  Row many c e l l s  must b e  k i l l e d  by UVL t o  inac -  

t i v a t e  t h e  ccenob iun  a s  a  colony forming u n i t ?  Can each  coenobium b e  

c o n s i d e r e d  a  t r u e  n u l t i c e l l u l a r  organism? Methods used i n  t h i s  s t u d y  were  

n c ~ t  s u f f i c i e n t  t o  answer t h e s e  q u e s t i o n s ;  t h i s  i s  a n  a r e a  f o r  f u r t h e r  

r e s e a r c h .  



CHAPTER I V  - 

INTRODUCTION - DRUGS 

I f  - E .  e l e g a n s  can  r e p a i r  DNA damage induced by UVL, d o e s  i t  have t h e  

c a p a c i t y  t o  r e p a i r  l e s i o n s  induced by o t h e r  a g e n t s ?  O r ,  w i t h  t h e  u s e  of 

o t h e r  a g e n t s ,  c a n  UVL-induced l e s i o n s  b e  "mimicked", i n d u c i n g  r e p a i r  of 

t h e  damage by DNA r e p a i r  mechanisms? These  q u e s t i o n s  prompted t h e  u s e  of 

t h e  d r u g s  e t h y l  m e t h a n e s u l f o n a t e  (EMS) and 4 -n i t roqu ino l ine -1-ox ide  (NQ0)to  

i n a c t i v a t e  - E. e l e g a n s  and t o  i n d u c e  r e p a i r ,  h o p e f u l l y  t o  produce a  c l e a r e r  

p i c t u r e  c f  t h e  r e p a i r  mechanisms p r e s e n t  i n  t h e  organism.  

It h a s  been  found t h a t  t h e  l e s i o n s  induced i n  DNA by EMS ( a  mono- 

f u n c t i o n a l  a l k y l a t i n g  a g e n t )  a r e  r e p a i r a b l e  i n  E.  - -  c o l i  by some mechanism 

d i f f e r e n t  from t h a t  which r e p a i r s  UVL-induced DNA damage (Eohme and 

G e i s s l e r ,  1 9 6 8 ) .  Thus t h e  u s e  of  t h i s  d r u g  a s  a n  i n a c t i v a t i o n  a g e n t  may 

h e l p  t o  i n d i c a t e  t h e  s p e c i f i c i t y  of A 0  and c a f f e i n e ,  by comparing t h e i r  

e f f e c t s  on post-UVL and post-EPIS s u r v i v a l .  

The c a r c i n o g e n  NQO h a s  beer. focnd t o  complex w i t h  t h e  DNA molecu le  

(Malkin and Zaha l sky ,  1966;  Matsushima -- e t  a l . ,  1 9 6 7 ) ,  s u b s e q u e n t l y  c a w -  
I 
1 i n g  s i n g l e - s t r a n d  s c i s s i o n s , o r  "n icks"  i n  t h e  DNA (Sugimura e t  a l . ,  1968) .  -- 

S i n c e  t h e  f i r s t  s t e p  i n  NPR e x c i s i o n  r e p a i r  ( s e e  I n t r c d u c t i o n  - Genera l )  

i s  t h o u g h t  t o  b e  t h e  enzymat ic  removal of t h e  d i n e r ,  l e a v i n g  a  s i n g l e -  

s t r a n d  s c i s s i o n  t o  be  r e c c g n i z e d  by t h e  n e x t  enzyme i n  t h e  r e p a i r  sequence ,  

i t  was t h o u g h t  t h a t  NQO might mimic t h i s  f i r s t  s t e p  and i t s  damage b e  

r e p a i r e d  by t h e  e x c i s i o n  r e p a i r  mec11anisl;i. NQO h a s  been r e p o r t e d  t o  c a u s e  

unschedu led  DNA s y n t h e s i s  i n  mammalian c e l l s  ( S t i c h  and San,  1 9 7 0 ) ,  sug- 



g e s t i n g  t h a t  r e p a i r  of RQO-induced l e s i o n s  i s  p o s s i b l e .  The u s e  of t h i s  

d r u g ,  t h e n ,  was o r i g i n a l l y  i n t e n d e d  a s  a n o t h e r  means of c h a r a c t e r i z i n g  

t h e  r e p a i r  mechanisms i n  - E.  e l e g a n s .  The r e s p o n s e s  of E .  e l e g a n s  t o  b o t h  - 

of t h e s e  d r u g s ,  however ( p a r t i c u l a r l y  t o  NQO), became of  s u c h  i n t e r e s t  

t h a t  more t ime  was devo ted  t o  t h e n  t h a n  was s t r i c t l y  r e q u i r e d  f o r  a  com- 

p a r i s o n  w i t h  t h e  r e s p o n s e  t o  UVL. The r e s u l t s  r e p o r t e d  i n  t h i s  c h a p t e r  

shou ld  h e l p  t o  e l u c i d a t e  t h e  k i n d s  of r e s p o n s e s  of E. e l e g a n s  t o  v a r i o u s  - 

i n a c t i v a t i n g  a g e n t s  ( a s  a  means o f  compar ison w i t h  o t h e r  s y s t e m s ) ,  t h e  

v e r s a t i l i t y  of DNA r e p a i r  p r o c e s s e s  i n  - E. e l e g a n s ,  and t h e  s p e c i f i c i t y  of  

A 0  and c a f f e i n e  a s  i n h i b i t o r s  of DNA r e p a i r .  

