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ABSTRACT 

S tud ies  i n  two.independent,  but  r e l a t e d ,  a r e a s  o f  DNA r e p a i r  have 

been c a r r i e d  o u t  i n  the  euca ryo t i c  y e a s t ,  Saccharomyces c e r e v i s i a e .  

The first is t h e  c h a r a c t e r i z a t i o n  of  a new a l l e l e  i n  t h e  RAD6 gene - 
sugges t ing  t h a t  the  gene is mul t i func t iona l .  The second is the  

u t i l i z a t i o n  o f  pho to reac t iva t ion  a s  a probe o f  even t s  occurr ing  dur ing 

the  first c e l l  cyc le  a f t e r  DNA damage. 

S t r a i n s  ca r ry ing  the  new a l l e l e ,  des ignated  rad6-4, of  the.RAD6 - 
l ocus  are about  a s  s e n s i t i v e  t o  UV and i o n i z i n g  r a d i a t i o n  a s  those  

ca r ry ing  rad6-1 o r  rad6-3 bu t ,  un l ike  them, a r e  capable o f  induced 

mutagenesis and sporu la t ion .  Diplo ids  homozygous f o r  rad6-4 o r  

h e t e r o a l l e l i c  f o r  rad6-4 and e i t h e r  rad6-1 o r  rad6-3 a l low UV induced 
..-.. 

revers ion  o f  the  ochre a l l e l e s  arg4-17 and cycl-9, o f  the  p r o l i n e  

missense a l l e l e  cycl-115, and of t h e  f rameshif t  a l l e l e  cycl-239. They 

a l s o  permit EMS induced revers ion  o f  cycl-115. The frequency o f  

revers ion  is g r e a t e r  than wild-type i n  each case .  Homozygous rad6-4 

d i p l o i d s  s p o r u l a t e  as well  a s  wild-type. Although rad6-4 may w e l l  be 

a missense mutat ion,  our evidence shows t h a t  i t  is u n l i k e l y  t h a t  t h i s  

phenotype is due t o  l eak iness .  I n s t e a d ,  t h e  d a t a  suggest  t h a t  the  

RAD6 gene is mul t i func t iona l .  One func t ion  is necessary t o  recover - 
from DNA damage i n  an e r ro r - f ree  manner, and the  o t h e r  is concerned 

with mutagenic processes and sporu la t ion .  Rad6-1 and rad6-3 s t r a i n s  

a r e  d e f i c i e n t  i n  both of  these  f u n c t i o n s ,  while  rad6-4 s t r a i n s  a r e  

d e f i c i e n t  only i n  t h e  e r ro r - f ree  funct ion .  



The l o s s  of  p h o t o r e v e r s i b i l i t y  (LOP) o f  u l t r a v i o l e t  induced 

mutat ions t o  a r g i n i n e  independence i n  an exc i s ion  d e f e c t i v e  s t r a i n  

ca r ry ing  arg4-17 examines the  events  occur r ing  i n  the  first c e l l  

cyc le  after DNA damage. LOP is dependent upon -- de novo p r o t e i n  

syn thes i s .  The post UV p r o t e i n  s y n t h e s i s  causes pyrimidine dimers 

t o  become i n a c c e s s i b l e  t o  t h e  pho to reac t iva t ing  enzyme i n  some 

unknown manner. LOP begins immediately a f t e r  UV i r r a d i a t i o n ,  

before  semiconservative DNA s y n t h e s i s  t a k e s  p lace ,  and is complete 

a f t e r  four  hours i n  growth medium. There is no evidence i n d i c a t i n g  

whether t h e  normal func t ion  of  t h e  p r o t e i n  is involved i n  e x c i s i o n  

r e p a i r ,  o r  i n  one o f  the  two r e p a i r  processes be l ieved t o  be 

induc ib le ;  induced mutagenesis o r  recombinational  r e p a i r .  
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INTRODUCTION 

A l l  l i v i n g  systems appear t o  have complex DNA repair processes  

which respond t o  damage i n  t h e  g e n e t i c  material and involve  

molecular mechanisms such a s  DNA s y n t h e s i s ,  recombination and 

mutagenesis. The ex i s t ence  of  these  r e p a i r  processes is no t  

s u r p r i s i n g  s i n c e  t h e r e  a r e  a l a r g e  v a r i e t y  o f  chemical and phys ica l  

agen t s  i n  t h e  environment, such a s  W l i g h t  which damage DNA. This  

in t roduc t ion  w i l l  d e a l  with r e p a i r  processes i n  E. c o l i ,  a w e l l  

cha rac te r i zed  procaryot ic  organism, and i n  t h e  euca ryo t i c  y e a s t  

Saccharomyces c e r e v i s i a e ,  e s p e c i a l l y  t h e  r e l a t i o n  between r e p a i r  

processes and t h e  E 6  gene funct ion  i n  yeas t .  

A. DNA r e p a i r  i n  8. c o l i .  

I n  E. c o l i  the  best.  cha rac te r i zed  r e p a i r  processes are those  

which act on pyrimidine dimers produced i n  t h e  DNA by u l t r a v i o l e t  

l i g h t .  Pyrimidine dimers are formed by a covalent  l i n k i n g  of  

ad jacen t  pyrimidines i n  a DNA s t r and  through t h e  5 and 6 carbons t o  

form a cyclobutane r ing .  A region o f  l o c a l  dena tu ra t ion  and 

d i s t o r t i o n  of t h e  secondary h e l i c a l  s t r u c t u r e  of  Lhe DNA is c a u ~ e d  

by pyrimidine dimers s i n c e  t h e  cova len t ly  l inked bases a r e  unable 

t o  form hydrogen bonds with bases i n  t h e  complementary s t rand.  

Dimero pose a temporary block t o  t h e  normal processes o f  

r e p l i a a t i o n  and t r a n s c r i p t i o n ,  and are thought t o  be re spons ib le  

f o r  90% of t h e  induced mutations a f t e r  i r r a d i a t i o n  (Hanawalt, 1975). 



Wild type strains of E. coli effectively neutralize the 

potentially lethal effects of pyrimidine dimers by utilizing one or 

more of three types of enzymatic DNA repair processes. The most 

specific and simplest mechanism is enzymatic photoreactivation. 

The photoreactivating enzyme which has been extensively purified 

, from E. - coli (Sutherland , Chamberlain and Sutherland , 1 973 ) , 
recognizes and binds to the region of DNA containing a pyrimidine 

dimer. This occurs in the dark, and upon illumination of the 

enzyme-DNA complex with photoreactivating light at wavelengths 

between 310 to 400 nm, the dimer is split or monomerized situ 

and the photoreactivating enzyme is released (Setlow, 1966). Since 

the photoreactivating enzyme acts specifically on dimers and 

photoreactivating light can be applied easily, photoreversibility 

of specific sites in the genomes of various procaryotic organisms 

has been used as a probe of events occurring immediately after UV 

irradiation (Witkin, 1963; Nishioka and Doudney, 1970; Doubleday, 

Bridges, and Green, 1975). Enzymatic photoreversal of pyrimidine 

dimers does not cause changes in the DNA base sequence of 

photorepaired regions and DNA replication can proceed normally as 

soon as the dber is split. 

In the dark, pyrimidine dimers are not enzymatically reversed, 

but physically removed from the DNA by a multienzymatic mechanism, 

excision repair (Boyce and Howard-Flanders, 1964; SetPow and 

Carrier, 1964). The product of the =A and EB genes of E. coli, 



(Seeberg, 1978) , makes a s i n g l e  s t r a n d  n ick  o r  i n c i s i o n  on t h e  5 ' 
s i d e  of  t h e  dimer. This  is followed by an exonucleolyt ic  exc i s ion  

r e l e a s i n g  an o l igonucleot ide  conta in ing the  pyrimidine dimer and 

some bases c r e a t i n g  an exc i s ion  gap. Repair r e p l i c a t i o n  us ing t h e  

region of t h e  s t r a n d  opposi te  t h e  gap a s  a template f o r  s y n t h e s i s  

o f  t h e  missing nuc leo t ides  is c a r r i e d  out  by DNA polymerase I 

(Cooper and Hannawalt , 1972; Glickman, 1974). The f i n a l  s t e p  is 

s e a l i n g  of t h e  sugar-phosphate l inkage  by polynucleotide ligase. 

E f f i c i e n t  exc i s ion  r e q u i r e s  t h e  presence o f  a d d i t i o n a l  gene 

products ,  y r ~ C  (Howard-Flanders and Boyce, 1966) KE ( S i n z i n i s ,  

Smirnov, and Saenko, 1973) and - mfd (George and Witkin, 1974; 19751, 

but t h e  r o l e  of  t h e s e  gene products  is not  known. In mutants 

lacking t h e  a c t i v i t y  of  DNA polymerase I, it has been demonstrated 

t h a t  exc i s ion  r e p a i r  u t i l i z e s  DNA polymerase I1 (Masker, Hanawalt, 

and Shizuya, 1973) o r  DNA polymerase 111 ( Youngs and Smith, 1973) . 
I n  a d d i t i o n  t o  t h i s  "shor t  patch" type of exc i s ion  r e p a i r  explained 

above, a "long patchm pathway has been i d e n t i f i e d  which r e q u i r e s  

the  products  of  t h e  -A+ and &A+ gene products  and occurs 

only i n  growth media (Cooper and Hanawalt , 1972). 

The f i n a l  c l u s t e r  of  r e p a i r  a c t i v i t i e s  func t ions  a f t e r  DNA 

r e p l i c a t i o n  bypasses DNA damage (Rupp and Howard-Flanders, 19681, 

and can a c t  i n  two ways. The f i r s t  is r e l a t i v e l y  nonmutagenic and 

involves  a reoombinational exchange, while t h e  o the r  is e r r o r  prone 

and inducible .  Both a r e  dependent on f u n c t i o n a l  =A+ gene 



products.  The phenotype of t h e  =A- mutant s t r a i n s .  is h igh ly  

p l e i o t r o p i c  and t h e s e  mutant s t r a i n s  l a c k  many o t h e r  wild type 

func t ions  i n  a d d i t i o n  t o  t h e  a b i l i t y  t o  recombine, a s  w i l l  be 

d iscussed l a t e r .  When pyrimidine dimers a r e  p resen t  i n  t h e  

template s t r a n d ,  daughter  s t r a n d s  a r e  i n i t i a l l y  de tec ted  as 

r e l a t i v e l y  low molecular weight DNA with gaps of  about  1000 

nuc leo t ides  ( I y e r  and Rupp, 1971) which correspond i n  number and 

p o s i t i o n  t o  t h e  dimers i n  t h e  p a r e n t a l  s t r and  (Howard-Flanders 

e t  a 1  1968). These daughter s t r a n d  gaps a r e  secondary UV l e s i o n s  - , 
and pos t - rep l i ca t ion  r e p a i r  connects  t h e  daughter s t r and  segments 

by recombination with the  p a r e n t a l  s t r a n d  a l lowing f u r t h e r  

r e p l i c a t i o n  of t h e  DNA. I n  exc i s ion  d e f e c t i v e  mutant s t r a i n s ,  
- , t h e  major r e p a i r  mechanism is pos t - rep l i ca t ion  r e p a i r  

al though pos t - rep l i ca t ion  repair does occur i n  exc i s ion  p r o f i c i e n t  

s t r a i n s .  DNA r e p l i c a t i o n  a f t e r  W i r r a d i a t i o n  is followed by 

d e t e c t i n g  p a r e n t a l  DNA i n  t h e  daughter s t rands .  The mechanism f o r  
/ + 

recombinational  exchanges is not  known, but  t h e  recA gene 

product is required  (Smith and Meun, 1970) and t h e  process  is 

nonmutagenic. 

The second r e p a i r  process a f t e r  DNA s y n t h e s i s  bypasses DNA 

+ 
damage is dependent o n  t h e  =A+ and &A gene products ,  is 

error prone, a i ~ d  is inducible .  W induced mi.!t.agenesis is 

eliminaLed by mutation3 i n  e i t h e r  the t h e  =A (Miura a d  Tomizawa, 

1968; Kondo, 1969; and Witkin, 1969) o r  &A (Witkin, 1969; Mount 



e t  a l . ,  1972) genes of  E. u, which a l s o  cause extreme UV 

s e n s i t i v i t y ,  l ack  o f  prophage induct ion  by W i r r a d i a t i o n  (Defais  

e t  al.,  1971), and a l low no Weigle r e a c t i v a t i o n  (Miura and 

Tomizawa, 1968; Defais  e t  a l . ,  1971). The mutant s t r a i n s  do mutate 

spontaneously and by agen t s  thought t o  cause only r e p l i c a t i o n  

e r r o r s  (Kondo, 1969; Witkin and P a r i s i ,  1974). . I t  has been 

proposed t h a t  t h e  =A gene product is normally under nega t ive  

c o n t r o l  by t h e  -A gene product ,  is induc ib le ,  and t h i s  

i n d u c i b i l i t y  is the  molecular b a s i s  f o r  a c t i v a t i o n  o f  SOS func t ions  
+ 

(Sedgwick e t  al . ,  1978). These func t ions  a r e  a l l  -A 

dependent, seem induc ib le ,  and r e q u i r e  de novo p r o t e i n  syn thes i s .  

They are c a l l e d  SOS func t ions  because they arise a f t e r  t rea tment  

with DNA damaging agen t s  (Radman, 1974; Witkin, 1976). SOS 

func t ions  inc lude  lysogenic  induct ion  of  lambda, f i lamentous 

growth, b a c t e r i a l  mutagenesis i n  exc i s ion  d e f e c t i v e  mutant s t r a i n s ,  

and Weigle r e a c t i v a t i o n ;  t h e  e x t r a  capac i ty  t o  promote s u r v i v a l  and 

mutagenesis of  i r r a d i a t e d  i n f e c t e d  phages. 

It was f i r s t  proposed t h a t  the  FA gene product is t h e  

"p ro te in  Xw of  40,000 moleoular weight induced i n  l a r g e  q u a n t i t i e s  

fol lowing t rea tments  which e l i c i t  SOS func t ions  s i n c e  t h e  c o n t r o l  

of  s y n t h e s i s  o f  both =A and "p ro te in  Xw a r e  a f f e c t e d  i n  exac t ly  

the  same manner (Innuye and Pardee, 1970; Sedgwick, 1975, Gudas and 

Pardee, 1975; McKenkee e t  a l . ,  1976; Gudas, 1976). Since both =A 

gene product and p r o t e i n  X comigrate i n  SDS-polyacrylamide g e l s ,  it 



was concluded . t h a t  p r o t e i n  X is t h e  product of  the  b a c t e r i a l  

+ 
recA gene. Fur ther  work with two dimensional O I F a r r e l l  g e l s  and - 
a lambda vec to r  ca r ry ing  t h e  =A+ gene has a l s o  shown t h i s  t o  be 

t h e  case (Emerson and West, 1977; McEntee e t  al . ,  1976). The 

+ + 
recA gene product acts with the  -A gene product as a - 
corepressor  f o r  i tself  (Gudas and Pardee, 19751, c l eaves  t h e  lambda 

repressor  (Shinagawa and I t o h ,  1973; Roberts and Roberts,  19751, 

and s t a b i l i z e s  the  s t r u c t u r e  o f  DNA (Tomizawa and Ogawa, 19681, 

e s p e c i a l l y  i n  the  presence o f  s t a l l e d  r e p l i c a t i o n  f o r k s  and DNA 

r e p a i r  s i t e s  by binding t o  s i n g l e  s t randed DNA (Gudas and Pardee, 

1976). 

More r e c e n t  work (Weinstock e t  a l . ,  1979) has shown t h a t  a 

+ near ly  homogeneous prepara t ion  o f  t h e  =A p r o t e i n  c a t a l y s e s  an 

ATP-dependent r ena tu ra t ion  of  s i n g l e  s t r a n d s  of  DNA and, t h e r e f o r e ,  

t h e  p r o t e i n  is probably a "windaseV o r  "annealaseN which could p lay  

a r o l e  in both recombination and DNA r epa i r .  It has been shown 

t h a t  the  p r o t e i n  a l lows s i n g l e  s t randed DNA t o  invade homologous 

super h e l i c a l  DNA, forming D loops ,  a known s u b s t r a t e  f o r  some 

endonucleases, such a s  the  wBC endonuclease (Bridges,  1979). Tbe 

a c t i v i t i e s  of t h e  =A p ro te in  a r e  complex,. combining p r o t e o l y t i c  

a c t i v i t y ,  DNA-dependent ATPase a c t i v i t y ,  and ATP-dependent 

"annealase" a c t i v i t y .  Furthermore, it seems t o  c o n t r o l  its own 

synthcoio and induct.ion a s  well. 



B. DNA r e p a i r  i n  yeast .  

Much o f  t h e  i n i t i a l  work i n  euca ryo t i c  D.NA r e p a i r  mechanisms 

began us ing t h e  p roca ryo t i c  DNA r e p a i r  mechanisms such as those  

cha rac te r i zed  i n  E. c o l i  a s  models. The simple euca ryo t i c  baker ' s  

y e a s t ,  Saccharomyces.cerevisiae, l i k e  E. c o l i ,  is known t o  have 

many g e n e t i c  l o c i  involved i n  DNA r e p a i r  a f t e r  t rea tment  wi th  DNA 

damaging agents  such a s  W l i g h t ,  i o n i z i n g  r a d i a t i o n  and chemical 

mutagens (Averbeck e t  a l . ,  1970 ; Cox and Parry ,  1968 ; Game and 

Mortimer, 1974; Lemontt, 1971; Nakai and Matsumoto, 1967; Prakash, 

1977a, 1977b; Resnick, 1969; Snow, 1967). Yeast c e l l s  can 

pho to reac t iva te  W induced pyrimidine dimers,. and a mutant unable 

t o  c a r r y  out  photoreact iva t ion  has been i s o l a t e d  (Resnick, 1969). 

Another pathway is respons ib le  f o r  exc i s ion  .of pyrimidine dimers i n  

nuclear  DNA, and was.first ind ica ted  b y . r e s u l t s  which show t h a t  t h e  

a b i l i t y  t o  photoreact iva te  a  f r a c t i o n  o f  c e l l  k i l l i n g  is l o s t  over 

a period o f  twenty-four hours a f t e r  i r r a d i a t i o n  (Parry  and Cox, 

1468; Parry and Parry ,  1969; P a t r i c k ,  Haynes and Uretz,  1964). The 

r a d l  (Prakash,  1975; Unrau, Wheatcroft,  and Cox, 1971; Waters and - 
Moustacchi, 1974), - rad2 (Resnick and Setlow, 1972) s j ,  &4 

(Prakash, 1977a), - r a d l 0 ,  and t h e  e l 6  (Prakash,  1977b) l o c i  seem 

t o  be involved i n  t h e  exc i s ion  r e p a i r  o f  UV induced pyrimidine 

dimers. Excision r e p a i r  a c t s  only on nuclear  DNA and does not  

removc dimers from mitochondria1 DNA (Prakash,  1975; Waters and 

Moustacchi, 1974). Mutant s t r a i n s  d e f e c t i v e  i n  exc i s ion  r e p a i r  do 



n o t  e x h i b i t  s e n s i t i v i t y  t o  X-rays nor do they have any e f f e c t  on 

recombination, meiosis  o r  sporu la t ion .  Mutants o f  d l ,  e 2 ,  

rad3,  and &4 e x h i b i t  enhanced W revers ion  of  a v a r i e t y  o f  l o c i  - 
t e s t e d  (Averbeck e t  al.,  1970; Lawrence and Christensen.,  1976; 

Moustacchi, 1969; Resnick, 1969; Zakharov, Kozina, and Fedorova, 

1970), a phenotype o f  exc i s ion  d e f e c t i v e  s t r a i n s .  The induced 

mutab i l i ty  is  photorevers ib le  (Averbeck 5 &., 1970; Lawrence and 

Christensen,  1976; Resnick, 1969) and, t h e r e f o r e ,  a r e s u l t  o f  

pyrimidine dimers. 

I n  a d d i t i o n  t o  pho to reac t iva t ion  and exc i s ion  r e p a i r ,  y e a s t  

appears t o  possess a complex c l u s t e r  o f  a c t i v i t i e s  which i n f l u e n c e  

mutagenic r e p a i r  of W induced damage involving t h e  func t ion  of  

many genes. Included among t h e s e  are ~ l ,  ~ 2 ,  rev3 (Lemontt, 

19711, - rad6,  =9, a 1 8  (Lawrence e t  a l . ,  1974; Lawrence and 

Christensen,  1976). A s  i n  E. c o l i ,  UV induced mutagenesis i n  t h e  

euca ryo t i c  yeas t ,  Saccharomyces c e r e v i s i a e  may be an enzymatic 

process,  wi th  mutat ions a r i s i n g  as t h e  r e s u l t  of e r r o r s  made dur ing 

t h e  r e p a i r  of damaged DNA. The evidence f o r  the  occurrence of 

mutagenic r e p a i r  i n  yeas t  is t h e  discovery of  t h e  above mutat ions 

whose phenotypes inc lude  increased s e n s i t i v i t y  t o  t h e  l e t h a l  

e f f e c t s  of  UV and X-ray i r r a d i a t i o n  and a marked reduct ion  i n  W 

induced mutab i l i ty  compared t o  wild type a t  a l l  test l o c i  examined 

(Lawrence et a l . ,  1974, Lawrence and Christensen,  1976; Lawrence 

and Christensen,  1978a, 1978b; Lemontt, 1971). Lemontt (1973) has  



i s o l a t e d  seven a d d i t i o n a l  mutat ions,  des ignated  E, which decrease  

W mutagenesis. Mutant s t r a i n s  of  t h r e e  o f  these ,  x l ,  ~2 and 

umr3, are s l i g h t l y  more UV s e n s i t i v e  than wild type s t r a i n s  and - 
a f f e c t  t h e  W r e v e r t a b i l i t y  of  one o r  more of  t h e  t h r e e  a l l e l e s  

examined (Lemontt, 1977). One o r  more of  t h e s e  may be involved 

with s p e c i f i c  branches o f  mutagenic r e p a i r  pathways al though t h e i r  

e f f e c t  on the  o v e r a l l  r e p a i r  capac i ty  of  t h e  ce l l  is small. 

The g 6  gene a c t i v i t y  ( t h e  importance of  t h e  H 6  gene w i l l  be 

d iscussed a t  length  i n  a  later s e c t i o n )  appears t o  be necessary f o r  

a l l  k inds  of  mutagenic events  a t  a l l  s i t e s  wi th in  the  genome, while 

t h e  products  of o t h e r  genes t h a t  a c t  i n  t h i s  mutagenic c l u s t e r  o f  

a c t i v i t i e s  have a more r e s t r i c t e d  r o l e  and a r e  involved i n  only 

some kinds o f  mutations. An example o f  genes which have a more 

r e s t r i c t e d  r o l e  a r e  t h e  JEJ1 and REV2 gene products.  The REV1 gene 

func t ion  is no t  requi red  f o r  t h e  production of  most base p a i r  

a d d i t i o n s  o r  d e l e t i o n s  and al though necessary f o r  t h e  formation o f  

most base p a i r  s u b s t i t u t i o n s  is not  requi red  f o r  the s u b s t i t u t i o n s  

which l ead  t o  t h e  revers ion  of -1-131, and the  p r o l i n e  missense 

mutation cycl-115 (Lawrence and Chr is tensen,  1978a, 1978b). The 

REV2 gene product seems t o  be involved only with t h e  W revers ion  - 
of ochre a l l e l e s  (Lawrence and Chr is tensen,  1978b). 

Eight  mutant l o c i ,  &50 t o  - rad57, have been i d e n t i f i e d  which 

p r i n c i p a l l y  a f f e c t  X-ray s e n s i t i v i t y  i n  yeas t  ( G a m e  and Mortimer, 

1974). Gamma ray induced revers ion  f requencies  i n  t h e s e  mutant 



s t r a i n s  a r e  similar t o  those of  wild type s t r a i n s  i n d i c a t i n g  an 

e r r o r  f r e e  mechanism of  DNA r e p a i r  (McKee and Lawrence, 1979). 

Some of t h e  genes involved i n  X-ray r e s i s t a n c e  a r e  a l s o  involved i n  

c e l l u l a r  processes such a s  meios is  (Cox and Parry ,  1968; Nakai and 

Matsumoto, 1967; Resnick, 1969). The bes t  s tud ied  mutant of t h e  

e i g h t  is &52, which seems t o  be requi red  f o r  t h e  r e j o i n i n g  o f  DNA 

double s t r a n d  breaks after X-ray induced chromosome breaks 

( Resnick , 1 969 ) , and may involve  recombinational  r epa i r .  

Other mutants a r e  though t o  be involved i n  DNA r e p a i r ,  such as 

MMS s e n s i t i v e  mutants (Prakash and Prakash, 1977) and c e l l  cyc le  

mutants,  e 8  and &9 (Prakash e t  al.,  1979; Johnston, 1979). The 

DNA r e p l i c a t i o n  mutant o f  y e a s t ,  9 8 ,  has been shown t o  decrease 

W induced mutagenesis al though i n  v i t r o  experiments have'shown it 

is not  d e f e c t i v e  f o r  e i t h e r  DNA polymerase I .or DNA polymerase I1 

(Prakash e t  a l . ,  1979). The &9 c e l l  c y c l e  mutant which is 

d e f e c t i v e  i n  DNA ligase a l s o  is d e f e c t i v e  i n  t h e  r e p a i r  of  DNA 

damaged by W i r r a d i a t i o n  (Johnston and Nasmyth, 1978) , and is 

s e n s i t i v e  t o  MMS but r e l a t i v e l y  i n s e n s i t i v e  t o  gamma i r r a d i a t i o n  

(Johnston,  1979). 

C. The w 6  gene 

A s  mentioned e a r l i e r ,  t h e  g 6  gene of  Saccharomyces c e r e v i s i a e  

appears t o  bc e s s e n t i a l  for a v a r i e t y  o f  processes t h a t  enhance 

s u r v i v a l  and mutagenesis i n  DNA damaged c e l l s .  The 



c h a r a c t e r i s t i c s ,  r e g u l a t i o n  and number of  these  processes  is not  

y e t  f u l l y  understood. Mutant s t r a i n s  ca r ry ing  the  -6-1 allele 

are more s e n s i t i v e  than wild type s t r a i n s  t o  a v a r i e t y  of  phys ica l  

and chemical agen t s  (Cox and Parry ,  1968; Lawrence e t  a l . ,  19741, 

- are d e f i c i e n t  i n  induced mutagenesis a f t e r  t rea tment  with these  

agen t s  (Hunnable and Cox, 1971; Kern and Zimmermam, 19781, e x h i b i t  

e levated  l e v e l s  of  spontaneous and induced recombination 

(Hast ings e t  a l . ,  19761, and a r e  s e n s i t i v e  t o  growth i n h i b i t i o n  by 

trimethoprim, an a n t i f o l a t e  drug (Game et a l . ,  1975). Diplo ids  

homozygous f o r  =6-1 and e 6 - 3  do not  s p o r u l a t e  (Cox and Parry ,  

1968; Game and Mortimer, 1974; Douthwright-Fasse, unpublished d a t a ,  

see Appendix 111, and e 6 - 1  mutant s t r a i n s  do not al low meiot ic  

recombination al though normal premeiotic  DNA s y n t h e s i s  is c a r r i e d  

ou t  (Game,- personal  communication). Haploid s t r a i n s  ca r ry ing  

rad6-1 are unable t o  r e p a i r  s i n g l e  and double s t r a n d  breaks induced 

i n  t h e  DNA by MMS (Chlebowicz and Jachymczyk, 1979; Jachymczyk 

e t  a l . ,  1977). S ince  the  r e p a i r  of  double s t r a n d  breaks i n  wild 

type haploid s t r a i n s  occurs only i n  G2 it seems l i k e l y  t h a t  t h i s  

occurs by a recombination dependent mechanism (Jachymczyk e t  a l . ,  

1977). 

The E 6  gene is one of  a t  l e a s t  n ine ,  and perhaps a s  many a s  

fourbeen genes that form a o l u s t e r  of a c t i v i t i e s  involved i n  

autagenic  DNA r c p a i r  (Lawrence and Christensen,  1976). Other 

s t r a i n s  wi th in  the  e p i s t a s i s  group never e x h i b i t  a l l  of  t h e  above 



phenotypes and any one o f  t h e  phenotypes is r a r e l y  a s  extreme a s  i n  

rad6 mutant s t r a i n s  (Cox and Parry,  1968; Lawrence and Chr is tensen,  - 
1976 ; Lawrence, and Chris  tensen,  1978a) . This  information sugges t s  

t h a t  t h e r e  may be a number o f  independent and d i v e r s e  processes  

t h a t  are dependent on the  E 6  gene product. It is p o s s i b l e  t h a t  

t h e  product of t h e  m 6  gene may a c t  i n  a regu la to ry  manner, r a t h e r  

than enzymatical ly,  i n  order  t o  c o n t r o l  such d i v e r s e  processes.  

S ince  both t h e  &6-1 and &6-3 a l l e l e s  can be t r a n s l a t i o n a l l y  

suppressed,  it seems l i k e l y  t h a t  t h e  gene codes for a p r o t e i n  

product (Lawrence and Christensen,  unpublished d a t a ) .  

That the  R&6 gene product is a c t i v e  i n  a v a r i e t y  of  d i f f e r e n t  

processes  has been inves t iga ted  i n  s e v e r a l  ways. Attempts t o  

s e p a r a t e  these  func t iona l ly  d i s t i n c t  groups have been made i n  t h r e e  

ways, f i r s t  by examining t h e  phenotypes of  s t r a i n s  t h a t  c a r r y  one 

o r  more of  t h e  mutat ions i n  t h e  c l u s t e r  (Lawrence & &., 1974; 

Lawrence and Christensen,  1976 ; 1978a, 1978b) ; second by t h e  

i s o l a t i o n  of  metabolic  supressor s  of  &6 mutat ions (Lawrence and 

Chr is tensen,  J. Bact., i n  p ress )  and f i n a l l y  by c h a r a c t e r i z i n g  a 

new mutation of the  a l l e l e ,  =6-4 a s  described i n  t h i s  thesis. 

D. P h o t o r e v e r s i b i l i t y  

P h o t o r e v e r s i b i l i t y  has been used by o t h e r  workers and i n  t h i s  

s tudy as a probe t o  i n v a s t i g a t ~  t h e  i n i t i a l  events  leading t o  

recovery from l e t h a l  damage o r  mutagenesis. The probe is u s e f u l  



s i n c e  t h e  pho to reac t iva t ing  enzyme acts with high s p e c i f i c i t y  t o  

s p l i t  cyclobutyl  pyrimidine dimers (Setlow, 1966), and because o f  

t h e  ease with which pho to reac t iva t ion  can be applied.  Witkin 

(1966a, 1966b) has suggested t h a t  r e l a t i v e l y  few mutat ions r e s u l t  

from e r r o r s  i n  r e p a i r  a f t e r  normal exc i s ion  of  pyrimidine dimers. 

She proposes t h a t  most mutat ions arise from r e p l i c a t i o n  e r r o r s  due 

t o  the  presence of unrepaired damage i n  the  DNA, because t h e  

+ 
frequency of  W induced try , a-, and s - R  mutat ions a t  a  

given dose is g r e a t l y  e l eva ted  i n  s t r a i n s  of  E. c o l i  lacking t h e  

capac i ty  f o r  dimer exc i s ion  compared t o  s t r a i n s  t h a t  a r e  exc i s ion  

p r o f i c i e n t .  Nishioka and Doudney ( 1 969 ) continued work i n  t h i s  

a r e a  t o  determine t h e  r o l e  o f  e r r o r  i n  the  exc i s ion  r e p a i r  process 

i n  causing mutat ions i n  wild type and r a d i a t i o n  r e s i s t a n t  E. c o l i .  

Their  s tudies-examined the  l o s s  of p h o t o r e v e r s i b l i t y  of  W induced 
- 

mutation t o  G - R  and tryptophan independence with & E. c o l i  

lacking exc i s ion  repair. They demonstrated t h a t  al though l o s s  o f  

p h o t o r e v e r s i b i l i t y  t o  e - R  occurs i n  &+ s t r a i n s ,  i n  E- 

s t r a i n s  LOP is concurrent  wi th  semiconservative DNA syn thes i s .  

S i m i l a r  r e s u l t s  were found when examining t h e  e f f e c t  of  

p h o t o r e v e r s i b i l i t y  on s u r v i v a l  a f t e r  W i r r a d i a t i o n .  These r e s u l t s  

i n d i c a t e  t h a t  excis ion  r e p a i r  is respons ib le  f o r  t h e  l o s s  of 

+ 
p h o t o r e v e r s i b i l i t y  i n  s t r a i n u ,  but  i n  her- s t r a i n s  t h e  

l o s s  o f  p h o t o r e v e r s i b i l i t y  occurs through a process  r e q u i r i n g  DNA 

r e p l i c a t i o n .  



We have u t i l i z e d  p h o t o r e v e r s i b i l i t y  i n  a  s i m i l a r  manner f o r  

t h i s  s tudy i n  t h e  y e a s t  system, and our  d a t a  i n d i c a t e  t h a t  

d i f f e r e n t  phys io log ica l  cond i t ions  a r e  requi red  f o r  LOP i n  yeas t  

than i n  E. c o l i .  De novo p r o t e i n  s y n t h e s i s  is required  f o r  LOP i n  

exc i s ion  d e f e c t i v e  y e a s t  s t r a i n s ,  but  not  DNA syn thes i s .  Therefore 

y e a s t  d i f f e r  from 3. c o l i  i n  t h e  mechanism a v a i l a b l e  t o  d e a l  with 

r e p a i r  during t h e  first c e l l  c y c l e  fol lowing DNA damage. 
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ABSTRACT 

S t r a i n s  ca r ry ing  a new a l l e l e ,  des igna ted  rad6-4,  of  t h e  RAD6 

locus  o f  Saccharomyces c e r e v i s i a e  a r e  about as s e n s i t i v e  t o  UV and 

i o n i z i n g  r a d i a t i o n  as  those  ca r ry ing  rad6-1 o r  rad6-3 bu t ,  u n l i k e  

them, are capable of  induced mutagenesis and spo ru la t ion .  D ip lo ids  

homozygous f o r  rad6-4 or h e t e r o a l l e l i c  f o r  rad6-4 and e i t h e r  rad6-1 

o r  rad6-3 al low W induced r eve r s ion  o f  the ochre a l l e l e s  arg4-17 

and cycl-9, o f  t h e  p r o l i n e  missense a l l e l e  cycl-115, and o f  t h e  

f r amesh i f t  a l l e l e  cycl-239. They a l s o  permit EMS induced r eve r s ion  

o f  cycl-US. The frequency of  r eve r s ion  is g r e a t e r  t han  wild-type 

i n  each case. Homozygous rad6-4 d i p l o i d s  s p o r u l a t e  as well a s  wild 

type ,  while  h e t e r o a l l e l i c  rad6 d i p l o i d s  s p o r u l a t e  l e s s  we l l  t han  

wild-type. Although rad6-4 may wel l  be a  missense mutat ion,  ou r  

evidence shows t h a t  it is- u n l i k e l y  t h a t  t h i s  phenotype is due t o  

l eak ines s .  I n s t e a d ,  t h e  d a t a  sugges t  t h a t  the  RAD6 gene is 

mul t i func t iona l .  One func t ion  is necessary t o  recover  from DNA 

damage i n  an e r r o r - f r e e  manner, and the  o ther  is concerned wi th  

mutagenic processes  and spo ru la t ion .  Rad6- 1 and rad6-3 s t r a i n s  a r e  

d e f i c i e n t  i n  both of  these  func t ions ,  whi le  rad6-4 s t r a i n s  are 

d e f i c i e n t  only i n  t h e  e r r o r - f r e e  func t ion .  