MATERIALS AND IIETHODS - DRUGS 

C u l t u r e s  were h a r v e s t e d  i n  l a t e  l o g a r i t h m i c  phase ,  u s i n g  t h e  same 

methods a s  d e s c r i b e d  i n  M a t e r i a l s  and Methods - G e n e r a l .  The resuspended  

c u l t u r e  ( i n  p h o s p h a t e  b u f f e r )  was t r a n s f e r r e d  t o  a  s t e r i l e  25-ml Er len-  

meyer f l a s k ,  which,  i f  d a r k  t r e a t n e n t  c o n d i t i o n s  were  d e s i r e d ,  was wrcpped 

i n  aluminum f o i l .  Treatment  w i t h  EMS was c a r r i e d  o u t  by adding 8 El - 

l i q u i d  EElS d i r e c t l y  t o  t h e  c u l t u r e ,  g i v i n g  a  f i n a l  c o ~ c e n t r a t i o n  of 0 . 2  - M 

EMS. The f l a s k  was t h e n  p l a c e d  on a  shak ing  p l a t f o r m  a t  2 2 f 1 • ‹ C ,  and 

a l i q u o t s  t a k e n  f o r  s u r v i v a l  a s s a y s  a t  a p p r o p r i a t e  t i m e s .  D i l u t i o n  (10- 

f o l d )  i n  s t e r i l e  phospha te  b u f f e r  was s u f f i c i e n t  t o  s t o p  t h e  EMS r e a c t i o n  

f o r  t h e  t i m e  i t  t o o k  t o  p l a t e  t h e  sanp!e f o l l o w i n g  d i l u t i o n .  

Treatment  w i t h  KQO was done i n  a  s i r r i l a r  manner,  e x c e p t  t h a t  t h e  

- 2 
NQO was t a k e n  from a  s t o c k  s o l u t i o n  of 1 0  11 NQ0 i n  95% e t h a n o l .  An - 



a l i q u o t  of t h i s  s o l u t i o n  was d i l u t e d  i n  phospha te  b u f f e r ,  and a n  appro- 

p r i a t e  amount of t h i s  l a t t e r  s o l u t i o n  was added t o  t h e  c o e n o b i a l  suspen-  

- 7 s i o n .  C o n c e n t r a t i o n s  of NO0 r a n g i n g  from 1 0  M t o  M were u s e d ,  - - 
- 6 a l t h o u g h  t h e  most f r e q u e n t l y  used was 1 0  M NOO. - 

S u r v i v a l  was a s s a y e d  by t h e  pour p l a t i n g  t e c h n i q u e ;  i n c u b a t i o n  

c o n d i t i o n s  were  t h e  same a s  t h o s e  used f o r  post-UVL i n c u b a t i o n  ( i . e .  "dark" 

c o n d i t i o n s  h e r e  cor respond  t o  NPR c o n d i t i o n s  used follox:.ing UVL;  " l i g h t "  

c o n d i t i o n s  c o r r e s p o n d  t o  PR c o n d i t i o n s ) .  I f  c a f f e i n e  o r  A0 was u s e d ,  i t  

was i n c o r p o r a t e d  i n t o  t h e  p l a t i n g  medium i n  t h e  same way a s  was done f o r  

post-UVL t r e a t m e n t  w i t h  t h e s e  d r u g s .  

RESULTS - DRUGS 

Treatment  w i t h  0 . 2  - M EI\lS produced a  c h a r a c t e r i s t i c  s u r v i v a l  c u r v e ,  

w i t h l i t t l e  e f f e c t  f o r  t h e  f i r s t  40 m i n u t e s  o r  s o  of t r e a t m e n t ,  fo l lowed  

by a n  a b r u p t  change t o  e x p o n e n t i a l  i n a c t i v a t i o n  ( F i g .  IV-1). P l a t i n g  

EMS-treated c u l t u r e s  on medium c o n t a i n i n g  2 x  lo-' - M c a f f e i n e  had l i t t l e  

e f f e c t  on s u r v i v a l  ( F i g .  IV-1); p l a t i n g  t h e  same c u l t u r e s  on medium con- 

t a i n i n g  15  yg/ml A0 reduced s u r v i v a l  somewhat, b u t  w i t h  v a r y i n g  e f f e c t i v e -  

n e e s  and a t  varyi -ng t i m e s  i n  d i f f e r e n t  e x p e r i m e n t a l  c u l t u r e s ;  f i g u r e  I V -  

2. i s  a n  a v e r a g e  of 3 e x p e r i x e n t s .  Chacging t h e  t r e a t m e n t  and p o s t - t r e a t m e n t  

l i g h t i n g  c o n d i t i o n s  ( i . e .  from l i g h t  t o  d a r k )  had no d i s c e r n i b l e  e f f e c t  

on i n a c t i v a t i o n  by EMS. 

Trea tment  of - E.  e l e g a n s  w i t h  NQO a l s o  produced a  c h a r a c t e r i s t i c  

s u r v i v a l  c u r v e  ( F i g .  I V - 2 ) ,  though of  q u i t e  a  d i f f e r e n t  n a t u r e  from t h a t  



F i g u r e  I V - 1 .  S u r v i v a l  of - E.  e l e p a n s  f o l l o w i n g  t r e a t m e n t  w i t h  EMS: 

e f f e c t s  of A 0  and of c a f f e i n e .  C u l t u r e s  were  t r e a t e d  i n  

phospha te  b u f f e r  w i t h  0 . 2  - M ENS : samples were  t a k e n  f o r  

p l a t i n g  a t  i n t e r v a l s .  A l i q u o t s  were  p l a t e d  on Bc (o-Q),  

on Bc + 2  x - M c a f f e i n e  ( -  and on Bc + 1 5  pg/ 

0  ( A -  A l l  p l a t e s  from t h i s  and o t h e r  drug- 

t r e a t m e n t  exper iments  were i n c u b a t e d  i n  t h e  l i g h t  a t  

32 f 1•‹C u n t i l  c o l o n i e s  were  c o u n t a b l e .  



TIME IN EMS (MIN) 



F i g u r e  I V - 2 .  S u r v i v a l  of E .  e l e g a n s  f o l l o w i n g  t r e a t m e n t  w i t h  NQO. Cul -  - 

t u r e s  were t r e a t e d  i n  p h o s p h a t e  b u f f e r  w i t h  5 x EL NQO . 