INTRODUCTION 

The g 6  gene is concerned with a v a r i e t y  of  important  

func t ions  necessary f o r  s u r v i v a l  and mutagenesis i n  Saccharomyces 

ce rev i s i ae .  This organism has a v a r i e t y  of r e p a i r  processes  i n  

a d d i t i o n  t o  photoreact iva t ion  of  pyrimidine dimers t o  dea l  with 

r a d i a t i o n  damage (BRENDEL and HAYNES 1973; COX and GAME 1974); one 

t h a t  l e a d s  t o  the  exc i s ion  of  damage from DNA (UNRAU, WHEATCROFT 

and COX 1971; RESNICK and SETLOW 1972; PRAKASH 19771, a second 

thought t o  promote r e p a i r  of double s t r a n d  breaks by a 

recombination dependent mechanism ( R E S N I C K  and MARTIN 19761, a 

t h i r d  concerned wi th  mutagenesis and recovery from damage caused by 

a v a r i e t y  of agents  t h a t  is dependent on mechanisms a s  y e t  not we l l  

understood (LAWRENCE and CHRISTENSEN 1974; PRAKASH 1974; LEMONTT 

1971). 

The - RAD6 gene appears t o  be one of  the  most important  among the  

group involved i n  ca r ry ing  out  t h e  t h i r d  of t h e s e  processes.  

S t r a i n s  ca r ry ing  mutant a l l e l e s  of  the  - RAD6 gene e x h i b i t  a wide 

v a r i e t y  of phenotypes; s e n s i t i v i t y  t o  many DNA damaging agen t s  such 

a s  r a d i a t i o n  and chemicals,  l a c k  of  mutagenesis induced by such 

agen t s ,  s e n s i t i v i t y  t o  t h e  f o l a t e  an tagon i s t  t r imethoprim, and l a c k  

o f  sporu la t ion  i n  homozygous d ip lo ids .  S t r a i n s  ca r ry ing  mutat ions 

i n  o the r  genes t h a t  a f f e c t  t h i s  process never e x h i b i t  a l l  of t h e s e  

phenotypes, and any one mutant phenotype is  r a r e l y  a s  extreme. 

These p r o p e r t i e s  suggest  t h a t  t h e  - RAD6 gene func t ion  is important  

f o r  a v a r i e t y  of  processes ,  and r a i s e s  the  p o s s i b i l i t y  t h a t  the  



gene is mult ifunctional .  This p o s s i b i l i t y  has been inves t iga ted  i n  

two ways. F i r s t  t h e  i s o l a t i o n  and study of  metabolic  suppressors 

of the rad6-1 mutation (LAWRENCE and CHRISTENSEN, i n  p repara t ion) ,  

and second, an examination of t h e  phenotype of a new RAD6 mutant 

a l l e l e ,  designated rad6-4. 

S t r a i n s  carrying rad6-4, a r e  about as s e n s i t i v e  a s  those 

camying rad6-1 o r  rad6-3, but unlike these  s t r a i n s  a r e  capable o f  

induced mutagenesis and sporula t ion .  Such r e s u l t s  i n d i c a t e  t h a t  

t h e  RAD6 gene function is involved i n  a t  l e a s t  two separa te  and 

independent a c t i v i t i e s .  ' One a c t i v i t y ,  o r  set of a c t i v i t i e s ,  is 

recovery from DNA damage i n  a non-mutagenic manner. This a c t i v i t y  

is lacking i n  s t r a i n s  car ry ing any one of the th ree  rad6 a l l e l e s  

and accounts f o r  the  extreme s e n s i t i v i t y  t o ' W  and i o n i z i n g  

r a d i a t i o n  of  these  mutants. - .  The second. group of  a c t i v i t i e s  a r e  

those responsible f o r  induced mutagenesis and sporula t ion .  The 

rad6-4 s t r a i n s  seem t o  possess a l l  of the mutagenic processes found 

i n  a wild type s t r a i n ,  while rad6-1 s t r a i n s  possess none of them. 



MATERIALS AND METHODS 

Mutant I s o l a t i o n :  The procedure t o  i s o l a t e  t h e  rad6-4 mutant was 

t h a t  of  PRAKASH and PRARASH ( 1977). The p a r e n t a l  s t r a i n  B-635 (a 

cyc 1-1 15 h i s 1  1ys2 t r p 2 )  was mutagenized by 130 ~ m - ~  W 

i r r a d i a t i o n  g iv ing  3% su rv iva l .  4824 s u r v i v i n g  c lones  were picked 

onto master  p l a t e s  and t e s t ed .  Each master p l a t e  was t e s t e d  f o r  

s e n s i t i v i t y  t o  MMS at  23' and 35'. 400 presumptive mutants 

t h a t  appeared t o  be MMS s e n s i t i v e  a t  one or both temperatures ,  were 

examined f u r t h e r  f o r  s e n s i t i v i t y  t o  UV i r r a d i a t i o n ,  i o n i z i n g  

r a d i a t i o n  and W, a t  2 3 ' ~  and 35'~. They were a l s o  screened 

f o r  UV-induced r eve r s ion  o f  lys2-1 and s e n s i t i v i t y  t o  

trimethoprim. One uncondi t iona l  rad6 mutant was found anong t h e  

400 clones.  

To a s say  f o r  ochre o r  amber suppress ion  i n  rad6-4 s t r a i n s ,  

haploids  conta in ing  t h e  r a d i a t i o n  s e n s i t i v e  a l l e l e  and ochre o r  

amber s u p p r e s s i b l e  auxotrophic markers were crossed t o  s t r a i n s  

car ry ing  SUP7-1, an ochre suppres so r ,  o r  SUP7-2, an amber 

suppressor .  The d i p l o i d s  were then spo ru la t ed ,  d i s s e c t e d ,  and 

t e s t e d  f o r  suppress ion  of t h e  ochre or amber markers and t h e  rad6 

phenotype of  r a d i a t i o n  s e n s i t i v i t y .  

S t r a i n s :  Three s e r i e s  of d i p l o i d  s t r a i n s  were cons t ruc ted  t o  

i n v e s t i g a t e  the p r o p e r t i e s t o f  the new rad6-4 and t h e  previous ly  

i s o l a t e d  rad6-1 (COX and PARRY 1968) and rad6-3 (PRAKASH and 

PRAKASH 1977) a l l e l e s .  For the  first s e r i e s ,  s t r a i -n s  carryying one 

of t h e  t h r e e  rad6 a l l e l e s  were' backcrossed twice t o  each of two 



paren ta l  s t r a i n s .  The pa ren ta l  s t r a i n s  were chosen f o r  t h e i r  

background o f  good sporula t ion  when in tercrossed.  The s t r a i n s  were 

a l l  homozygous fo r  the  highly r e v e r t i b l e  ochre a l l e l e  a r d - 1 7  

(LEMONTT, 1971) t o  s&ve a s  a test a l l e l e  f o r  W induced 

mutagenesis. A second s e r i e s  of  s t r a i n s  homozygous f o r  the  cycl-9, 

cycl-115, and cycl-239 a l l e l e s  of  the  s t r u c t u r a l  gene f o r  

iso-1-cytochrome 2 were a l s o  constructed i n  order  t o  s tudy 

W-induced mutagenesis i n  rad6-4 homozygous d i p l o i d s  and 

heterozygous cont ro ls .  I n  the  f inal  s e r i e s  of  s t r a i n s ,  

rad6-4/rad6-1 h e t e r o a l l e l i c  d i p l o i d s  were const ructed ,  t h a t  were 

h e t e r o a l l e l i c  fo r  one o f  the  th ree  cyc l  point  mutations and cycl-1, 

a non-reversible de le t ion  of  t h e  whole C Y C l  locus (PARKER and 

SHERMAN 1969; SHERMAN e t  a l .  1975). I n  most cases the  d i p l o i d s  

were i so la ted  by proto t rophic  s e l e c t i o n ,  and t h e i r  d ip lo id  s t a t u s  

v e r i f i e d  by sporulat ion.  This ,test was not poss ib le  i n  the  cases  

oP homoallelie rad6-1 o r  rad6-3 s t . r a ins ,  and h e t e r ~ a l l e l i c  

rad6-1 /rad6-3 s t r a i n s .  Replicate strains were constructed i n  a l l  

cases. 

Determination of Reversion Frequency and Surviving Fract ion:  A l l  

s t r a i n s  were grown f o r  th ree  days i n t o  l a t e  s t a t i o n a r y  phase, i n  10 

mls of Liquid YPD medium (Difco yeas t  e x t r a c t ,  1%; Bacto-peptone, 

2%; dextrose,  2%) with vigorous shaking a t  30°, Cultures were 

b r i e f l y  sonicated when necessary t o  d i s r u p t  c e l l  aggregates. 

Arginine and lys ine  reve r t an t s  a r e  detected by spreading up t o  1 x 

7 10 c e l l s  on p l a t e s  containing syn the t i c  (SD) medium (Difco yeas t  



ni t rogen base without amino ac ids  or  ammonium s u l f a t e ,  0.6%; ammonium 

s u l f a t e ,  1.8%; dextrose, 7.2%; Difco Agar Noble, 1.5%) and 

supplemented with the  necessary n u t r i l i t e s .  Colonies a r i s i n g  from 

0 
reve r t an t s  were' scored a f t e r  4 - 7 days incubation at 30 . 
V i a b i l i t y  was assayed on SD media containing all requirements 

including a rg in ine  and lys ine .  Cytochrome 2 r e v e r t a n t s  were detec ted  

by using semi-synthetic l a c t a t e  (SLY ) medium (D i f c o  yeas t  n i t rogen 

base without amino ac ids  or  ammonium s u l f a t e ,  0.17%; ammonium s u l f a t e ,  

0.5%; Difco yeast  e x t r a c t ,  0.05%; DL-lactate, 1%; Difco Agar Noble, 

1.5%) , and supplemented with the  necessary n u t r i l i t e s .  YPG medium, 

similar t o  YPD, but containing 3% (V/V) glycerol  r a t h e r  than dextrose 

and s o l i d i f i e d  with 1% Difco bacto agar ,  was used t o  measure v i a b i l i t y  

f o r  cytochrome c reversion. samples of cycl r eve r t an t s  were examined 

spect roscopica l ly  by the  method of ' SHERMAN and SLONIMSKI ( 1964 ) t o  

confirm t h a t  t h e  scor ing  of in t r agen ic  r eve r t an t s  was accurate.  The 

p l a t i n g  d e n s i t i e s  used were genera l ly  low enough t o  avoid 

density-dependent a r t i f a c t s  ( LAWRENCE and CHRISTENSEN, 1 976) . 
- 2 Reversion frequency was estimated a t  doses of 3.5 and 7.0 J m  , 

fluences chosen t o  give a t  l e a s t  one comparison between wild-type and 

rad ia t ion  s e n s i t i v e  s t r a i n s  a t  a dose g iv ing r e l a t i v e l y  high 

survival .  De ta i l s  regarding t h e  W r a d i a t i o n  source and its dosimetry 

a r e  given i n  LAWRENCE & &. ( 1 974 ) . Gamma-ray exposure was c a r r i e d  

ou t  i n  a 6 0 ~ o  i r r a d i a t o r  (J.L. Shepherd and Associates)  i n  aera ted  

l iqu id  cu l tu res  before p la t ing .  Dosimetry measurements and 

i r r a d i a t i o n  methods a r e  given i n  MCICEE and LAWRENCE' ( i n  p ress ) .  



T r i m e t h o p r a r e s i s t a n c e :  Trimethoprim r e s i s t m c e  was assayed by 

3 p l a t i n g  betveqn lo2 and 10 c e l s  on SD medium containing 

trimethoprim (2,4-diamino-q 3,4 , 5-trimethoxy benzl] pyrimidine ,. 

200 pg/ml) and a l s o  on unsupplemented SD c o n t r o l  p la t e s .  

Sporulat ion:  Sporulat ion frequency was examined twice i n  t h e  first 

s e r i e s  of  d i p l o i d s  ( see  under w S t r a i n s w )  by growing them on s o l i d  

YPD medium f o r  th ree  days and t r a n s f e r i n g  them t o  s l a n t s  conta in ing 

sporula t ion  medium (Potassium a c e t a t e ,  2% ; dextrose ,  0.1 %; Difco 

yeas t  e x t r a c t ,  - 0.258; Difco Agar Noble, 1.67%) supplemented with a 

n u t r i l i t e  so lu t ion .  The number of a s c i  i n  a t o t a l  o f  from 500 t o  

2000 c e l l s  was counted i n  each s t r a i n  a f t e r  incubat ion  f o r  seven 

days a t  30'. 



RESULTS 

I s o l a t i o n  and Iden t i f i ca t ion :  400 mutant clones judged t o  be MMS 

s e n s i t i v e  a t  e i t h e r  23' o r  35' were screened for  t h e i r  a b i l i t y  

to complement rad6-1, rad18-2, and rad52-1, f o r  W induced 

revers ion  o f  lys2-1 and fo r  s e n s i t i v i t y  t o  trimethoprim. A 

mutation i n  one of  these  i s o l a t e s ,  A-270, d i d  not complement e i t h e r  

rad6-1 o r  rad6-3 f o r  s e n s i t i v i t y  t o  W or  ion iz ing  r a d i a t i o n  (.see 

Figures 3  and 61, and the  s t r a i n  exhibi ted  growth t h a t  was 

s e n s i t i v e  t o  i n h i b i t i o n  by trimethoprim, a property found only i n  

rad6 and radl8  mutants (GAME e t  a l .  1975). Crosses o f  A-270 t o  - 
wild-type s t r a i n s  indica ted  t h a t  the  UV s e n s i t i v i t y  o f  t h i s  s t r a i n  

was due to a  s i n g l e  recess ive  gene. F i n a l l y ,  f o r t y  t e t r a d s  from a  

rad6-1, rad6-4 h e t e r o a l l e l i c  d i p l o i d  yielded 4:0 segregat ion  f o r  

the  UV s e n s i t i v i t y  phenotype i n d i c a t i n g  t h a t  the  mutation i n  A-270 

was located less than fcM from the. rad6-1 s i t e .  We conclude t h a t  

the  mutation. i n  8-270 is the re fo re  an a i l e l e  of t h e  RAD6 gene, 

which we designate rad6-4. 

Radiation S e n s i t i v i t y :  Haploid and d ip lo id  s t r a i n s  car ry ing the  

rad6-4 a l l e l e  are about a s  s e n s i t i v e  t o  both W and ion iz ing  

rad ia t ion  a s  comparable s t r a i n s  car ry ing the  rad6-1 and rad6-3 

a l l e l e s .  Figures 1-6 show t h e  average s u r v i v a l  curves of haploid 

s t r a i n s ,  and a l s o  of homoallelic and h e t e r o a l l e l i c  d ip lo id  s t r a i n s ,  

with s imi la r  gene t i c  backgrounds, a f t e r  treatment with UV and 

ion iz ing  rad ia t ion .  A l l  o f  the  rad6 s t r a i n s  a r e  very s e n s i t i v e  t o  

i r r a d i a t i o n  compared t o  wild type con t ro l s .  Although rad6-4 



FIGURE 1 Average W survival  curves for (JF207-IB,; 

JF152-1C) and rad6-4 (JF96-26B, JF185-ID) haploid s t ra ins .  
- - .  



UV FLUENCE ( J w 2 )  



'FIGURE 2 Average UV survival curves for -- RAD+/rad6-x (r172, 

r23), rad6-l/rad6-1 - (r20, r951, rad6-3/rad6-3 - (r153, 

r173) rad6-4/rad6-4 (1-322, r320) diploids. 
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UV FLUENCE (Jm2)  



FIGURE 3 Average W survival curves for RAD+/rad6-x (r172, r23), 

rad6-3/rad6-4 (r178, r317), rad6-1/rad6-4 (r104, r311) and 

rad6-l/rad6-3 (r99, r27) heteroallelic diploids. 