- 7 
(-) , 8 x 10  M NQO (A-A) , and M NQO (eD- m). - - 

Samples  were  t a k e n  a t  i n t e r v a l s  d u r i n g  t h e  t r e a t m e n t  and 

p l a t e d  on Bc. 
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found w i t h  EMS. The s h a p e  of t h e  c u r v e  d i d  n o t  v a r y  w i t h  NQO c o n c e n t r a t i o n ;  

on ly  t h e  f i n a l  s u r v i v a l  l e v e l  v a r i e d .  The f i n a l  p l a t e a u  i n  s u r v i v a l  o c c u r r e d  

20 t o  60 minu tes  a f t e r  NQO t r e a t m e n t  was begun (F ig .  IV-2). T h i s  p l a t e a u  was 

no tdue ,  a s  proposed by S t i c h  ( p e r s o n a l  communication),  t o  i n a c t i v a t i o n  of t h e  

d rug  i n  aqueous s o l u t i o n ;  a 5-hr-old s o l u t i o n  ( k e p t  under  t h e  c o n d i t i o n s  used 

f o r  t r e a t i n g  c u l t u r e s  w i t h  NQO) i s  j u s t  as e f f e c t i v e  as a f r e s h  one (Fig .  I V -  

3 ) .  The p r e s e n c e  o f  c e l l s  i n  t h e  s o l u t i o n ,  however, does  r e d u c e  t h e  l e t h a l i t y  

of t h e  NQO. I f  a - M NQO s o l u t i o n  i s  used t o  t r e a t  a c u l t u r e ,  producing a  

normal i n a c t i v a t i o n  c u r v e ,  t h e  s u p e r n a t a n t  from t h i s  s u s p e n s i o n  h a s  na  l e t h a l  

e f f e c t  when used t o  t reat  a second c u l t u r e .  No e f f e c t  i s  s e e n  on t h e  second 

c u l t u r e  t o  b e  t r e a t e d  u n t i l  t h e  c o n c e n t r a t i o n  of NQO f o r  t h e  f i r s t  t r e a t m e n t  

-4 i s  r a i s e d  t o  a b o u t  1 0  - M; t h i s  c o n c e n t r a t i o n  produces  g r e a t e r  t h a n  99.99% in-  

a c t i v a t i o n  i n  t h e  f i r s t  c u l t u r e ,  and abou t  50% i n a c t i v a t i o n  i n  t h e  second.  I f  

t h i s  is  due t o  a  h i g h  a b s o r p t i o n  o f  t h e  d rug  by t h e  c e l l s ,  t h e n  t h e  p r e s e n c e  

of t h i s  h i g h  d r u g  c o n c e n t r a t i o n  does  n o t  b l o c k  f u r t h e r  NQO a c t i o n ;  a d d i t i o n  o f  

a f r e s h  s o l u t i o n  t o  a t r e a t e d  c u l t u r e  produces  as much l e t h a l i t y  as i t  d o e s  t o  

a n  u n t r e a t e d  c u l t u r e  ( F i g .  IV-4). It was thought  t h a t  t h e  l o s s  of l e t h a l i t y  o f  

t h e  NQO a f t e r  a  p e r i o d  o f  t r e a t m e n t  t ime  cou ld  b e  due t o  t h e  p r e s e n c e  i n  t h e  

c o e n o b i a l  p o p u l a t i o n  of a n  NQO-resistant s e c t o r .  However, a l t e r n a t i n g  NQO t r e a t -  

ments w i t h  growing of t h e  t r e a t e d  c u l t u r e  ( i n  Bc, under  s t a n d a r d  growth condi-  

t i o n s )  i n  a n  a t t e m p t  t o  produce a n  NQO-resistant s t r a i n  of - E. e l e g a n s  met w i t h  

no s u c c e s s .  %he c u l t u r e s  grown up from NQO-treated coenobia  were j u s t  a s  sus -  

c e p t i b l e  t o  NQO a s  t h e  p a r e n t  c u l t u r e ,  through f o u r  s u c c e s s i v e  c y c l e s  o f  t r e a t -  

ment and growth (Tab le  IV-1). 

The s u r v i v a l  l e v e l  i s  f a i r l y  c l o s e l y  dependent  upon NQO c o n c e n t r a t i o n .  

I f  a  s e r i e s  of d i f f e r e n t  c o n c e n t r a t i o n s  i s  used ,  w i t h  t h e  same exposure  t i m e  



F i g u r e  IV-3. S u r v i v a l  of - E. e l e g a n s  f o l l o w i n g  t r e a t r e n t  w i t h  f r e s h  and 

5-hr-old aqueous s o l u t i c n s  of NQO ( lom6 - M): a  t e s t  of 

s t a b i l i t y  of NQ0 i n  aqueous s o l u t i o n .  A c u l t u r e  was t r e a t -  

ed w i t h  - M NQO f o r  5 h e ,  w i t h  samples t a k e n  a t  i n t e r -  

v a l s  f o r  p l a t i n g  (a--Q). A c o n t r o l  was r u n  s i m u l t a n e o u s l y  

i n  which t h e  organisms were o m i t t e d ,  and which had a n  NQO 

- 6 
c o n c e n t r a t i o n  of 1 0  M.  A second c u l t u r e  was t h e n  t r e a t -  - 

ed f o r  15 min w i t h  t h i s  c o n t r o l  s o l u t i o n ,  and s u r v i v a l  

a s s a y e d  (&A). 





F i g u r e  IV-4 .  S u r v i v a l  of - E .  e l e g a n s  f o l l o w i n g  two s u c c e s s i v e  NQO treat- 

merits. A c u l t u r e  was t r e a t e d  f o r  1 h r  w i t h  M NQO; - 

samples  were  t a k e n  a t  i n t e r v a l s  and p l a t e d  on Ec. The 

-6 
c u l t u r e  was t h e n  resuspended  i n  a f r e s h  s o l u t i o n  of 1 0  1f - 

NQO,  and t h e  same p r o c e d u r e  fo l lowed .  
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T a b l e  I V - 1 .  S u r v i v a l  of - E .  e l e g a n s  a f t e r  s u c c e s s i v e  t r e a t m e n t s  w i t h  KQO. 

- 6  The s u r v i v o r s  of a  60-min t r e a t m e n t  w i t h  10  M NQO were  - 

a l lowed  t o  grow under  s t a n d a r d  c o n d i t i o n s  f o r  2 d a y s ,  when 

t h e  t r e a t m e n t  was r e p e a t e d .  A t o t a l  of  4 NQO t r e a t m e n t s  was 

g i v e n .  

P o s t - t r e a t m e n t  % S u r v i v a l  
Treatment  # O r i g i n a l  c f u / m l  c f u / m l  



Figure IV-5. Survival of - E. elegans following treatment with several 

concentrations of NQO: a dose-dependent survival curve. 

A culture was divided into 5 aliquots and treated with 5 

different concentrations of NQO for 30 min. All were 

assayed for survival (on Bc plates) at the end of this 

period. The curve given in this figure is the average 

of 3 such experiments. 





F i g u r e  17-6. The e f f e c t s  of NQO c o n c e n t r a t i o n  on s u r v i v a l  l e v e l s :  two 

- 6 
s u c c e s s i v e  t r e a t m e n t s  w i t h  1 0  M NQO v s  one t r e a t m e n t  - - 

- 6 
w i t h  2 x  1 0  M NQO. A c u l t u r e  was d i v i d e d  i n t o  2 a l i q u o t s ;  - 

- 6 
one was t r e a t e d  w i t h  2 x 1 0  M NQO f o r  1 h r  (M), w h i l e  - 

-6 
t h e  o t h e r  w a s  t r e a t e d  w i t h  1 0  M NQO f o r  1 h r ,  washed, - 

- 6 
and resuspended i n  f r e s h  1 0  M NQO f o r  1 h r  (A-A) . Sur- - 

v i v a 1  w a s  a ssayed  by p l z t i n g  on Bc a t  i n t e r v a l s  d u r i n g  t h e  

t r e a t m e n t .  The c u r v e s  g iven  i n  t h i s  f i g u r e  a r e  t h e  a v e r a g e  

of 2 such  exper iments .  



TIME IN NQO (MIN.) 



-53-, 

f o r  each concen t r a t i on ,  a  dose-dependent s u r v i v a l  curve  r e s u l t s  (Fig.  IV-5). 

This  concen t r a t i on  dependence seems t o  hold t r u e  f o r  succes s ive  doses ,  a s  w e l l ,  

a s  shown i n  f i g u r e  IV-6; 

- 6 ments w i t h  10  M NQO i s  - 
with  2 x 10'~ - M NQO. 

To t r y  t o  d i s cove r  

t h e  s u r v i v a l  l e v e l  a f t e r  two succes s ive  1-hour treat- 

c l o s e  t o  t h a t  shown a f t e r  a  s i n g l e  1-hour t rea tment  

i f  NQO-damaged DNA may be  r e p a i r e d  i n  - E. e l egans ,  

va r ious  pos t - t rea tment  cond i t i ons  were used. No e f f e c t  was found w i t h  a  change 

i n  l i g h t i n g ;  t hus  t h e r e  appears  t o  be no photoac t iva ted  r e p a i r  f o r  t h i s  type  

- 3 of damage. The presence  of c a f f e i n e  ( 2  x 1 0  2 v : )  had l i t t l e  e f f e c t  on post-  - 
NQO s u r v i v a l ;  however, t h e  presence  of A0 (15 yg/ml) i n  t h e  p l a t i n g  medium re-  

duced s u r v i v a l  i n  NQO-treated c u l t u r e s  (Pig.  IV-7). F igure  IV-7  shows t h e  re-  

s u l t s  of a  s i n g l e  t y p i c a l  experiment;  a l though t h e  amount of r educ t ion  of sur-  

v i v a l  by A0 was v a r i a b l e ,  t h e r e  was always a  s u b s t a n t i a l  reduc t ion .  

DISCUSSION - DRUGS 

The drug  EMS was used as an  i n a c t i v a t i n g  agent  because i t s  mode of ac- 

t i o n  i s  q u i t e  d i f f e r e n t  from t h a t  of WL; thus  any r e p a i r  mechanisms a c t i n g  on 

EMS damage t o  DNA would probably a l s o  be  d i f f e r e n t  i n  mechanism from those  re-  

a c t i v a t i n g  UVL-induced damage. The e f f e c t  on t h i s  system of t h e  drugs used t o  

i n t e r f e r e  w i t h  t h e  r e p a i r  of UVL-induced damage should i n d i c a t e  t h e  s p e c i f i c i t y  

of a c t i o n  of t hose  drugs - a s  w e l l  a s  i n d i c a t i n g  t h e  presence of r e p a i r  mechan- 

i s m s  f o r  damage o t h e r  than t h a t  caused by UVL. 
C 

The i n a c t i v a t i o n  curves found w i t h  EMS t rea tment  of E. elegans (Fig.  IV-1) 

were somewhat a t y p i c a l  due t o  t h e  l a r g e  "shoulder" r eg ion ;  Loveless  (1966) de- 

s c r i b e s  i n a c t i v a t i o n  by a l k y l a t i n g  agen t s  a s  " ins tan taneous '  i n a c t i v a t i o n " ,  a s  

t rea tment  of b a c t e r i a  o r  bacter iophage causes  i -nac t iva t ion  w i t h i n  1 minute.  



F i g u r e  I V - 7 .  S u r v i v a l  of E .  e l egans  fo l lowing  NQO t r e a tmen t :  e f f e c t s  - 
- 6 

of c a f f e i n e  and of AO. A c u l t u r e  was t r e a t e d  w i t h  1 0  M - 

NQO f o r  1 h r ,  p l a t i n g  a t  i n t e r v a l s  f o r  s u r v i v a l .  A l i q u o t s  

- 3 
were p l a t e d  on Bc (m), on Bc + 2 x 1 0  M c a f f e i n e  - 
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The de l ay  of i n a c t i v a t i o n  of - E. e legans  may simply be  due t o  t ime r equ i r ed  f o r  

EMS t o  p e n e t r a t e  i n t o  t h e  c e l l s ;  o r  perhaps t h e  number of a l k y l a t i o n s  and t h e  

degree of depu r ina t ion  must reach  a  f a i r l y  h igh  l e v e l  b e f o r e  t h e  coenobium a s  

a  whole i s  i n a c t i v a t e d .  Th i s  l a t t e r  reason  i s  probably t h e  more impor tan t ,  a s  

EMS i s  a  monofunctional a l k y l a t i n g  agen t ,  and a s  such only a l k y l a t e s  one base  

a t  a  t i n e  ( t h e  predominant s i t e  of a l k y l a t i o n  i s  N-7 of guanine: Loveless ,  

1966). Cross - l ink ing  does n o t  occur ,  a s  i t  does w i t h  b i f u n c t i o n a l  a l k y l a t i n g  

agen t s ;  t hus  EMS i s  more po t en t  a s  a  mutagen than a s  a  i n a c t i v s t i n g  agent .  How- 

eve r ,  a s  s een  i n  f i g u r e  I V - l ,  once t h e  r i g h t  cond i t i ons  a r e  reached i n  t h e  c e l l ,  

i n a c t i v a t i o n  i s  r a p i d .  