U V  FLUENCE (Jm-2) 



. - FIGURE 4 Average gamma ray surv iva l  curves for RAD+ (JF'207-1B, 

JF147-1C) rad6-1 (Jl?147-9D, JF207-IOC), rad6-3 (JF152-1C, 

JF86-6C) and rad6-4 (JF96-26B, JF195-4~)  haploid s t r a i n s .  
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FIGURE 5 Average gamma ray curves for  RAD+/rad-x (r172, r231, 

rad6- 1 /rad6- - 1 (1-20, r 9 5 ) ,  rad6-3/&6-3 ( r  1 73,  r 153 ) , and 

rad6-4/&6-4 (1-322, r266) d ip lo ids  . 
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FIGURE 6 Average gamma ray surv iva l  curves f o r  RAD+/rad6-x (r172,  

r 2 3 ) ,  rad6-3/rad6-4 (r317 ,  r178 ) ,  rad6-l/rad6-4 (r311 ,  r106) 

and rad6-1 /rad6-3 (r167,  r146 ) h e t e r o a l l e l i c  d i p l o i d s .  
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s t r a i n s  may be s l i g h t l y  more r e s i s t a n t  t o  W r a d i a t i o n  than rad6-1 

and rad6-3 s t r a i n s ,  t h e  d i f fe rence  is a t  bes t  small  and its 

exis tence  is not  supported by an ana lys i s  o f  variance o f  the  l o g  o f  

t h e  surviv ing f rac t ion .  The di . fference i n  s e n s i t i v i t y  between 

s t r a i n s  car ry ing rad6-4 and t h e  o the r  =6 a l l e l e s  seems g r e a t e s t  

i n  t h e  gamma ray s u r v i v a l  curves. The determination o f  these  

s e n s i t i v i t i e s  is made d i f f i c u l t  by the  presence of  a va r i ab le  s i zed  

subpopulation of r e s i s t a n t  c e l l s  i n  a l l  @ mutant cul tures .  

These subpopulations not  only give rise t o  tails on the  s u r v i v a l  

curves, but a l s o  influence t h e  i n i t i a l  s lope ,  and may account f o r  

the  apparent 'differences i n  s e n s i t i v i t i e s .  The r e s i s t a n t  

subpopulations may i n  p a r t  be t h e  consequence of  aggregates o f  

c e l l s  t h a t  have r e s i s t e d  d i s rup t ion  during sonica t ion ,  and i n  p a r t  

due t o  the  occurrence of various suppressors,  which read i ly  

accumulate i n  - rad6 m!.!tants due t o  the  growth advantage t h a t  they 

impart to these  s i c k  s t r a i n s .  

Induced Mutagenesis: The r e s u l t s  given i n  Tables 1 and 2 not  only 

show t h a t  rad6-4 s t r a i n s  a r e  capable of  induced mutagenesis, but 

a l s o  suggest t h a t  they possess the  f 'ul l  range of  mutagenic 

processes found i n  wild types. Apart from responding mutagenically 

t o  two con t ras t ing  mutagens, UV and EMS, rad6-4 s t r a i n s  a l s o  

e x h i b i t  UV-induced reversion of  f o u ~  a l l e l e s  which, as discussed 

below, r e v e r t  by p a r t i a l l y  independent processes. 

The four  a l l e l e s  examined'bere a.rg4-17, an ochre a l l e l e  t h a t  

r e v e r t s  w e l l  with UV (LEMONTT 1971), cycl-9.an ochre a l l e l e  o f  the  



TABLE 1 

Indujed reversion frequency of zrg4-17 cycl a l l e l e s  i n  diploid s t r a i n s  

homozygous or heterozygous fo r  rad6-4 and he te roa l l e l i c  fo r  rad6-1 and rad6-4 

exposed t o  3.5 and 7.0 ~ m - ~  UV radiat ion.  Percent survival  i n  parentheses. 

Induced reser tants  per lo-' survivors (% survival )  

a l l a l e  

reverted 3.5 ~ m - ~  7.0 JIII-~ 3.5 ~ m - ~  7.0 ~ r n - ~  3.5 ~ r n - ~  7.0 ~ m - ~  

(ochre) 

.cyc 1-9 32 (105) 132 (103) 219 (68) 738 (38) 911 (39) 2193 (12) 

(ochre) 

cycl-115 38 ( 99) 207 (105) 376 (85) 675 (37) 683 (39) 1076 (17) 

( p r o l i  ne 

imissense 

cyc 1-239 8(!11) g ( 9 8 )  2 8 ( 7 7 )  61 (29) 4 3 ( 3 5 )  132 (15 )  

( frameshift) 

* 
The homoallelic and heterozygous s t r a i n s  have comparable genetic 

backgrounds, but the he te roa l l e l i c  diploids a r e  derived from a 

d i f fe ren t  s e t  of crosses. 



TABLE 2 

~nduced reversion frequency of the cycl-115 a l l e l e  i n  diploid 

strains homozy~ous or heterozygous for rad6-4 exposed to 0.5% EMS 

for 0 - 5 hours. 

time of 

treatment 

Induced revertants per lo4 survivors ( I  survival 

cycl-115 + CYC1+ 

(hours 1 - RADc/rad6-4 rad6 -4 /rad6-4 



s t r u c t u r a l  gene f o r  iso-1-cytochrome 2, cycl-115, a p ro l ine  

missense mutant; and cycl-239, a  f r amesh i f t  mutation (SHERMAN - e t  

a l .  1974 ) . The t h r e e  cyc 1 a l l e l e s  r e v e r t  a s  a  consequence o f  - 
d i f f e r e n t  base p a i r  a l t e r a t i o n s ,  and furthermore a r e  r e p r e s e n t a t i v e  

o f  groups of a l l e l e s  t h a t  r e v e r t  by processes t h a t  are under 

p a r t i a l l y  d i f f e r e n t  g e n e t i c  c o n t r o l  (LAWRENCE and CHRISTENSEN, 

1978a, b; 1979). Each o f  these  a l l e l e s  can be reve r t ed  by UV i n  

rad6-4 s t r a i n s  (Table I ) ,  sugges t ing  t h a t  t h e s e  d i p l o i d s  possess  

the  f u l l  range of  wild type c a p a b i l i t i e s .  EMS induced reve r s ion  o f  

cycl-115 i n  rad6-4 d i p l o i d s  and i n  wild type c o n t r o l s  is shown i n  

Table 2. A s  can be seen from t h i s  t a b l e ,  EMS is a l s o  an e f f e c t i v e  

mutagen i n  rad6-4 s t r a i n s .  I n  comparison, rad6-1 s t r a i n s  e x h i b i t  

no UV o r  EMS mutagenesis a t  the  sites which have been t e s t e d  

(LAWRENCE e t  a l .  1974; PRAKASH 1974). Although they have not  been 

s tud ied  a s  i n t e n s i v e l y  a s  rad6-1 s t r a i n s ,  rad6-3 d i p l o i d s  a l s o  

appear t o  be e n t i r e l y  d e f i c i e n t  i n  UV mutagenesis 

(DOUTHWRIGHT-FASSE, unpublished d a t a ) .  

Although revers ion  experiments wi th  rad6 mutants are unusually 

prone t o  a  v a r i e t y  of s e l e c t i o n  a r t i f a c t s ,  t h e s e  r e s u l t s  a r e  

never the less  l i k e l y  t o  r e f l e c t  t h e  induc t ion ,  and not s e l e c t i o n ,  o f  

r e v e r t a n t s .  Thus, t h e r e  was an abso lu te  inc rease  i n  the  number of 

r e v e r t a n t s  per  m i l l i l i t e r  of i r r a d i a t e d  c u l t u r e ,  uncorrected f o r  

s u r v i v a l .  Furthermore, r e v e r t a n t s  were sampled and shown t o  be 

j u s t  a s  s e n s i t i v e  a s  the  pa ren ta l  s t r a i n .  Arg4-17 can r e v e r t  by 

ochre suppress ion,  and t h i s  c l a s s  of mutations has been found 

previously (LAWRENCE, unpublished data) t o  give select ion 



a r t i f a c t s .  Experiments with t h i s  a l l e l e  employed g l y c e r o l  medium. 

STEWART -- e t  a l .  (1972) have shown t h a t  nonsense suppressors  grow 

poorly on non-fermentable medium., s o  t h a t  l i t t l e  oppor tuni ty  f o r  

t h e  s e l e c t i o n  of spontaneous suppressors  could t h e r e f o r e  occur. 

Each of  the  cycl a l l e l e s  r e v e r t s  almost exc lus ive ly  by i n t r a g e n i c  

mutat ion s ince  samples of a l l  r e v e r t a n t s  were examined 

spec t roscop ica l ly  (SHERMAN and SLONIMSKI 1964) t o  confirm t h a t  t h e  

scor ing  of  t h e s e  i n t r a g e n i c  events  was accura te .  

The r e s u l t s  i n  Tables 1 and 2. sugges t  t h a t ,  q u a l i t a t i v e l y ,  t h e  

rad6-4 s t r a i n s  possess t h e  same capac i ty  t o  mutate as wild type  

s t r a i n s .  Q u a n t i t a t i v e l y ,  however, r eve r s ion  f requencies  are i n  a l l  

cases  increased i n  rad6-4 s t r a i n s ;  f o r  arg4-17, W-induced 

reve r s ion  i n  rad6-4 d i p l o i d s  is 10 t o  15 f o l d  higher than 

wild-type, f o r  cycl-9, about 6 f o l d  h igher ,  f o r  cycl-115, 3 t o  10  

f o l d  higher and f o r  cycl-239, 3 t o  6 f o l d  higher.  Table 1 shows 

t h a t  UV induced mutagenesis a l s o  t a k e s  place i n  rad6-l/rad6-4 

h e t e r o a l l e l i c  d ip lo ids .  High f requencies  of r eve r s ion  of  a l l  the  

a l l e l e s  are aeen i.n these s t r a i n s .  Although they a r e  more 

s e n s i t i v e  t o  UV i r r a d i a t i o n  than the  rad6-4 homozygous d i p l o i d s ,  

t h e  h e t e r o a l l e l i c  d i p l o i d s  and rad6-4 homozygous d i p l o i d s  have 

d i f f e r e n t  g e n e t i c  backgrounds, s o  t h a t  comparisons cannot be made. 

F i n a l l y ,  EMS induced revers ion  o f  cycl-115 is about two f o l d  h igher  

i n  the  rad6-4 s t r a i n s  than i n  the  wi ld  type (Table 2) .  



Sporulat ion 

The sporula t ion  capaci ty  of  s t r a i n s  homozygous, heterozygous o r  

h e t e r o a l l e l i c  f o r  t h e  d i f f e r e n t  rad6 a l l e l e s  is given i n  Table 3. 

Homozygous rad6-4 s t r a i n s  sporulated t o  much the  same extent  as the  

heterozygous and homozygous wild types,  which were s t a t i s t i c a l l y  

homogeneous k i t h  respect  t o  sporula t ion  frequency. Neither rad6-1 

o r  rad6-3 homozygous d ip lo ids  allow any de tec tab le  sporulat ion.  

Rad6-1 /rad6-4 and rad6-3had6-4 h e t e r o a l l e l i c  s t r a i n s  &so 

sporu la te ,  showing t h a t  rad6-4 is dominant over t h e  o ther  a l l e l e s  

i n  t h i s  respect .  

An ana lys i s  of variance of percent sporula t ion  transformed t o  

angles gave th ree  conclusions. F i r s t ,  t he  homozygous wild type and 

heterozygous wild type con t ro l s  were a  homogeneous c l a s s  f o r  

sporulat ion.  Secondly, t h e  frequency of sporu la t ion  i n  t h e  

homozygous rad6-4 s t r a i n s  was not s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  

of t h e  two c l a s s e s  of wild type s t r a i n s .  F i n a l l y ,  t h e  sporu la t ion  

frequency of rad6-4 h e t e r o a l l e l i c  d ip lo ids  was s i g n i f i c a n t l y  lower 

than t h a t  of t h e  heterozygous wild types ,  suggest ing t h a t  the  

sporula t ion  a c t i v i t y  of the rad6-4 gene product may be l e s s  than 

t h a t  of t h e  wild type a l l e l e ,  or abnormal i n  some other  way. 

Ef fec t  of low l e v e l s  of RAD6 gene product on s u r v i v a l ,  revers ion  

and sporula t ion:  The data  suggest t h a t  rad6-4 mutants a r e  almost - 
e n t i r e l y  de f i c i en t  i n  e r r o r  f r e e  r e p a i r  but r e l a t i v e l y  normal fo r  

mutagenic processes and sporulat ion.  Thia phenotype seems t o  

r e f l e c t  an inherent  property of the rad6-4 a l l e l e ,  dependent on the  



TABLE 3 

Percent.  spo ru l a t i on  o f  d i p l o i d  s t r a i n s  cons t ruc t ed  by i n t e r c r o s s i n g  

a l l  combinations o f  rad6 haploids .  Four t o  seven independent 

s t r a i n s  w e r e  spo ru l a t ed  twice,  and 500 c e l l s  assayed f o r  the 

a b i l i t y  to s p o r u l a t e  i n  rad6-1 rad6-3 homozygous d i p l o i d s ,  and 

2000 cells i n  a l l  o the r  cases. 



organiza t ion  of the RAD6 gene; even though rad6-4 may well be a  

missense a l l e l e ,  its phenotype does not appear t o  be a consequence 

of leakiness.  S t r a i n s  car ry ing rad6-4 a r e  as s e n s i t i v e ,  o r  almost 

as s e n s i t i v e ,  t o  r ad ia t ions  as those car ry ing t h e  nonsense a l l e l e s  

rad6-1 o r  rad6-3. Moreover, i t  is unl ike ly  that lower l e v e l s  of 

RAD6 gene product are required f o r  normal sporu la t ion  and - 
mutagenesis than f o r  normal survival .  A homozygous rad6-1 s t r a i n  

heterozygous for an amber suppressor e x h i b i t s  a  l a r g e  inc rease  i n  

r e s i s t ance  t o  UV i r r a d i a t i o n ,  and a l s o  shows W-induced revers ion  

of  cycl-9. These results, shown i n  Table 4 ,  suggest  t h a t  a  small 

amount of RAD6 gene product propor t ional ly  a f f e c t s  both su rv iva l  

a f t e r  W i r r a d i a t i o n  and W induced mutagenesis. Sporulat ion was 

not observed i n  t h i s  s t r a i n ,  probably the  consequence of a  bad 

genet ic  background. Amber suppression i n  another rad6- 1 s t r a i n  was 

found t o  have a  proport ionately smaller  e f f e c t  on mutation than on 

s u r v i v a l ,  while sporula t ion  was normal (LAWRENCS and CHRISTENSEN, 

i n  prepara t ion) .  The observation t h a t  amber suppression i n  rad6-1 

s t r a i n s  doea not d ispropor t ionate ly  enhance sporula t ion  and 

mutagenesis suggests tha t  the phenotype of the *6-4 a l l e l e  is not 

due t o  its leakiness.  

T r i m e t  ho p r im  S e n s i t i v i t y :  GAlvIE et a l .  ( 1975 1 showed t h a t  rad6-I, 

rad6-2 ( s ince  l o s t )  and radl8  s t r a i n s  a r e  s e n s i t i v e  t o  growth 

i n h i b i t i o n  by the  f o l a t e  antagonis t  t r imet  hoprim. This sens i  t l v i  t y  

appears t o  depend on the  deficiency of rad6-1 and rad6-3 mutant 

s t r a i n s  with respect  t o  the  non-mutagenic r e p a i r  of W damage, t h e  

deficiency which is responsible f o r  t h e i r  extreme s e n s i t i v i t y  t o  



TABLE 4 

~ f f e c t  o f  an amber suppressor on UV-induced reversion o f  cycl-9 and 

survival i n  diploid s trains  homozygous for rad6- 1. 

Strain 

Induced revertants per 1 o ' ~  survivors ( % survival)  

CYC 1-9 -C CYC1+ 

rad6-1 =+ 544 (71)  
rad6-1 SUP 

rad6-1 sup+ 
RAD6+ SUP 



t h i s  r ad ia t ion  (LAWRENCE and CHRISTENSEN, i n  prepara t ion) .  The 

growth of  rad6-1 o r  rad6-3 s t r a i n s  t h a t  ca r ry  t h e  dominant, 

non- t r a n s l a t f  onal suppressor mutation SRS2- 1 is not inh ib i t ed  by 

trimethoprim, and such s t r a i n s  are a l s o  much more r e s i s t a n t  t o  UV 

than unsuppressed rad6 mutants (LBmENCE and CHRISTENSEN, i n  

preparat ion).  This suggests  t h a t  rad6-4 mutants should a l s o  be 

s e n s i t i v e  t o  trimethoprim, and t h i s  was found t o  be the  case; the  

growth of  A-270 and a l s o  of e i g h t  rad6-4 segregants  was i n h i b i t e d  

by t h i s  drug. Similar ly ,  the  trimethoprim s e n s i t i v i t y ,  and also 

much of t h e  W s e n s i t i v i t y ,  of rad6-4 strains is suppressed by t h e  

SRS2-1 mutation (da ta  not shown). 



DISCUSSION 

The d i f fe rence  i n  phenotypes between rad6-1 o r  rad6-3 mutants, 

and s t r a i n s  car ry ing rad6-4 s t r a i n s  .can be bes t  explained by the  

hypothesis t h a t  RAD6 dependent processes a r e  of  a t  l e a s t  two kinds;  

the  first non-mutagenic and very important f o r  the  s u r v i a l  o f  wild 

.type s t r a i n s ,  t h e  second mutagenic and r e l a t i v e l y  unimportant f o r  

su rv iva l ,  though necessary f o r  sporula t ion .  