The i n t e r f e r e n c e  of A 0  wi th  s u r v i v a l  a f t e r  pe r iods  of EMS t rea tment  may 

i n d i c a t e  some kind of r e p a i r  process  f o r  a l k y l a t i o n .  Loveless  -- e t  a l .  (1965) 

observed a  m a l l  amount of recovery fo l lowing  t rea tment  of E.  - -  c o l i  w i th  t h e  

monofunctional 2 -ch loroe thyl  2 '-hydroxyethyl su lph ide ,  b u t  s t a t e d  t h a t  i t  was 

only an  i n d i c a t i o n ,  a s  a t t empt s  a t  recovery by t h e  c e l l  were swamped by con- 

t i n u i n g  i n a c t i v a t i o n  due t o  depur ina t ion .  Bohme and Geissler (1968) r e p o r t  

evidence f o r  a  r e p a i r  mechanism f o r  EMS damage, a  mechanism a s s o c i a t e d  w i t h  t h e  

r e c  f u n c t i o n  i n  E.  c o l i .  - - 

The gap l e f t  i n  DNA fo l lowing  a l k y l a t i o n  and depur ina t ion  may provide a  

s i t e  f o r  i n t e r c a l a t i o n  of t h e  p l ana r  A 0  molecule (Lerman, 1963) ,  e i t h e r  i n  t h e  

gap o r  between t h e  d i s o r i e n t e d  bases  on t h e  oppos i t e  s t r a n d .  Such i n t e r c a l a -  

t i o n  could ,  l t k e  t h e  i n s e r t i o n  of a  base  snalogue i n  such a  p o s i t i o n ,  d i s r u p t  

subsequent DNA s y n t h e s i s ,  r e s u l t i n g  i n  mutat ion and l e t h a l i t y .  Thus t h e  e f f e c t  

of A 0  on EMS-treated c u l t u r e s  may be due t o  a  kind of synergism between t h e  

e f f e c t  of t h e  two drugs  r a t h e r  than an i n t e r f e r e n c e  w i th  a  r e p a i r  mechanism. 



This  dces  n o t ,  of cou r se ,  r u l e  ou t  t h e  p o s s i b i l i t y  of r e p a i r  of EMS-induced 

damage;such r e p a i r  was simply no t  d e t e c t a b l e  by methods used he re .  

The l a c k  of marked e f f e c t  of c a f f e i n e  on EMS-induced i n a c t i v a t i o n  sug- 

g e s t s ,  perhaps,  t h a t  c a f f e i n e  has  a  f a i r l y  s p e c i f i c  e f f e c t  i n  - E. e l egans ;  

c a f f e i n e  m y  i n t e r f e r e  only w i th  t h e  " r e c o ~ b i n a t i o n  r e p a i r "  hypothesized 

i n  Discuss ion  - UVL, w h i l e  A0 has  a  more gene ra l  e f f e c t .  DNA damaged by 

almost  any i n a c t i v a t i n g  agent  presumably w i l l  have i r r e g u l a r i t i e s  i n  t h e  

molecule,  and thus  "gaps" between c e r t a i n  bases .  These gaps would make 

t h e  i n t e r c a l a t i o n  of A0 t h a t  much e a s i e r ;  and t h e  presence  of t h e  A0 mole- 

c u l e  i n  t h e  DNA would d i s r u p t  DNA s y n t h e s i s ,  a s  w e l l  a s  i n t e r f e r i n g  w i t h  

any s e q u e n t i a l  r e p a i r  p rocess  (such a s  exc i s ion  r e p a i r ;  Setlow, 1967) 

a c t i n g  on t h e  DNA molecule.  

K i n e t i c  s t u d i e s  of NQO i n a c t i v a t i o n  have not  been p rev ious ly  re- 

po r t ed ;  however, t h e  " l eve l ing  o f f "  of i n a c t i v a t i o n  ( s ee  F ig .  IV-2) has  

been observed by S t i c h  (persona l  communication), and a sc r ibed  by him t o  

d e t e r i o r a t i o n  of t h e  compound i n  aqueous s o l u t i o n .  A s  descr ibed  i n  t h e  

R e s u l t s  - Drugs s e c t i o n ,  experimental  work shows t h a t  t h i s  i s  not  so .  An 

aqueous s o l u t i o n  of NCO may be kept  f o r  s e v e r a l  hours  a t  32OC, i n  t h e  

l i g h t ,  and r e t a i n  a l l  of i t s  a c t i v i t y  a s  an i n a c t i v a t i o n  agent .  The r e -  

moval of i t s  apparen t  a c t i v i t y  was shown t o  be  due t o  t h e  presence of t h e  

organisms i n  t h e  r e a c t i o n  mixture .  The NQO seems t o  be  absorbed ve ry  

qu ick ly  by t h e  c e l l s  and i n a c t i v a t e d  i n  some way. Perhaps,  s i n c e  NQO has  

been found t o  complex wi th  DNA (Malkin and Zahalsky, 1966; Matsushima - e t  

a 1  1967) ,  t h e  i n a c t i v a t i o n  of t h e  NQO molecule t a k e s  t h e  form of irre- -* 

v e r s i b l e  b ind ing  t o  t h e  DNA molecule.  Another NQO i n a c t i v a t i o n  mechanism 



may involve  i t s  r e d u c t i o n  i n  t h e  ce l l  t o  hydroxyamino q u i n o l i n e  oxide 

(HAQO), a  p rocess  which has  been shown t o  go on i n  mammalian c e l l s  (Sugi- 

mura e t  a l . ,  1968). Th i s  r educ t ion  product  i s  j u s t  a s  e f f e c t i v e  a s ,  i f  

no t  more than ,  NQO, and i s  thought to  be  t h e  proximate carcinogen i n  NQO 

t rea tments  (Sugimura e t  a l . ,  1968); however, i t  i s  a  very  u n s t a b l e  mole- 

c u l e ,  and breaks  down r a p i d l y  under ae rob ic  cond i t i ons  (Ishizawa and Endo, 

1967). 