Like rad6-1 and rad6-3 mutants, rad6-4 s t r a i n s  a r e  extremely 

s e n s i t i v e  t o  DNA damaging agents  such a s  W, i on iz ing  i r r a d i a t i o n  

and EMS, and moreover are s e n s i t i v e  to about t h e  same extent .  

Unlike rad6-1, and probably rad6-3 mutants, rad6-4 s t r a i n s  e x h i b i t  

W and EMS induced reversion of  a l l  a l l e l e s  examined, a t  

frequencies t h a t  a r e  i n  f a c t  g r e a t e r  then i n  the  wild type,  and 

a l s o  sporulate.  These a b i l i t i e s  o f  rad6-4 s t r a i n s  suggest t h a t  t h e  

RAD6 gene may possess severa l  a c t i v i t i e s .  One a c t i v i t y  is - 
necessary to recover from DNA damage i n  a non-mutagenic manner. 

S t r a i n s  car ry ing any of  the  th ree  rad6 a l l e l e s  must be d e f i c i e n t  i n  

t h i s  type of DNA repair due t o  t h e i r  extreme s e n s i t i v i t y  t o  DNA 

damaging agents.  The o the r  a c t i v i t y  is required f o r  a mutagenic 

process,  or  set of processes,  and a l s o  sporulat ion.  Only rad6 

s t r a i n s  car ry ing the  rad6-4 a l l e l e  e x h i b i t  mutagenic r e p a i r .  

S imi la r ly ,  sporula t ion  of rad6 strains is poss ib le  only when t h e  

rad6-4 a l l e l e  is present.  



S t r a i n s  car ry ing rad6-4 possess severa l ,  and probably a l l ,  o f  

t h e  mutagenic c a p a b i l i t i e s  of  wild type s t r a i n s .  There is evidence 

f o r  s e v e r a l  branches of  RAD6 dependent mutagenic r e p a i r  i n  y e a s t ,  

some s i t e  s p e c i f i c ,  and o thers  s p e c i f i c  f o r  c e r t a i n  base p a i r  

changes o r  f o r  mutagenesis induced by p a r t i c u l a r  mutagens (LAWRENCE 

and CHRISTENSEN, 1978a, b; 1979; MCKEE and LAWREPICE, i n  

preparat ion).  The th ree  cycl a l l e l e s  which were u t i l i z e d  t o  

examine W induced mutagenesis, cycl-9, cycl-115, and cycl-239 a r e  

representa t ive  of a l l e l e s  t h a t  r e v e r t  by p a r t i a l l y  independent 

mutat ional  processes. W and EMS were u t i l i z e d  a s  agents  t o  assay  

f o r  mutagenesis induced by con t ras t ing  types of  mutagens (PRAKASH 

1976). A l l  s t r a i n s  containing rad6-4 allowed induced mutagenesis 

by these  con t ras t ing  mutagens, a s  judged by the  revers ion  of  the 

a l l e l e s  test-ed. Induced revers ion  frequencies were i n  f a c t  i n  a l l  

cases higher i n  rad6-4 s t r a i n s  than i n  wild types ,  i n  a manner 

reminiscent o f  W-induced mutation i n  excis ion  de fec t ive  s t r a i n s .  

The reason f o r  t h i s  is not known, but  may a l s o  depend on the  

d ivers ion  of a g r e a t e r  amount of damage i n t o  mutagenic recovery 

processes due t o  the  absence of  non-mutagenic RAD6 r e p a i r  

mechanisms i n  rad6-4 s t r a i n s .  

The rad6-4 a l l e l e  is dominant over e i t h e r  the  rad6-1 o r  rad6-3 

a l l e l e s  f o r  sporulat ion.  The homozygous rad6-4 d i p l o i d  s t r a i n s  

sporulat.e, a 1 t . h ~ i ~ g h  nef t h e r  t h e  r M -  L or  rad6-3 homozygous 

d ip lo ids  e x h i b i t  any detec table  sporula t ion  a b i l i t y .  Diploids 

h e t e r o a l l e l i c  f o r  rad6-4 and e i t h e r  rad6-1 o r  rad6-3 a l s o  



sporu la te ,  but  with s i g n i f i c a n t l y  lower frequency than t h e  

heterozygous wild types. These data  suggests  t h a t  t h e  sporu la t ion  

a c t i v i t y  o f  the  rad6-4 gene product may be less than t h a t  of  the  

wild type a l l e l e ,  or  a l t e r e d  i n  some way. GAME & &. (personal  

communication) have shown t h a t  rad6-1 s t r a i n s  are d e f i c i e n t  i n  

recombination i n  t h e  period between premeiotic DNA syn thes i s  and 

commitment t o  sporulat ion.  This could mean t h a t  the  gene 

product is required f o r  recombination i tself ,  o r  t h a t  i t  is 

required f o r  some other  e s s e n t i a l  s t e p  i n  sporula t ion  t h a t  precedes 

recombination. Rad6-4 s t r a i n s  a r e  presumably not d e f i c i e n t  i n  

recombination i n  t h i s  period s ince  they sporu la te ,  and give v iab le  

ascospores. 

Apar t  from being a  major pathway f o r  repair of damage from UV 

and ion iz ing  rad ia t ion ,  non-mutagenic- r e p a i r  is a l s o  responsible 

f o r  trimcthoprim ree is tanoe  i n  w i l d  type s t r a i n s .  The lack 09 

' non-mutagenic r e p a i r  confers  s e n s i t i v i t y  t o  the  drug i n  s t r a i n s  

car ry ing a l l  t h ree  rad6 a l l e l e s .  The SRS2-1 mutation, which 

suppresses t h e  W and trimethoprim s e n s i t i v i t y  of  rad6-1 and rad6-3 

s t r a i n s ,  a l s o  suppresses these  p roper t i e s  i n  rad6-4 s t r a i n s .  

It is unl ike ly  that the  r e s u l t s  obtained from s t r a i n s  car ry ing 

the  rad6-4 a l l e l e  are due t o  n leakinessn  of  t h i s  a l l e l e  even though 

it is probably a  missense a l l e l e ,  i n  con t ras t  t o  the  o ther  two 

a l l e l e s ,  which a r e  nonsense mutations. F i r s t ,  rad6-4 s t r a i n s  a r e  

a s  s e n s i t i v e ,  or  a t  l e a s t  almost a s  s e n s i t i v e  a s  s t r a i n s  car ry ing 

rad6-1 o r  rad6-3. Moreover t r a n s l a t i o n a l  suppression of  the  rad6-1 



a l l e l e  does not enhance the  mutagenic o r  sporu la t ion  capac i ty  o f  

t h e  s t r a i n  t o  an any g r e a t e r  e x t e n t  than  i ts W r e s i s t a n c e .  

Although some amber suppressors  have an e f f i c i e n c y  a s  high a s  75% 

(LIEBMAN and SHERMAN 19761, most suppress  with an e f f i c i e n c y  of  

only  about 15% a t  most. The e f f i c i e n c y  with which rad6-1 was 

suppressed i n  the  p resen t  s t r a i n  is not known, but it is u n l i k e l y  

t o  be high s ince  the  s t r a i n  d id  not grow a s  poorly as those  i n  

which suppression is very e f f i c i e n t .  A small  amount o f  - RAD6 gene 

product would t h e r e f o r e  appear t o  a f f e c t  both induced mutagenesis 

and W s e n s i t i v i t y  hand i n  hand. It is not known, however, whether 

t h e  amino a c i d  i n s e r t e d  by the amber suppressors  are equa l ly  

e f f e c t i v e  a t  r e s t o r i n g  both of these  a c t i v i t i e s  i n  t h e  - RAD6 product.  

I n  conclusion,  t h e  da ta  suggest  t h a t  the  rad6 gene is 

mul t i funct ional .  Three a l l e l e s  e x i s t ,  and a l l  a r e  d e f i c i e n t  i n  

non-mutagenic r e p a i r  of  DNA damage. One a l l e l e ,  rad6-4, al lows 

mutagenic recovery from DNA damage, and agorula t ion .  This  

c o r r e l a t i o n  sugges ts  t h a t  similar, perhaps i d e n t i c a l  a c t i v i t i e s  a r e  

concerned with mutagenesis and some s t e p  i n  t h e  process of 

sporu la t ion  t h a t  could be recombination. Figure 7  shows a  poss ib le  

model of t h e  - RAD6 gene. It is suggested t h a t  t h e  gene codes f o r  

two a c t i v i t i e s ,  o r  a t  l e a s t  t h a t  d i f f e r e n t  p a r t s  of the  - RAD6 

polypeptide play varying r o l e s  i n  two kinds of a c t i v i t i e s .  The 

rad6-1 and rad6-3 a l l e l e s  a r e  nonsense mutations and no func t iona l  

p r o t e i n  is t r a n s l a t e d .  The rad6-4 a l l e l e  al lows a p r o t e i n  t o  be 

t r a n s l a t e d ,  but  it  conta ins  a  missense mutation which abo l i shes  one 



FIGURE 7 Proposed model of the E 6  gene. x = nonsense 

mutation, 0 = missense mutation. 
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of  these  functions;  the product funct ions  f o r  induced mutagenesis 

and sporula t ion ,  but not f o r  non-mutagenic repair, conferr ing  

extreme s e n s i t i v i t y  t o  DNA damaging agents  on rad6-4 s t r a i n s .  

Although t h e r e  is no d i r e c t  evidence i n d i c a t i n g  t h e  funct ions  

ca r r i ed  out  by the  RAD6 gene product,  its involvement i n  suoh a 

diverse  s e t  of processes suggests  t h a t  i t  may be a regula tory  

molecule r a the r  than a enzyme. 

This paper is based on work performed under con t rac t  wi th  The U.S. 

Department of Energy a t  t h e  Universi ty of Rochester Department of 

Radiation Biology and Biophysics and h a s  been assigned Report No. 

UR-3490-1677. 
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ABSTRACT 

The l o s s  o f  pho to revers ib i l i ty  (LOP) of  u l t r a v i o l e t  induced 

mutations t o  arg in ine  independence i n  an excis ion  de fec t ive  s t r a i n  

o f  Saccharomyces ce rev i s i ae  car ry ing 9 4 - 1 7  is dependent upon de 

novo p ro te in  synthes is .  This post W pro te in  syn thes i s  causes - 
pyrimidine dimers to become inaccess ib le  t o  t h e  pho t o r e a c t i v a t i n g  

enzyme i n  some unknown manner. LOP begins immediately a f t e r  UV 

i r r a d i a t i o n ,  before semiconservative DNA syn thes i s  takes  place,  and 

is complete a f t e r  four  hours i n  growth medium. There is no 

evidence i n d i c a t i n g  whether the  normal funct ion  of t h e  p ro te in  is 

involved i n  excision r e p a i r ,  o r  i n  one of  the  two r e p a i r  processes 

believed to be inducible ;  induced mutagenesis (12)  or  . 

- 
recombinati onal r e p a i r  ( 4 1. 



INTRODUCTION 

Pho to revers ib i l i ty  has been used as a probe t o  i n v e s t i g a t e  t h e  

i n i t i a l  events leading t o  recovery f r o m  l e t h a l  W-damage o r  UV 

mutagenesis because t h e  photoreact iva t ing  enzyme a c t s  with high 

s p e c i f i c i t y  t o  s p l i t  cyclobutyl pyrimidine d imers  (24 1, and because 

of  t h e  ease with which photoreact ivat ion can be app l i ed ,  e s p e c i a l l y  

s ince  the re  is no nonenzymatic photoreversal  i n  the  yeast .  A s  a 

r e s u l t  of  experiments using pho to revers ib i l i ty  of induced 

prototrophs i n  wild type s t r a i n s ,  Witkin (31) proposed t h a t  the re  

was "dark r e p a i r n  of dimers i n  E. c o l i  caused by W i r r a d i a t i o n .  

Nishioka and. Doudney (17) showed. that loss of pho to revers ib i l i ty  

(LOP) o f  W induced mutation t o  streptomycin r e s i s t a n c e  i n  exc i s ion  

p ro f i c i en t  E. c o l i  s t r a i n s  did not r equ i re  e i t h e r  p ro te in  syn thes i s  

o r  DNA r e p l i c a t i o n ,  but did requi re  energy. However, i n  exc i s ion  

de f i c i en t  mutant s t r a i n s  the l o s s  of p h o t o r e a c t i ~ t i o n  is delayed 

and was dependent on both p ro te in  and DNA synthes is .  The mutations 

presumably a r i s e  during the  r e p a i r  of daughter s t rand gaps opposi te  

dimers i n  t h e  newly formed DNA s t r ands  (23). 

We have used p h o t o r e a c t i ~ t i o n  i n  a S i m i l a r  manner t o  examine 

the  e a r l y  events  leading t o  the  production of W induced mutations 

i n  the  yeas t ,  Saccharomyces cerevis iae .  We f ind  t h a t  

pho to revers ib i l i ty  i n  yeast  is l o s t  by a mechanism t h a t  is 

d i f f e r e n t  from those i n  E. c o l i .  LOP begins immediately a f t e r  UV 



i r r a d i a t i o n  even i n  excision de f ic ien t  s t r a i n s ,  is dependent on 

p ro te in  synthes is  , but occurs before and independently of 

semiconservative DNA synthes is  i n  excision defect ive  s t r a i n s .  

These data  suggest t h a t  a p ro te in  is synthesized a f t e r  W 

i r r a d i a t i o n  causing the  pyrimidine dimers t o  become inaccess ib le  t o  

the photoreactivat ing enzyme i n  same unknown manner. The normal 

funct ion of t h i s  prote in  is unknown but may be involved i n  excision 

repa i r  o r  i n  e i t h e r  of t h e  two processes thought t o  be inducible ,  

W induced. recombination ( 4 )  o r  mutagenesis (12) .  



MATERIALS AND METHODS 

S t ra ins :  A l l .  s t r a i n s  were constructed t o  conta in  the  h ighly  W 

r e v e r t i b l e  a l l e l e  arg4-17 ( 13 1. The source of  excis ion  de fec t ive  

and temperature s e n s i t i v e  mutations a r e  shown i n  Table 1. 

Media: S t r a i n s  were grown f o r  thr-ee days ( t o  s t a t i o n a r y  phase) a t  - 
30°c, o r  a t  2 3 ' ~  for temperature s e n s i t i v e  mutant s t r a i n s ,  i n  

l i q u i d  YPD (1% Bacto yeas t  e x t r a c t ,  2% Bacto-peptone and 2% 

dextrose)  and appropr ia te  d i l u t i o n s  of washed cells p la ted  onto SD 

(0.17% Difco yeas t  base without armnonium s u l f a t e  and amino ac ids ,  

0.5% ammonium s u l f a t e ,  2% dextrose ,  1.5% Difco agar Noble, 

supplemented with a l l  n u t r i l i t e s  and 0.2 mg/ l i te r  arginine) f o r  

arg4-17 reve r t an t s  (9) and onto f u l l y  supplemented SD f o r  

corresponding est imates of v i a b i l i t y .  Ten p l a t e s  were used f o r  

each dose and d i l u t i o n  f o r  scor ing  a 4 - 1 7  r e v e r t a n t s  and four 

p l a t e s  f o r  v i a b i l i t y  est imates.  

Inh ib i to r s :  Cycloheximide (10 pg/ml) (Signa Chemical Co.) and 

hydroxyurea (0.1M) (Signa Chemical Co. ) were added t o  l i q u i d  SD 

7 medium. Cultures a t  a concentrat ion of 1 X 10 ce l l s /ml  were 

t r e a t e d  with i n h i b i t o r s  by holding them i n  l i q u i d  SD medium i n  t h e  

presence of the drug far 20 minutes p r i o r  t o  UV i r r a d i a t i o n  and f o r  

appropr ia te  times a f t e r  W i r r a d i a t i o n .  They were then washed 

th ree  times before p la t ing  and photoreact lvat ion.  . Nun-growth 

l i q u i d  media. was s y n t h e t i c  media lacking dextrose or  a 0.1 M 

potassium phosphate buffer  . 



TABLE 1. 

STRAINS 

Allele source i s o l a t e d  by 

radl-1 - B. S. 'COX S. Nakai and S . .  Mutswnoto ( 16) 

~ d 2 - 5  n - B.S. Cox and J.M. Parry ( 1 )  

rad3-2 n n - 
rad4 -4 n n - 
radl0-2 n 19 - 
=dl 6 -2 n n - 
rad 1-2 n - R. Snow ( 2 6 )  

cdc2 1 - 1 - L. Prakash . L. Hartwell (6) 

prt3- 1 Yeast Stock L. Hartwell (8) 



I r r a d i a t i o n  and photoreact ivat ion:  Germic ida l  W i r r a d i a t i o n  was 

ca r r i ed  out  as repor ted  i n  e a r l i e r  publ ica t ions  ( 12) and 

photoreact ivat ion treatments performed i n  an incubator  i l luminated  

by F20T12 ALB black l i g h t  f luores  cent  tubes  (General E l e c t r i c )  . 
Radiation from these  tubes (300 t o  400 nm, peak 365 nm) was 

f i l t e r e d  through a hammered g l a s s  d i f f u s e r  4 mm t h i c k  and through a 

p l a s t i c  P e t r i  d i s h  l i d  t o  remove s h o r t e r  wavelengths only. All 

photoreact ivat ion expasures l a s t e d  f o r  30 minutes which g ives  

r n d m a l  photoreact ivat ion without a f f e c t i n g  su rv iva l .  Treatments 

were ca r r i ed  out  a t  3 0 ' ~  unless the  s t r a i n s  were temperature 

s e n s i t i v e ,  i n  which case they were t r e a t e d  a t  37', the 

nonpermissive temperature, o r  23', t he  permissive temperature. 