I f  complexing of t h e  NQO molecule w i t h  DNA does occur ,  i t  does n o t  

seem t o  block f u r t h e r  a c t i o n  by f r e s h  NQO. A s  can be  s een  from f i g u r e  

IV-4, a d d i t i o n  of f r e s h  NQO t o  an a l r eady  t r e a t e d  c u l t u r e  ( a t  t h e  same 

concen t r a t i on )  produces a  second i n a c t i v a t i o n  curve  almost  i d e n t i c a l  t o  

t h e  f i r s t .  Obviously t h e r e  must b e  many si tes a v a i l a b l e  on t h e  DKA f o r  

KQO a c t i o n ,  whether t h i s  a c t i o n  involves  i r r e v e r s i b l e  complexing and 

I1 nicking' '  t h e  DNA, o r  complexing, NQO r educ t ion  and n i ck ing  wi th  subse- 

quent HAQO breakdown, and r e l e a s e  of an  i n a c t i v a t e d  molecule.  

There appears  t o  be  no s e c t o r  r e s i s t a n t  t o  NQO i n  t h e  popula t ion  of 

E.  e l egans ;  t h i s  was suggested by t h e  two succes s ive  i n a c t i v a t i o n s  shown - - 
i n  f i g u r e  IV-4, and confirmed by t h e  f a i l u r e  t o  f i n d  any i n c r e a s e  i n  NQO 

r e s i s t e n c e  i n  c u l t u r e s  grown out  from those  coenobia su rv iv ing  an KQO 

t rea tment .  Even when t h i s  t rea tment  was r epea t ed  3 more times ( f o r  a  

t o t a l  of 4 ) ,  w i th  t h e  same c u l t u r e ,  no i n c r e a s e  i n  r e s i s t a n c e  t o  NQO was 

observed. Another p i e c e  of suppor t ing  evidence f o r  t h i s  conclusion i s  
6 

t h e  obse rva t ion  t h a t  t h e  f i n a l  s u r v i v a l  l e v e l  i s  dependent upon t h e  con- 

c e n t r a t i o n  of NQO (F ig .  IV- 5 and IV-6) . There i s  some v a r i a b i l i t y  from 

c u l t u r e  t o  c u l t u r e  i n  s u s c e p t i b i l i t y  t o  NQO, b u t  w i t h i n  one c u l t u r e  t h e  



i n a c t i v a t i o n  l e v e l  seems t o  cor respond  o n l y  t o  NO0 c o n c e n t r a t i o n .  

A r e p a i r  p r o c e s s  f o r  ITQO damage i s  sugges ted  by t h e  r e s p o n s e  of t h e  

NQO-treated c u l t u r e  t o  t h e  p r e s e n c e  of AO. However, s u r v i v a l  r e d u c t i o n  by 

A0 f o l l o w i n g  e i t h e r  NQO o r  EMS t r e a t m e n t  may b e  d u e ,  a g a i n ,  t o  photodynamic 

a c t i o n  on t h e  DNA by A0 - a c t i o n  made p o s s i b l e  by a l t e r a t i o n s  t o  t h e  DNA 

by t h e  o t h e r  two i n a c t i v a t i n g  a g e n t s .  A s  w i t h  EMS-treated c u l t u r e s ,  n e i t h e r  

c a f f e i n e  nor  exposure  t o  v i s i b l e  l i g h t  had any e f f e c t  on pcst-YQ0 s u r v i v a l .  

Thus,  a g a i n ,  t h e  a c t i o n  of c a f f e i n e  i n  E. e l e g a n s  seems t o  b e  r e s t r i c t e d  - 

t o  t h e  i n t e r f e r e n c e  w i t h  some p r o c e s s  f o l l o w i n g  WL i r r a d i a t i o n ;  and no 

p h o t o a c t i v a t e d  r e p a i r  p r o c e s s  i s  p r e s e n t  t o  h a n d l e  NQO-induced l e s i o n s .  

The s i n g l e - s t r a n d  s c i s s i o n s  i n  t h e  DNA molecu le  produced by NQO,  however, 

would p r o v i d e  ample o p p o r t u n i t y  f o r  t h e  i n t e r c a l a t i o n  of AO. T h i s  would 

d i s r u p t  subsequen t  DXA s y n t k c s i s ,  c a u s i n g  t h e  observed d e c r e a s e  i n  s u r v i -  

v a l  by AO. T h i s  i s  n o t  proof  of a  r e p a i r  mechanism f o r  NQO-induced 

damage; however, Kondo (1968) h a s  found ev idence  f o r  r e p a i r  of n i t r o -  

q u i n o l i n e  damage i n  - E. - c o l i  by some of t h e  p r o c e s s e s  invo lved  i n  NPR ex- 

c i s i o n  r e p a i r .  S t i c h  and San (1970) have r e p o r t e d  t h a t  NQ0 c a u s e s  un- 

schedu led  DNA s y n t h e s i s  i n  mam-al ian c e l l s ,  a  f i n d i n g  a l s o  s u g g e s t i v e  of 

r e p a i r  of NQO-induced l e s i o n s .  A s  hypo thes ized  above ,  though,  unscheduled 

DNA s y n t h e s i s  may n o t  occur  i n  E .  e l e g a n s ,  s i n c e  t h e r e  i s  much e v i d e n c e  - 

f o r  t h e  l a c k  of r e p a i r  r e p l i c a t i o n  i n  t h i s  organism.  The a c t u a l  k ind  of 

r e p a i r  p r o c e s s  can  on ly  remain i n  q u e s t i o n  u n t i l  DKA l a b e l l i n g  and e x t r a c -  

t i o n  t e c h n i q u e s  have been p e r f e c t e d  f o r  t h i s  o rgan i sm,  p r o v i d i n g  more i n -  

f o r m a t i o n  upon which t o  b a s e  a  h y p o t h e s i s .  