A l l  s t r a i n s  used i n  t h e  experiments were s e l e c t e d  t o  show a t  l e a s t  
. . 

60% photoreact iva t ion  of  induced revers ion  when t r e a t e d  immediately 

a f t e r  W i r r ad ia ton .  The non-photoreactivable s e c t o r  after 

immediate p h ~ t o r e a c t i ~ t i o n  was subt rac ted  from the data ,  and the  

r e s u l t s  expressed as the  percent of t h e  initial amount of 

phot oreact iva t ion  that was lo8 t , A l l  germicidal i r r a d i a t i o n s  were 

ca r r i ed  out a t  roan temperature and under i l luminat ion  s o l e l y  fram 

"goldn f luorescent  lamps t o  avoid unintent ional  photoreact ivat ion.  

I n  experiments examining the  e f f e c t  of i n h i b i t o r s  of growth 

condit ions , germicidal W - i m a d i a t i  ons were given t o  c e l l s  

suspended.in l i q u i d  medium. I n  these  cases ,  a suspension of 

7 1 x 10 c e l l s / m i l l i l i t e r  was constant ly  s t i r r e d  during 

i r r a d i a t i o n  and immediately photoreac t i v a t e d  i n  l i q u i d  medium or  

washed, pla ted  and pho to~eao t iva ted  a t  t h e  approprhate time. 



Fluorometric DNA assay: The amount of DNA i n  i r r a d i a t e d  and 

contro l  cu l tu res  was assayed by t h e  method of Kissane and Robins 

(11) as modified by Doi and Doi ( 2 )  f o r  yeas t  c e l l s ,  using an 

Aminco f luorimeter .  1.ON HC1 was s u b s t i t u t e d  f o r  0.6N perch lo r i c  

a c i d  as suggested by Fas t  (Dale F a s t ,  personal  communication). 

Photoreaet iva t ina  enzyme assay. The enzyme assay w e d  was t h e  

r ap id  dlmer assay method of Sutherland and Chamberlain (271, and 

yeas t  c e l l  e x t r a c t s  were obtained a f t e r  treatment with zymolase. 



RESULTS 

Loss o f  p h o t o r e v e r s i b i l i t y  i n  e x c i s i o n  d e f e c t i v e  s t r a i n s :  I n  w i ld  

t ype  g. c o l i  l o s s  o f  p h o t o r e v e r s i b i l i t y  (LOP) of W induced 

mutat ions t o  s t reptomycin r e s i s t a n c e  occurs  wi th  t h e  same k i n e t i c s  

as exc i s ion  r e p a i r ,  and i n  exc i s ion  d e f e c t i v e  s t r a i n s  is delayed 

u n t i l  DNA s y n t h e s i s  (17) .  I n  y e a s t  t h e  t ime cou r se  and c o n d i t i o n s  

for LOP a r e  d i f f e r en t .  LOP o f  mutation induc t ion  a t  t he  m 4 - 1 7  

site is similar i n  both wild type and G l - 1  (16,291 and e l - 2  

(29)  exc i s ion  d e f e c t i v e  s t r a i n s ,  beginning immediately a f t e r  UV 

i r r a d i a t i o n  and reaching a  maximum by about  f'our hours after  

i r r a d i a t i o n  (F igu re s  1A and 1B). Each o f  t he se  c u l t u r e s  was 

derived from s t a t i o n a r y  phase c e l l s  d i l u t e d  i n t o  f r e s h  medium, s o  

t h a t  a l l  c e l l s  are C1 a t  t he  beginning o f  t he  experiment ( 7 ) .  

LOP is not  unique t o  - rad l  mutant s t r a i n s .  Other exc i s ion  d e f e c t i v e  

mutants ca r ry ing  e 2 - 5 ,  (5,221 f i 3 - 2 ,  (16,19 ) - rad4-4, (5 ,19 )  

rsd7-1, (Prakash,  pe r sona l  communication ) =lo-2, and e l 6 - 1  - 
(21)  a l s o  e x h i b i t  LOP (Douthwight-Fasse,  unpublished r e s u l t s ) .  

Therefore ,  LOP does no t  appear  t o  depend upon normal e x c i s i o n  

r e p a i r ,  o r  a t  least on those a c t i v i t i e s  t h a t  a r e  missing i n  t he se  

e x c i s i o n  d e f i c i e n t  mutants. 

The shape o f  the  curve is not  dose dependent,  a s  seen i n  

F igures  1 A  and 1B. This  observa t ion ,  t oge the r  wi th  t h e  extreme 

s e n s i t i v i t y  of t he  c l - 1  and =l-2 s t r a i n s ,  and the  s i m i l a r i t y  i n  

t h e  LOP k i n e t i c s  o f  wild type and exc i s ion  d e f e c t i v e  s t r a i n s  makes 



FIGURE 1 Average LOP a f t e r  W i r rad ia t ion  w i th  the indicated  

dose i n  wi ld  type strains (JF101, JF234), - radl-1 s t r a i n s  

(JF241, JF242), and e l - 2  s t r a i n s  (JF126, JF184). 
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it u n l i k e l y  t h a t  t he  r e s u l t s  a r e  due t o  t h e  " l eak ines sn  of t he  &l 

a l l e l e s .  The wi ld  type  s t r a i n s  were t r e a t e d  w i t h  0.5 Jm-' and 

20.0 ~ m - *  g i v i n g  100% and 90% s u r v i v a l ,  wh i l e  t h e  e x c i s i o n  

de fec t ive  s t r a i n s  were t r e a t e d  w i t h  0.5 ~ x n - ~  and 2.0 ~ m - ~  

g iv ing  80-955 and 10-20% survival. These results show t h a t  LOP 

occurs  at t h e  same rate regardless of both s u r v i v a l  and t h e  number 

of dimers i n  t h e  genane , an obse rva t ion  made by o the r  workers as 

w e l l  ( 3 ) .  

A l l  of the  fo l lowing  experiments were c a r r i e d  ou t  us ing  a low 

f luence t h a t  gave h igh  s u r v i v a l  (80-go%), t o  minimize s u r v i v a l  

artifacts. LOP experiments were c a r r i e d  ou t  i n  s t r a i n s  carryLng 

t h e  &l-1 mutant a l l e l e  s i n c e  t h e y  a r e  among t h e  most W s e n s i t i v e  

exc i s ion  de fec t ive  s t r a i n s  probably as a consequence of  the e l -1  

a l l e l e  being non-leaky . 
LOP occurs in G1 c e l l s :  Unlike e x c i s i o n  de fec t ive  s t r a i n s  of E. 

c o l i  i n  which LOP is delayed u n t i l  semiconservat ive DNA s y n t h e s i s  - 9  

begins ( 1 7 ) ,  t h e  onse t  of LOP occurs immediately i n  e l - 1  s t r a i n s  

of y e a s t ,  sugges t ing  t h a t  it  t akes  p lace  i n  G 1  c e l l s .  This was 

confirmed by experiments of t h ree  Idnds. F i r s t  t he  amount of DNA 

present  i n  t h e s e  c u l t u r e s  was determined a t  i n t e r v a l s  up t o  twelve 

hours a f t e r  d i l u t i o n  of  the s t a t i o n a r y  phase cells i n t o  f r e s h  

growth medium. (F igu re  3A). DNA s y n t h e s i s  begins a t  about  2-1/2 

hours a f t e r  UV i r r a d i a t i o n  i n  t h e s e  c u l t u r e s  and budding, which 

Hartwell ( 7 )  has shown occurs  j u s t  p r i o r  t o  DNA s y n t h e s i s ,  begins 

between 2 hours and 2-1/2 hours i n  t h e  same c u l t u r e s  

(Douthwr-i@t-Fassa, unpublished reaul t o ) ,  About haLf of t h e  



FIGURE 2 Average LOP a f t e r  UV i r r a d i a t i o n  wi th  20.0 ~ r n - ~  of 

radl- 1 s t r a i n s  ( JF237, JF246 ) held i n  growth condi t ions  - 
and non-growth condi t ions ,  e l -  1  s t r a i n s  (JF237, JF241) 

a f t e r  UV i r r a d i a t i o n  with 20.0 ~ r n - ~  i n  the  presence of 

10 pg/ml cycloheximide, and -1 p r t 3  s t r a i n s  (JF194, 

JF195) a f t e r  UV i r r a d i a t i o n  with 2.0 Jm2 and held a t  

23' and 37'. 
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FIGURE 3 A. Amount of DNA i n  i r r a d i a t e d  and uni r radia ted  

radl-1 s t r a i n s  (JF241, JF242) held i n  growth medium. The - 
amount of DNA was determined f luorometr ica l ly  and 

expressed a s  fluorescence u n i t s  and is t h e  average of  one 

run with each s t r a i n .  

B. Average LOP of e l - 1  s t r a i n s  (JF237, JF241) 

a f t e r  UV i r r a d i a t i o n  with 70.0 ~ a - ~  i n  the presence of 

0.1 M hydraxyurea, e l - 1  e 2 1  s t r a i n s  (JF249, JF250) 

a f t e r  UR i r r a d i a t i o n  'with 2.0 ~ m - ~  and held a t  23' and 
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maximum LOP is over a t  two hours (see Figure  1 ) i n  both wi ld  type  

and exc i s ion  de fec t ive  s t r a i n s .  The c o n t r o l  non- i r rad ia ted  c u l t u r e  

begins DNA syn thes i s  at about two hours a f t e r  t r a n s f e r  t o  growth 

medium. 

Second, p h o t o r e v e r s i b i l i t y  is a l s o  l o s t  i n  exc i s ion  d e f e c t i v e  

cells i n  which DNA s y n t h e s i s  is blocked by t h e  temperature 

semi t i v e  mutation &21 o r  i n h i b i t e d  by hydroxyurea. F igure  3B 

shows t h e  LOP r e s u l t s  with e l - 1  s t r a i n s  ca r ry ing  &21, a 

temperature s e n s i t i v e  mutat ion d e f i c i e n t  i n  DNA e longa t ion  a t  

37', and r e l a t i v e l y  normal a t  23'. LOP occurs  a t  both t h e  

permissive and nonpermissive temperatures  i n  t h e s e  strains. F igu re  

3B a l s o  shows t h a t  LOP can occur i n  a l - 1  s t r a i n s  grown i n  t h e  

presence of t h e  DNA s y n t h e s i s  i n h i b i t o r  hydroxyurea (0.1M). For 

unknown reasons ,  pho to reac t iva t ion  i n  t h e  c e l l s  t r e a t e d  wi th  

hydroxyurea w a s  only about  4040% e f f e c t i v e ,  even i n  t h e  bes t  

radl-1 s t r a i n s .  The d a t a  from the &l-1 &21 s t r a i n s  and - 
hydroxyurea t r e a t e d  e l - 1  s t r a i n s  neve r the l e s s  sugges t s  t h a t  t h e  

LOP process  is not dependent on semiconservat ive DNA syn thes i s .  

Dependence of LOP on growth: Par ry  and Parry ( 18) have shown t h a t  

photoreaot iva t ion  of l e t  ha1 damage i n  exc i s ion  de fec t ive  s t r a i n s  of 

y e a s t ,  i nc lud ing  those  ca r ry ing  a - mutat ion,  was not  l o s t  when 

t h e s e  s t r a i n s  were he ld  i n  s a l i n e ,  that is under condi t ions  i n  

which they  cannot grow. Wild type  s t r a i n s ,  however, do s lowly l o s e  

the  a b i l i t y  t o  pho to reac t iva t e  such damage when he ld  i n  s a l i n e .  



Figure 2A shows t h a t  pho to revers ib i l i ty  o f  mutation induct ion  i s  

a l s o  maintained i n  excis ion  de fec t ive  s t r a i n s  held under nongrowth 

condit ions,  although when held i n  growth condit ions those same 

s t r a i n s  show LOP. Pho to revers ib i l i ty  of mutation induct ion  a t  t h e  

&-I? s i t e  is not lost i n  cu l tu res  held e i t h e r  i n  0.1M phosphate 

buffer  o r  minimal SD medium lacking dextrose. A t e n  f o l d  higher 

fluence of  germicidal W was used f o r  the  experiments i n  l i q u i d  

medium than i n  experiments c a r r i e d  out  on s o l i d  medium because t h e  

l i q u i d  medim s t rong ly  absorbs W and a l s o  because of  the s h i e l d i n g  

e f f e c t  of c e l l s  a t  t h e  concentrat ions used (Douthwright-Fasse, 

unpublished r e s u l t s ) .  The two treatments nevertheless a v e  

comparable s u r v i v a l s  (80-90%). 

LOP d e ~ e n d s  on p ro te in  synthes is :  Our da ta  show t h a t  l o s s  of 

pho to revers ib i l i ty  s t a r t s  immediately a f t e r  W i r r a d i a t i o n  i n  

radl-1 s t r a i n s  n f  yeast, occurs independently of  semi conservative - 
DNA syn thes i s ,  but is dependent upon growth condit ions.  This 

suggests tha t  LOP may depend on p ro te in  syn thes i s ,  and we have 

examined t h i s  p o s s i b i l i t y  i n  two ways; by i n h i b i t i n g  prote in  

syn thes i s  with the  temperature s e n s i t i v e  mutation &3-1 and a l s o  

by using cyclohexamide. The results a re  p lo t t ed  i n  Figure 2B. 

Rela t ive ly  synchronous G I  c u l t u r e s  of prt3-1 @I-1 s t r a i n s  grown 

a t  23' were spread on p la tes  prewarmed t o  e i t h e r  23' or  37', 

a d  held f o r  twenty minutes at these temperatures p r i o r  t o  

i r r a d i a t i o n .  The prt3-1 mutant a l l e l e  i s  defec t ive  i n  the  

elongation of polypeptide chains ,  and e x h i b i t s  a rapid cessa t ion  of 



. p ro t e in  s y n t h e s i s  w i th in  twenty minutes a f t e r  a shift t o  t h e  

r e s t r i c t i v e  temperature,  37' (8) .  LOP occurs  i n  t h e s e  s t r a i n s  

when grown at the  permissive tempera ture ,  bu t  not at 37'. A t  

23' LOP does not occur as quick ly  as i n  PRJ3+ s t r a i n s  a t  30' 

( s e e  Figure.  IB), probably because t h e  -3 s t r a i n s  a r e  s t i l l  

p a r t i a l l y  mutant a t  t h e  permissive temperature o f  23'. PRT~+ 

strains show approximately normal LOP k i n e t i c s  at 23' 

(unpublished da t a ) .  Also shown i n  F igure  28 are LOP r e s u l t s  f o r  

- 7 radl-1 s t r a i n s  (a cel l  concent ra t ion  o f  1 x 10 c e l l s / m i l l i l i t e r )  

t r e a t e d  w i t h  10 pg/ml cycloheximide i n  l i q u i d  medium f o r  twenty 

minutes p r i o r  t o  W i r r a d i a t i o n ,  These c u l t u r e s  e x h i b i t  no LOP. 

Radl-1 s t r a i n s  are more s e n s i t i v e  t o  cycloheximide than  wild-type - 
s t r a i n s  (66% and 90% s u r v i v a l  r e s p e c t i v e l y  f o r  =l-1 and wild t y p e  

s t r a i n s  a f t e r  fou r  hours of 10 pg/ml of cycloheximide, w i t h  no UV 

i r r a d i a t i o n ) .  Both t h e  G 3  and cyclohexid.de results sugges t  t h a t  

LOP is dependent upon de novo p r o t e i n  s y n t h e s i s  a f t e r  UV 

i r r a d i a t i o n .  

A c t i v i t y  o f  the pho to reac t iva t ing  enzyme: The  previous results 

i n d i c a t e  t h a t  photoreversi  b i l i t y  i s  1 o s t  under growth condi ti o m  

and tha t  t he  lcss is dependent on de novo p r o t e i n  syn thes i s .  The 

consequence of t h i s  p r o t e i n  s y n t h e s i s  appears  t o  be t h a t  cyc lobu ty l  

dipyrimidines become i n a c c e s s i b l e  t o  t h e  pho to reac t iva t ing  enzyme, 

either bec.ai~.se of induced changes i n  the dimer or  because of 

conformational changes i n  t he  chromatin,  r a t h e r  than the  

degradat ion o r  i n h i b i t i o n  of t h e  pho to reac t iva t ing  enzyme. Two 

s e t s  of experiments were c a r r i e d  out  which i n d i c a t e  t h a t  a c t i v i t y  



of the  pho to reac t iva t ing  enzyme is not l o s t  a f t e r  UV i r r a d i a t i o n .  