CHAPTER V - 

DISCUSSION - GENERAL 

T h i s  s t u d y  i s  concerned w i t h  mechanisms p r e s e n t  i n  Eudorina  e l e g a n s  

which can  r e a c t i v a t e  damage caused t o  t h e  DNA by v a r i o u s  a g e n t s ;  t h e s e  

mechan ism are p o s s i b l y  a l s o  i m p o r t a n t  as p r o c e s s e s  invo lved  i n  m u t a t i o n  

and recombina t ion .  I f  such  r e p a i r  were n o t  p o s s i b l e ,  most organisms 

would n o t  b e  a b l e  t o  s u r v i v e  t h e  combinat ion o f  c o n d i t i o n s  a d v e r s e  t o  l i f e  

on e a r t h .  But r e p a i r  mechanisms have evolved t o  r e d u c e  l e t h a l i t y  and 

m u t a t i o n  rates b o t h  i n  t h e  d a r k ,  f o r  t h o s e  organisms never  exposed t o  sun- 

l i g h t ,  and i n  t h e  l i g h t .  P h o t o s y n t h e t i c  o rgan i sms ,  which depend on sun- 

l i g h t  d i r e c t l y  as a s o u r c e  of energy ,  are exposed t o  l a r g e  d o s e s  of UVL 

(Harm, 1969; C l e a v e r ,  1970) ;  f o r  them t o  have s u r v i v e d  and reproduced t o  

t h e  p r e s e n t  day ,  a n  e f f i c i e n t  l i g h t - a c t i v a t e d  r e p a i r  p r o c e s s  must have 

evolved soon a f t e r  t h e  adven t  o f  t h e  f i r s t  microorganisms on e a r t h .  T h i s  

p r o c e s s ,  found i n  many organisms t o d a y ,  c o n t i n u o u s l y  r e p a i r s  new UVL- 

induced l e s i o n s .  P o s s i b l y  t h e  e f f i c i e n c y  o f  t h i s  sys tem h a s  r e s u l t e d  i n  

t h e  l o s s  of t h e  a b i l i t y  f o r  NPR e x c i s i o n  r e p a i r  i n  - E.  e l e g a n s ,  and per-  

haps  i n  o t h e r  p h o t o s y n t h e t i c  organisms a s  w e l l ;  f o r  t h i s  a b i l i t y  may b e  

cons idered  redundant  i n  such a  sys tem.  

PR seems t o  be  r e s t r i c t e d  i n  - E. e l e g a n s  t o  t h e  r e p a i r  of UVL-induced 

l e s i o n s ;  no &idence  was found f o r  PR of any drug-induced damage. There  

does  seem t o  be  a n o t h e r  t y p e  of r e p a i r  f o r  some drug  induced l e s i o n s ;  



b u t  beyond t h e  o b s e r v a t i o n s  t h a t  t h e  r e p a i r  i s  n o t  p h o t o a c t i v a t e d  and t h a t  

i t  may b e  i n t e r f e r e d  w i t h  by AO,  v e r y  l i t t l e  can  be  s a i d  abou t  i t .  

A r e p a i r - l i k e  mechanism, n o t  r e q u i r i n g  l i g h t ,  was hypothes ized  f o r  

UVL-induced l e s i o n s  l e f t  u n r e p a i r e d  a t  t h e  o n s e t  of - S phase ;  t h i s  mechan- 

i s m ,  termed recombina t ion  r e p a i r  (Rupp and Howard-Flanders, 1 9 6 8 ) ,  cou ld  

presumably c o r r e c t  o t h e r  t y p e s  of l e s i o n s  a s  w e l l ,  a l t h o u g h  l i t t l e  ev idence  

was found f o r  i t s  a c t i o n  on e i t h e r  EMS- o r  NQO-induced damage. 

T h i s  s t u d y  h a s  expanded sonet;hat upcn a p a r t  of t h e  f i e l d  of r e s e a r c h  

d e a l i n g  w i t h  DNA r e p l i c a t i o n  and c o n s e r v a t i o n :  t h a t  p a r t  concerned w i t h  i 
! 

1 
t h e  r e p a i r  and r e a c t i v a t i o n  of damaged DNA. It e x t e n d s  t h e  knowledge 

I 

ga ined  from t e c h n i q u e s  used mainly  w i t h  p r o k a r y o t i c ,  u n i c e l l u l a r ,  h e t e r o -  ! 
I 

t r o p h i c  organisms t o  a  e u k a r y o t i c ,  m u l t i c e l l u l a r  a u t o t r o p h ;  t h u s  t h e  r e -  , 

sponses  of t h i s  sys tem may be compared d i r e c t l y  w i t h  t h o s e  observed i n  

o t h e r  sys tems.  I n  common w i t h  most organisms s t u d i e d ,  E. e l e g a n s  h a s  an 

e f f i c i e n t  PR mechanism f o r  r e a c t i v a t i n g  UVL-damaged D M ;  u n l i k e  most 

organisms s t u d i e d ,  no ev idence  of EPR e x c i s i o n  r e p a i r  was found. T h i s  

may prove t o  b e  t h e  c a s e  w i t h  many p h o t o s y n t h e t i c  o rgan i sms ,  a s  p o s s e s s i o n  

of a  d a r k  r e p a i r  mechanism i s  n o t  e s s e n t i a l  t o  s u r v i v a l  i f  t h e r e  i s  an  

e f f i c i e n t  PR systen:  making u s e  of t h e  abundant energy i n  s u n l i g h t .  How- 

e v e r ,  Dav ies  (1966) h a s  found e v i d e n c e  f o r  d a r k  r e p a i r  i n  Chlamvdomonas; 

t h u s  d a t a  from TEry o t h e r  organisms must be  g a t h e r e d  b e f o r e  g e n e r a l i z a t i o n s  

may be  made. 

The m u l t i c e l l u l a r  n a t u r e  of - E.  e l e g a n s  r a i s e d  many q u e s t i o n s  and 

provided few answers .  The i n v e s t i g a t i o n s  of i n t e r c e l l u l a r  i n t e r a c t i o n s  

and t h e i r  e f f e c t  on UVL s e n s i t i v i t y  met w i t h  no s u c c e s s ;  t h i s  i s  an  a r e a  



.- w?,ich - c c u l d  p r c v e  v c r y  p remis ing  f o r  f u r t h e r  r e s e a r c h ,  a s  t h e  c o l o n i a l  

organism r e p r e s e n t s  a  t r a n s i t i o n  between u n i c e l l u l a r  and t r u e  m u l t i c e l l u -  

l a r  sys tems .  The h e t e r o g e n e i t y  of t h e  sys tem w i t h  r e s p e c t  t o  t h e  number 

of cells pe r  C ~ C E C ~ C G C  a t  any g i v e n  tine also p r e s e n t e d  a problem: a s  i t  

i s  a  s o u r c e  of v a r i a b i l i t y  f o r  any k i n d  of k i n e t i c  s t u d y .  

There  h a s  been ev idence  p r e s e n t e d  f o r  t h e  p r e s e n c e  of c e r t a i n  k i n d s  

of DNA r e p a i r  mechanisms; b u t  f u r t h e r  c h a r a c t e r i z a t i o n  of t h e s e  p r o c e s s e s  

must w a i t  u n t i l  t h e  b iochemica l  t e c h n i q u e s  u s e f u l  i n  t h i s  sys tem have been 

worked o u t .  The b a s i s  f o r  t h e  c h a r a c t e r i z a t i o n  of a  r e p a i r  sys tem h a s  

been l a i d  down w i t h  t h e  d e m o n s t r a t i o n  i n  - E.  e l e g a n s  of t h e  p r e s e n c e  of 

thymine d imers  f o l l o w i n g  UVL i r r a d i a t i o n ,  and t h e i r  e l i m i n a t i o n  f o l l o w i n g  

PR (Kemp, Tsao and Thorson,  1972) .  
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Appendix I: Growth Media for Eudorina e l e ~ n s .  

Minimal Medium for Eudorina elegans 

Preparation of Medium: 

Stock Solution I (~ristol's Stock Solutions A to F) .. 10.0 ml each 
Stock Solution I1 (Gaffron's Trace Element Solution) . 1.0 ml 

Stock Solution 111 (EDTA Solution) ................... 1.0 ml 

Stock Solution IV (Ferrous Sulfate Solution) ......... 1.0 ml 

Bring to 1000 ml with Pyrex-distilled water, pH 6.8 - 7.0 

Stock Solutions: 

I. Bristol's Stock Solutions (in Pyrex-distilled water) 

Molar Con- 
centration 

Final Concentra- 
tion in Medium 

E. KH2P04 ........... 0.129 ........... 1.29 x lo-' 

-4 ........... I?. NaCl ............. 0.060 6 . 0 ~ 1 0  - M 

11. Gaffron's Trace Elrment Sclution: to 1000 ml Pyrex-distilled 

water add: 

(NH ) Mo O .41120 ........................... 0.088 g 
4 6  7 2 4  



11. Gaffron's Trace Cleiiient Seluticn (ccnt'd) 

............................... Co(N0 ) .4H20 0.146 g 
3 2 

................................. Na2W04.2E20 0.033 g 

r . .cn c r r  n 
budu 4.dn2u ....-.. . . . . . . . . . . . . . . . . . . . . . . .  0.125 g 

KBr ........................................ 0.119 g 

KI ......................................... 0.083 8 

Cd(N0 ) .4H20 ............................... 0.154 g 
3 2 

.......................... NiS04 (NH ) SO . 6H20 0.198 g 
4 2  4 

VOSO .2H20 .................................. 0.020 g 
4 

A12(S0 ) K SO .24H20 ........................ 0.474 g 
4 3 2  4 

Cr(N03)3.7H20 ............................... 0.037 g 
Adjust pH to approximately 7.5 with HC1, after autoclaving. 

111. EDTA Solution: to 1000 ml Pyrex-distilled water add: 

EDTA ........................................ 50.0 g 
KOH ........................................ 31.0 g 

IV. Ferrous Sulfate Solution: to 1000 ml Pyrex-distilled water add: 

FeS04.7H20 .................................. 4.98 g 

H SO (10 N) ................................ 1.0 ml 2 4 

Complex (undefined) Medium for Cudorina elegans (~ristol's Complete Medium) 

Preparation of Medium: 

........................ Bristol's Kinirnal Ncdium 800 ml 

...... Stock Solution V (Modified Euglena Medium) 200 ml 



S t o c k  S o l u t i c ~ s :  

V .  Modif ied Euglena Medium ( a f t e r  S t a r r ,  1964) :  

....................... Yeas t  e x t r a c t  ( ~ i f c o )  2 . 0  g 

S~dicm a c e t a t e  .............................. 1.0 g 

........................ Beef e x t r a c t  (Di fco)  1 . 0  g  

S t o c k  S o l u t i o n  V I  (Casamino Acid S o l u t i o n )  .. 20 ml 

....................... P y r e x - d i s t i l l e d  w a t e r  980 m l  

V I .  Casamino Acid S o l u t i o n :  

Casamino a c i d  h y d r o l y s a t e  (Di fco  v i t a m i n  f r e e )  .. 100 .0  g 

P y r e x - d i s t i l l e d  w a t e r  ........................... 1000 m l  

Add a  0 . 1  g of c h a r c o a l  t o  d e c o l o r i z e .  F i l t e r ;  M i l l i p o r e  f i l t e r ;  

a u t o c l a v e .  



Appendix 11: Spectroradiometer readings (giving absolute intensities) 

from Cool White fluorescent lights with and without agar 

plates. 



F i g u r e  i. Cool K h i t e  f l u o r e s c e n t  l i g h t  ~ ~ i t h o u t  a g a r  p l a t e .  The f i g u r e  

shows a b s o l u t e  i n t e n s i t y  (&-A), and i n t e n s i t y  normal ized  

t o  1 . 0  a t  60C nm (+-+). 
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Figure ii. Cool White fluorescent light transmitted through Bc plate. 

The figure shows absolute intensity (A-A), and intensity 

normalized to 1.0 at 600 nm (m). 
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Figure iii. Cool White fluorescent light transmitted through Bc + 15 

pg/nl A 0  plate. The figure shows absolute intensity 

(A-A) and intensity normalized to 1.0 at 600 nm (+-+) . 
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