The r e s u l t s  f o r  t h e  first, an i n  vivo t e s t  f o r  pho to reac t iva t ing  

enzyme a c t i v i t y ,  a r e  shown i n  Table 2.. Wild-type, - radl-1 and 

radl-2 s t r a i n s  growing on p l a t e s  were UV i r r a d i a t e d  and challenged - 
with  photoreact iva t ion  a t  the  ind ica ted  times. A l l  s t r a i n s  can,  a s  

expected, pho to reac t iva te  damage in t roduced immediately a f t e r  

t r a n s f e r  of  these  r e l a t i v e l y  synchronous 61 c u l t u r e s  t o  growth 

medium (ze ro  treatment time - 42 - 81% PR) and a l s o  when damage is 

introduced four  hours a f t e r  t r a n s f e r  (36 - 80% PR) . They can, 

however, a l s o  photoreverse newly introduced pyrimidine dimers f o u r  

hours a f t e r  an i n i t i a l  exposure t o  UV followed by t r a n s f e r  t o  

growth media and incubat ion  i n  t h e  dark (73%, 59% and 86%).  

Calcula t ions  which lead  t o  t h i s  conclusion are shown i n  TABLE 2. 

To determine t h e  p h o t o r e v e r s i b i l i t y  of  newly introduced pyrimidine 

dimers i n  dark held c u l t u r e s  t h a t  had been previous ly  i r r a d i a t e d ,  

two c a l c u l a t i o n s  a r e  needed. The first is t h e  number of  UV induced 

r e v e r t a n t s  caused by i r r a d i a t i o n  a t  four  hours i n  a  previous ly  

i r r a d i a t e d  c e l l  popu la t ion . ( t r ea tmen t  E - t rea tment  A . )  To g e t  

t h i s  number, t h e  number of  UV induced r e v e r t a n t s  caused by the  

i n i t i a l  i r r a d i a t i o n  treatment A must be sub t rac ted  from t h e  t o t a l  

number of  W induced r e v e r t a n t s  from the  combined treatment E. The 

c a l c u l a t i o n  seems v a l i d  s ince  a l l  equivalent  t o t a l  UV f luences  

y i e l d  similar revers ion  f requencies ,  i .e . ,  A + C = E. The wild 

type s t r a i n  al lows exc i s ion  r e p a i r  t o  remove some of t h e  pyrimidine 

dimers, and the  r e p a i r  is probably more e f f i c i e n t  a t  the  lower 



PHOTOREACTIVATION I N  RE-IRRADIATED CELLS 

Treatment 
wild type  
( JF  101) 

.radl-I** 
(JF 184) 

rad  1 -2** 
( JF 237) 

0 4 h o u r s  arg4-17 arg4-17 ar@;4-17 
r e v e r t a n t s /  r e  e r t a n t s /  B re e r t a n t s /  

8 W PR W PR 10 su rv ivors  10 s u r v i v o r s  10 B s u r v i v o r s  

% PR a t  zero  t ime.  81%, 80% 648, 72% , 60%, 42% 

100-(B/A), 100-(I/H) 

% PR a t  four  hours 4716, 58% 64%, 80% 478, 36% 

100-(D/C), 100-(K/J) 

% PR (of  previously 73% 59% 86% 

i r r a d i a t e d  c u l t u r e )  

of newly introduced 
-2 

dimers a t  four  hours W f luences  1 = 10.0 J m  

100-(F-G)/(E-A) 
-2 2 n 20.0 J m  ** 

W fluences  1 = 1.0 ~ m ' ~  



- 2 
f luence (10.0 J m  accounting f o r  the  l a r g e  numbers of  

r e v e r t a n t s  a t  t h e  20.0 ~ m - '  dose. The higher f luences  were used 

f o r  t h e  wild type s t r a i n  t o  g ive  s u r v i v a l  similar t o  t h a t  i n  t h e  

exc i s ion  de fec t ive  s t r a i n s .  The d i f f e r e n c e  i n  revers ion  frequency 

between t h e  two exc i s ion  de fec t ive  s t r a i n s  is probably due t o  an 

effect o f  c e l l  d e n s i t y  on UV dose i n  these  p a r t i c u l a r  &l-1 

experiments, not an e f f e c t  of t h e  a l l e l e .  S p l i t  dose recovery (10)  

f o r  revers ion  is exh ib i t ed  by a l l  t he  s t r a i n s .  This can be seen by 

comparing t h e  r e s u l t s  o f  t rea tments  E and H. Treatment H ,  t h e  same 

t o t a l  W f luence  a s  the  s p l i t  dose o f  t reatment E ,  y i e l d s  more 

r e v e r t a n t s  i n d i c a t i n g  t h a t  t h e  four  hour incubt ion  period between 

UV i r r a d i a t i o n  i n  t reatment E a l lows recovery from DNA damage. 

The a c t i v i t y  of  t h e  pho to reac t iva t ing  enzyme a f t e r  va r ious  

combinations of  W i r r a d i a t i o n  and pho to reac t iva t ion  t rea tments  o f  

an i n i t i a l l y  synchronous GI  c u l t u r e  o f  t h e  exc i s ion  d e f e c t i v e  

s t r a i n  SF237 held  i n  growth medium is shown i n  TABLE 3. A l l  t he  

samples e x h i b i t  a c t i v e  pho to reac t iva t ing  enzyme. The r e s u l t  o f  

samples 3 and 4 a r e  the  most important i n  suppor t ing  the  proposed 

model responsib le  f o r  LOP. These samples a r e  i r r a d i a t e d  a t  z e r o  

time, held  f o r  four  hours i n  growth medium, and photoreact iva ted  

or50ot photoreact iva ted .  Both o f  t h e s e  samples e x h i b i t  a c t i v e  

pho to reac t iva t ing  enzyme. Therefore the  enzyme al though unable t o  

c a r r y  out  pho to reac t iva t ion  under t h e s e  cond i t ions  is s t i l l  

func t iona l .  The c o n t r o l ,  unt rea ted  c u l t u r e  (sample 5) e x h i b i t s  the  

lowest l e v e l  of  enzyme a c t i v i t y  f o r  unknown reasons. I n  



TABLE 3 

SPECIFIC ACTIVITY OF PHOTOREACTIVATING ENZYME 

(JF237 1 

time of treatment 

(hours)*** 

0 4 amount 
UV* PR PR e x t r a c t  

average 
a c t i v i t y  

* * expressed a s  pM DNA photoreact iva ted/hour  photoreact iva t ion/  
rng p r o t e i n  

*** Samples 1 ,  2 and 5 were c o l l e c t e d  a t  zero  time while samples 
3 and 4 were held i n  minimal growth medium f o r  four  hours 
before being co l l ec ted .  



conclusion, i t  seems l i k e l y  the  photoreactivat ing enzyme is. s t i l l  

ac t ive  and not degraded i n  i r r a d i a t e d  c e l l  cultures held f o r  f o u r  

hours under growth conditions. 



DISCUSSION 

Our r e s u l t s  i n d i c a t e  t h a t  p r o t e i n  s y n t h e s i s  immediately a f t e r  

UV i r r a d i a t i o n  a c t s  i n  some unknown manner t o  make pyrimidine 

dimers i n a c c e s s i b l e  t o  t h e  pho to reac t iva t ing  enzyme. The dimers 

may be a l t e r e d  i n  some way, bound by a p ro te in ( s1  o r  the  

conformation of a s p e c i f i c  a r e a  of t h e  chromatin might be a f f e c t e d ,  

c r e a t i n g  inappropr ia t e  binding cond i t ions  f o r  the  enzyme. Although 

it cannot be excluded t h a t  such changes a r e  not r e l a t e d  t o  r e p a i r ,  

it seems more l i k e l y  t h a t  they a r e  an i n t e g r a l  p a r t  of one of  the  

s e v e r a l  r e p a i r  processes t h a t  take  p lace  i n  yeas t .  The l o s s  of 

p h o t o r e v e r s i b i l i t y  a s  assayed by reve r s ion  of  the  arg4-17 a l l e l e  i n  

yeas t  is not dependent upon semiconservative DNA s y n t h e s i s ,  

however, a s  is revers ion  t o  s treptomycin r e s i s t a n c e  i n  exc i s ion  

d e f e c t i v e  - E. - c o l i  (17). Such r e s u l t s  a r e  not r e s t r i c t e d  t o  

r eve r s ion  a t  the  arg4-17 s i t e  s ince  the  -2- 1 ,  ~ l - 9 ,  and 

2 1 - 1 1 5  a l l e l e s  a l s o  e x h i b i t  LOP beginning immediately a f t e r  W 

i r r a d i a t i o n  i n  exc i s ion  d e f i c i e n t  s t r a i n s  (Douthwright-Fasse, 

unpublished r e s u l t s ) .  Moreover, mutations a r e  induced e f f e c t i v e l y  

by dimers located  far from the  s i t e  of  r eve r s ion  (Lawrence and 

Chr is tensen,  manuscript i n  p r e p a r a t i o n ) ,  s o  it is u n l i k e l y  t h a t  

these  r e s u l t s  r e f l e c t  the  a b i l i t y  of  the  pho to reac t iva t ing  enzyme 

t o  s p l i t  dimers loca ted  i n  only one small region of t h e  genome. 

The p ro te in  r e spons ib le  f o r  LOP has not been i d e n t i f i e d  o r  i s o l a t e d .  



It seems l i k e l y  t h a t  the  LOP is a r e p a i r  dependent process 

s ince  t h e r e  is probably an e f f e c t  upon t h e  pyrimidine dimers by t h e  

de novo p r o t e i n  syn thes i s .  Any p r o t e i n  present  p r i o r  t o  UV -- 
i r r a d i a t i o n  is unable t o  function a l lowing LOP a s  is exh ib i t ed  

u t i l i z i n g  the  E 3  mutant and cycloheximfde. Therefore,  t h e  LOP 

process i s ' a p p a r e n t l y  induc ib le ,  but how and when t h e  p r o t e i n  a c t s  

i n  the  DNA r e p a i r  process is not known. 

Since t h e  da ta  show t h a t  LOP begins immediately i n  t h e s e  

r e l a t i v e l y  synchronous GI c e l l s ,  t h e  process may be involved i n  

exc i s ion  r e p a i r .  Even "abnormaln o r  mutant exc i s ion  a c t i v i t i e s  

func t ion  f o r  LOP, but  not f o r  exc i s ion  r e p a i r .  Although Prakash 

has shown t h a t  &I-2 (201, G 3 ,  @4, ( 1 9 ) ,  e l 0  and e l 6  (21)  

a r e  de fec t ive  i n  dimer excis ion  l i t t l e  is known about t h e s e  mutants 

biochemically. E l - 2  s t r a i n s  show no evidence of removal of 

pyrimidine dimers a f t e r  t reatment with low UV f luences  and four  

hours incubat ion  i n  growth medium, i n  c o n t r a s t  t o  wild type  s t r a i n s  

which remove v i r t u a l l y  a l l  of the  induced dimers during t h i s  period 

(20).  The removal was assayed by treatment wi th  t h e  W 

endonuclease causing s i n g l e  s t r a n d  breaks i n  DNA conta in ing 

pyrimidine dimers . These r e s u l t s  sugges t  t h a t  pyrimidine dimers , 

t h e  s u b s t r a t e  f o r  endonuclease a c t i v i t y ,  a r e  still  present  a f t e r  a  

four  hour period of  growth. Resnick and Setlow (22)  have shown 

similar r e s u l t s  i n  @2-17 s t r a i n s  u t i l i z i n g  a competition method 

f o r  pho to reac t iva t ing  enzyme between W i r r a d i a t e d  c a l f  thymus DNA 

and the  crude e x t r a c t s  of the UV . i r r a d i a t e d  yeas t  c e l l s .  Our d a t a  



i n d i c a t e  t h a t  an a l t e r a t i o n  of  some type occurs l ead ing  t o  an 

i n a c c e s s i b i l i t y  of t h e  pho to reac t iva t ing  enzyme t o  t h e  dimer 

beginning immediately p r i o r  t o  i n c i s i o n .  The LOP r e s u l t s  may 

i n d i c a t e  a  process which is i n i t i a t e d  i n  GI and not completed u n t i l  

the  G2 period of  the  c e l l  cycle.  The de novo p r o t e i n  s y n t h e s i s  

necessary f o r  LOP may be a  f a c t o r  ( 5 )  r equ i red  f o r  e x c i s i o n  

r e p a i r .  Mortelmans -- e t  al. (15)  sugges t  t h a t  Xeroderma pigmentosum 

c e l l s ,  which a r e  exc i s ion  d e f e c t i v e  l a c k  such an a d d i t i o n a l  o r  

a l t e r n a t i v e  f a c t o r  (s)  r a t h e r  than the  enzymes requi red  f o r  exc i s ion  

r e p a i r .  Mutation express ion,  however, does not occur i n  t h e s e  

s t r a i n s  u n t i l  a f t e r  semiconservative DNA s y n t h e s i s  occurs according 

t o  James -- e t  a l .  (91, although our  r e s u l t s  i n d i c a t e  t h a t  

p h o t o r e v e r s i b i l i t y  o f  dimers is l o s t  e a r l i e r .  

LOP o r  de novo p r o t e i n  s y n t h e s i s  may i n s t e a d  func t ion  a s  a  

s i g n a l  t o  one o r  more of the  r e p a i r  a c t i v i t i e s  that  a r e  thought t o  

be induc ib le  and occur a f t e r  DNA s y n t h e s i s ;  such a s  recombination 

( 5 ) ,  o r  e r r o r  prone r e p a i r  (12).  Fabre and Roman (5) propose tha t  

one e f f e c t  of r a d i a t i o n  is t o  r e l e a s e  o r  t o  promote t h e  s y n t h e s i s  

o f  syn thes i s  some f a c t o r ( s )  t o  i n i t i a t e  recombination r e s u l t i n g  i n  

an i n c r e a s e  i n  t h e  propor t ion  of competent c e l l s  a b l e  t o  

recombine. Yeast possess a  s i n g l e  a c t i v a b l e  e r r o r  prone c l u s t e r  of 

a c t i v i t i e s  f o r  t h e  r e p a i r  of W damage ( 12) .  This r e p a i r  can be 

mediated ac ross  the nuclear  membrane (Lawrence and Chr is tensen,  i n  

p repara t ion) .  Nothing is known about how t h i s  r e p a i r  is a c t i v a t e d ,  

and the  process could a l s o  be a  candidate  f o r  a c t i v a t i o n  by the  de 

novo p r o t e i n  syn thes i s  requi red  f o r  LOP. - 



During the  progress of t h i s  s tudy ,  work a long similar l i n e s  was 

published,  c a r r i e d  ou t  i n  Chlamydomonas r e i n h a r d i  (24) .  Loss of 

p h o t o r e v e r s i b i l i t y  i n  an exc i s ion  de fec t ive  mutant s t r a i n  was 

determined e i t h e r  a t  zero  time o r  a t  24 hours a f t e r  W i r r a d i a t i o n  

by measuring the  s u s c e p t i b i l i t y  of  pyrimidine dimers i n  the  DNA t o  

hydrolys is  by W s p e c i f i c  endonuclease. This  process is 

independent of p r o t e i n  s y n t h e s i s ,  and thought t o  be due t o  

i n a c t i v a t i o n  of t h e  pho to reac t iva t ing  enzyme i n  i r r a d i a t e d  c e l l s  

a f t e r  twenty f o u r  hours of dark incubat ion .  We s e e  no i n a c t i v a t i o n  

of the  enzyme i n  i r r a d i a t e d  exc i s ion  de fec t ive  yeas t  s t r a i n s  held 

i n  the  dark f o r  four  hours. The LOP occurr ing  i n  our system seems 

t o  be due t o  t h e  i n a c c e s s i b i l i t y  of t h e  dimer by t h e  enzyme, not 

the  degradation or  i n a c t i v a t i o n  of  the  enzyme. Other workers have 

shown t h e  PR enzyme a c t i v i t y  i n  Chlamydomonas is l o s t  a f t e r  365 nm 

r a d i a t i o n  (25), and have proposed t h a t  the  enzyme is i n a c t i v a t e d  by 

i r r a d i a t i o n  a t  t h i s  wavelength. We s e e  no evidence of i n a c t i v a t i o n  

of the  yeas t  enzyme due t o  t reatment of t h i s  kind. The two 

systems, yeas t  and Chlamydomonas, seem t o  have d i f f e r e n t  r e p a i r  

a c t i v i t i e s  t o  dea l  with DNA damage. 
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DISCUSSION 

These s t u d i e s  have examined i n  two d i v e r s e  manners t h e  DNA 

r e p a i r  processes of the  euca ryo t i c  yeas t  Saccharomyces ce rev i s i . ae ,  

e s p e c i a l l y  the  p o s s i b i l i t y  of an enzymatical ly induced o r  r egu la ted  

mechanism of r e p a i r .  The f i r s t  s tudy u t i l i z e d  a  new a l l e l e ,  

rad6-4, of  t h e  RAD6 gene. The c h a r a c t e r i z a t i o n  of s t r a i n s  a a r r y i n g  - - 
the  - rad6-4 a l l e l e  sugges t  t h a t  the  processes which a r e  dependent 

upon t h e  - RAD6 gene product a r e  of a t  l e a s t  two kinds;  t h e  f i r s t  

being non-mutagenic and important f o r  s u r v i v a l ,  whi le  the  l a t t e r  is 

mutagenic and r e l a t i v e l y  unimportant for s u r v i v a l ,  al though 

necessary f o r  sporu la t ion .  The second a r e a  o f  s tudy u t i l i z e s  the  

l o s s  of p h o t o r e v e r s i b i l i t y  (LOP), a s  assayed by t h e  r eve r s ion  of  

the  h ighly  UV-revertible 9 4 - 1 7  a l l e l e ,  t o  probe the  events  

occu~*r ing during t h e  f imt  c e l l  cyclo a f t e r  DNA damage. The 

r e s u l t s  i n d i c a t e  the  l ike l ihood  t h a t  de novo p r o t e i n  s y n t h e s i s ,  

which is required  f o r  LOP, a c t s  i n  some manner upon the  pyrimidine 

dimers, o r  on the  s t r u c t u r e  of the damaged chromatin c r e a t i n g  

inappropr ia t e  binding condi t ions  . f o r  t h e  pho to reac t iva t ing  enzyme 

dur ing the  G1 period of  the c e l l  cycle .  This d iscuss ion w i l l  

r e l a t e  t h e s e  r e s u l t s  t o  those of o the r  workers i n  DNA r e p a i r  and 

mutagenesis . 
Other s t u d i e s  a l s o  y i e l d  suppor t ive  information regarding the  

ex i s t ence  of s e v e r a l  branches o f  - RAD6 dependent a c t i v i t i e s ,  an  i d e a  

which is given substance by the  present  s t u d i e s  on the  new - rad6-4 



a l l e l e . .  Fur ther  evidence comes from the  observat ions  of the  

metabolic  suppressor mutat ions g 2 ,  on a l l  t h r e e  &6 mutant 

s t r a i n s .  These have the  prof ic iency t o  suppress  the  extreme UV 

s e n s i t i v i t y  o r  e r r o r  f r e e  r e p a i r  capac i ty ,  o f  - rad6 s t r a i n s  

(Lawrence and Chr is tensen,  i n  p r e s s ) .  The suppressors  have no 

e f f e c t  on e i t h e r  t h e  mutat ional  o r  s p o r u l a t i o n  de f i c i ency  o f  e 6  

mutants. Thus the  two a c t i v i t i e s  c o n t r o l l e d  by the  m6 gene can 

be separa ted  muta t ional ly  u t i l i z i n g  e i t h e r  t h e  e 6 - 4  o r  g 2  

muta t ions ,  sugges t ing  t h a t  t h e s e  are enzymatical ly s e p a r a t e  

processes o r  branches t o  r e p a i r  DNA damage. 

I n  view of two enzymatical ly s e p a r a t e  branches of DNA r e p a i r  

poss ib ly  regula ted  by t h e  - RAD6 gene, it seems worthwhile t o  examine 

how other  mutations i n  the  - RAD6 e p i s t a s i s  group, - rad8,  e 9 ,  
- 

r ad l5 ,  e l 8  (Lawrence and Chr is tensen,  1976) and t h e  rev - 
mutations,  - r e v l ,  - rev2 and -3 (Lemontt, 1971) a r e  involved i n  the  

two - RAD6 con t ro l l ed  funct ions .  The most information comes from 

s t u d i e s  of the C l 8  mutation. Like - rad6 s t r a i n s  they a r e  

extremely s e n s i t i v e  t o  W i r r a d i a t i o n ,  and t h e  s e n s i t i v i t y  can be 

suppressed by m2. They are a l s o  s e n s i t i v e  t o  i o n i z i n g  r a d i a t i o n  

(Lawrence e t  a l . ,  1974; von B o r s t e l  e t  a l . ,  1971) though not t o  t h e  

same ex ten t  a s  &6 s t r a i n s ,  and t o  chemical mutagens (Prakash,  

1976) and trimethoprim. In  c o n t r a s t  t o  &6 s t r a i n s ,  e l 8  s t r a i n s  

a l low UV-induced mutagenesis a t  nea r ly  normal l e v e l s  (Lawrence, 

personal  communication) and a l s o  al low normal l e v e l s  of 

sporu la t ion .  E a r l i e r  da ta  (Lawrence e t  a l . ,  1974) i n d i c a t i n g  that 



rad18-2 s t r a i n s  were d e f i c i e n t  i n  W-induced mutagenesis have not - 
proven t y p i c a l .  These phenotypes sugges t  t h a t  t h e  El 8 gene 

product i s  as soc ia t ed  wi th  t h e  e r r o r  f r e e  K D 6  dependent f u n c t i o n ,  

but not t h e  mutagenic or  e r r o r  prone r e p a i r  func t ion .  

Since the  z 2  mutat ion has  the  capac i ty  t o  suppress  the 

s e n s i t i v i t y  o f  g 6  and e l 8  s t r a i n s  t o  W i r r a d i a t i o n ,  but no t  

gamma r a d i a t i o n  i t  seems probable t h a t  t he  e r r o r  f r e e  r e p a i r  of W 

and gamma ray  induced DNA damage are con t ro l l ed  by d i f f e r e n t  

processes .  The p r o p e r t i e s  of two o the r  mutat ions i n  t h e  E 6  

e p i s t a s i s  group suppor t  t h i s  hypothesis .  Both &9 and &l5 

mutant s t r a i n s  a r e  extremely s e n s i t i v e  t o  gamma rays .  ,The a 9  

s t r a i n s  a r e  as  s e n s i t i v e  t o  gamma rays  a s  =6 mutant s t r a i n s  

(McKee and Lawrence, i n  p r e p a r a t i o n ) ,  while both =9 and &l5 

mutant strains a r e  sanewhat s e n s i t i v e  t o  W i r r a d i a t i o n  (Cox and 

P a r r y ,  1968; Lawrence e t  dl., 1974). Both allow s p o r u l a t i o n  but 

n e i t h e r  a r e  s e n s i t i v e  t o  trimethoprim. s 9  mutant s t r a i n s  al low 

normal gamma r a y  mutagenesis a t  the  cycl-9 s i t e  i n  t he  fou r  s t r a i n s  

examined under var ious phys io logica l  condi t ions  (McKee and 

Lawrence, i n  press  1, normal W induced mutagenesis a t  the  -1 - 131 

s i t e ,  and W induced mutagenesis on ly  a t  low doses i n  t h r e e  s t r a i n s  

f o r  t he  cycl-9 s i t e .  Mutagenesis i n  t h e s e  s t r a i n s  was not 

e x h i b i t e d  a t  higher  doses where a r t i f a c t s  a r e  more cammon (Lawrence 

e t  al i974) .  - - 9 

Therefore t h e r e  seem t o  be a t  l e a s t  two e r r o r  f r e e  E 6  

dependent r e p a i r  processes  f o r  W and gamma r a y  induced 



mutagenesis. The f i r s t  - RAD6 dependent r e p a i r  process r e q u i r e s  the  

RAD18 gene and is p r i n c i p a l l y  involved with t h e  r e p a i r  o f  W - 
induced DNA damage as well  a s  trimethoprim r e s i s t a n c e ;  the  second 

r e q u i r e s  g 9  and - RAD15 genes which seem t o  be p r i n c i p a l l y  

r e spons ib le  f o r  the  r e p a i r  of gamma r a y  induced damage. E l  8 

mutant s t r a i n s ,  however, a r e  somewhat gamma s e n s i t i v e  and m 9  and 

r a d l 5  s t r a i n s  a r e  somewhat UV s e n s i t i v e .  These s e n s i t i v i t i e s  - 
exh ib i t ed  by t h e  m 9 ,  *l5, and - r a d l 8  mutant s t r a i n s  may be due 

t o  the  a b i l i t y  o f  these  gene products i n  wild type  s t r a i n s  t o  a c t  

upon a v a r i e t y  of  DNA l e s i o n s  induced by d i f f e r e n t  mutagens, but 

wi th  a higher s p e c i f i c i t y  f o r .  c e r t a i n  types of l e s i o n s .  

There is less da ta  a v a i l a b l e  concerning &8 mutant s t r a i n s .  

Resul ts  f o r  two mutant &8 s t r a i n s  (Lawrence and Chr is tensen,  

1976) show s u b s t a n t i a l l y  reduced W induced mutagenesis a t  t h e  

cycl-9 s i t e ,  but  only a smaJ.1 e f f e c t  on s u r v i v a l .  Therefore the  

RAD8 gene is probably involved i n  t h e  e r r o r  prone r e p a i r  dependent - 
RAD6 process.  - 

The th ree  - REV a l l e l e s ,  - r e v l ,  ~ 2 ,  and - rev3 pose somewhat of a 

paradox because they  a r e  s e n s i t i v e  t o  W i r r a d i a t i o n ,  even though 

they are the  l e a s t  UV s e n s i t i v e  mutants i n  the  ~6 e p i s t a s i s  

group. The rev mutant s t r a i n s  a r e  d e f i c i e n t  i n  s p e c i f i c  types  of 

UV induced r e p a i r ,  one of  the  major func t ions  con t ro l l ed  by t h e '  

RAD6 gene. It might be expected t h a t  t h e  rev mutant s t r a i n s  would - 
t he re fo re  be almost as p r o f i c i e n t  a s  wild type s t r a i n s  i n  promoting 

s u r v i v a l  a f t e r  W i r r a d i a t i o n ,  t h e  second major func t ion  c o n t r o l l e d  



by the  - RAD6 gene,  and not s e n s i t i v e  t o  UV i r r a d i a t i o n .  Mutant 

s t r a i n s  ca r ry ing  t h e s e  a l l e l e s  have very s p e c i f i c  e f f e c t s  on t h e  

sites a t .  which UV induced mutagenesis occurs.  The - REV1 gene 

func t ion  seems t o  be requi red  f o r  base p a i r  s u b s t i t u t i o n s  r a t h e r  

than add i t ions  o r  d e l e t i o n s  a f t e r  DNA damage, except  a t  the  

cycl-131 and cycl-115 s i t e s  (Lawrence and Chr is tensen,  1978a). 

Whether t h e s e  r e s u l t s  'me caused by the  g e n e t i c  na tu re  of t h e s e  

s i t e s ,  o r  t h e  s p e c i f i c  nucleot ide  sequence, which has been 

determined (Stewart e t  a l . ,  1971 ; Stewart  and Sherman, personal  

communication) , cannot be asce r t a ined  with t h e  present  da ta .  The 

evidence f o r  the  s i t e  s p e c i f i c  c o n t r o l  of mutagenesis however is 

c l e a r ,  al though t h e  mechanism seems complex. Rev2 mutant s t r a i n s  

a r e  not very s e n s i t i v e  t o  UV i r r a d i a t i o n ,  and reduce the  frequency 

of  W induced mutagenesis a t  ochre s i t e s  (Lawrence and c h r i s t e n s e n ,  

1978b). REV2 does not seem t o  be requi red  f o r  revers ion  of  amber, 

missense , o r  f  rameshif t  mutations. Whet her t h e  phenotypes 

expressed by t h e s e  mutant s t r a i n s  are a  r e f l e c t i o n  of  the  normal 

func t ions  c a r r i e d  out  by these  genes i n  wild type  s t r a i n s  is no t  

known. One might propose f o r  example t h a t  the  REV2 gene product 

may a c t  t o  s t a b i l i z e  s p e c i f i c  a reas  of t h e  DNA s t r u c t u r e  f o r  t h e  

a c t i o n  of  o the r  r e p a i r  enzymes. Not only a r e  Rev3 mutant s t r a i n s  

about a s  W s e n s i t i v e  a s  rev1 and r e v 2  mutant s t r a i n s ,  but t h e y  

a l s o  e x h i b i t  l a r g e  reduct ions  i n  a l l  types of W induced mutagenesis. 

Resu l t s  with t h e s e  mutants g ive  t h e  first i n d i c a t i o n s  of a  hot-spot 

e f f e c t  or  s i te  s p e c i f i c i t y  o f  a c t i o n  by var ious  gene products ,  and 

sugges t  LhaL W ~uuLageilesis may not occur uniformly a t  a l l  o i t co .  



A b r i e f  mention should be made about the  DNA r e p l i c a t i o n  mutant 

cdc8. Cdc8 mutant s t r a i n s  a r e  s l i g h t l y  s e n s i t i v e  t o  W - - 
i r r a d i a t i o n .  It decreases UV induced mutagenesis a t  the  s i t e s  

examined (Prakash e t  a l . ,  1979), and seems t o  be involved i n  t h e  

e r r o r  prone branch of  - RAD6 dependent DNA r e p a i r .  

The nature  of r e p a i r  pathways o r  c l u s t e r s  after DNA damage from 

chemical t reatment d i f f e r s  from those  o f  r a d i a t i o n  r e p a i r .  The 

capac i ty  of mutant s t r a i n s  i n  t h e  E 6  e p i s t a s i s  groups t o  cause 

reve r s ion  a t  the  2 1 - 1 3 1  s i t e  a f t e r  t reatment with a v a r i e t y  of 

chemicals has been examined (Prakash,  1976). - Rad6 mutant s t r a i n s  

e x h i b i t  a  decreased frequency o f  revers ion  wi th  a l l  the  chemicals 

u t i l i z e d  (4-nitroquinoline-1-oxide, ethyl-methane s u l f o n a t e ,  and 

n i t r o u s  a c i d ) .  The o the r  mutant s t r a i n s  of the  E 6  e p i s t a s i s  

group; &9, e l 5 ,  e l 8  a n d . t h e  t h r e e  - r e v  muta t ions ,  e x h i b i t  a  

s i g n i f i c a n t  a l t e r a t i o n  i n  induced mutations a f t e r  t rea tment  with 

c e r t a i n  chemicals but not o the r s .  The r e s u l t s  sugges t  t h a t  t h e  

RAD6 gene products c o n t r o l  the r e p a i r  a c t i v i t i e s  a f t e r  chemically - 
induced DNA damage, but t h a t  t h e  pathways or  c l u s t e r s  of a c t i v i t i e s  

a r e  independent of those  involved i n  r e p a i r  a f t e r  r a d i a t i o n  damage. 

E. c o l i  DNA r e p a i r  systems were t h e  f i r s t  t o  be s t u d i e d  i n  - -  
depth,  and the  most is known about them. Therefore its r e p a i r  

systems have been ex tens ive ly  used t o  propose models of DNA 

r e p a i r .  The r o l e  of  the  -A gene i n  E. c o l i  is now well  



charac te r i zed  and comparisons of .  its func t ion  t o  t h a t  of the  g 6  

genef s func t ion  may prove useful .  S t r a i n s  ca r ry ing  e i t h e r  t h e  =A 

o r  - rad6 mutant a l l e l e s  have s i m i l a r i t i e s .  They each e x h i b i t  the  

most extreme phenotypes compared t o  o the r  mutant s t r a i n g  wi th in  

t h e i r  e p i s t a s i s  groups such a s ;  s e n s i t i v i t y  t o  UV or  i o n i z i n g  

i r r a d i a t i o n  as wel l  as chemical mutagens. The p a r a l l e l  f o r  t h e  

l a c k  of recombination i n  =A mutant E. c o l i  s t r a i n s  might be the  

l a c k  of sporu la t ion  exh ib i t ed  i n  &6 mutant yeas t  s t r a i n s .  There 

is no d i r e c t  evidence t h a t  the  =6 gene product is involved i n  a 

major way i n  recombination, al though it may func t ion  i n  a minor 

way. The - RAD52 gene seems t o  c a r r y  ou t  a major func t ion  f o r  the  

r e p a i r  of double s t r a n d  breaks and probably recombination (Resnick 

and Mart in,  1976) i n  yeas t .  Game -- e t  a l .  (pe r sona l  communication) 

have shown t h a t  i n  mutant &6 s t r a i n s  recombination cannot occur 

dur ing  the  premeiotic  DNA s y n t h e s i s ,  which t akes  place before 

commitment t o  sporu la t ion .  The E 6  gene is requ i red  f o r  mutagenic 

DNA r e p a i r  (Lawrence e t  a l . ,  1974) a process which may a l s o  involve 

recombination. Another p a r a l l e l  is that both the  -A+ and x 6  

gene products a r e  r equ i red  a f t e r  DNA damage t o  promote s u r v i v a l  and 

DNA r e p a i r .  Furthermore, the  - R ~ C A +  gene product is known t o  be 

induc ib le  as a consequence of  DNA damage (Radman, 1975) and t h e  

RAD6 gene product may perhaps a l s o  be a candidate  f o r  - 
i n d u c i b i l i t y .  One might a l s o  propose t h a t  a =A type  of mutat ion 

i n  yeas t  has not ye t  been i s o l a t e d  and e x i s t s  s e p a r a t e l y  from - RAD6 

t o  induce these  a c t i v i t i e s .  



On the  o the r  hand, t h e  - rad6 mutant s t r a i n s  of yeas t  can a l s o  be 

shown t o  e x h i b i t  phenotypes s i m i l a r  t o  those  o f  =A mutant s t r a i n s  

i n  - E. - c o l i .  The %A gene product is though t o  a c t  as a r ep ressor  

a t  t h e  - recA opera to r  s i t e  (Gudas and Pardee, 1975), and is 

derepressed by increased s y n t h e s i s  of the =A gene product a f t e r  

DNA damage. A temperat ive s e n s i t i v e  mutat ion of t h e  =A gene, 

tsl, causes the  &A r ep ressor  t o  have a decreased a f f i n i t y  f o r  the  - 
opera to r  region,  thus  a decreased a f f i n i t y  f o r  t h e  inducer ,  and 

al lows c o n s t i t u i t i v e  syn thes i s  of the =A gene product.  The - SRS2 

mutation which confe r s  inc reased  W r e s i s t a n c e  t o  &6 s t r a i n s  

could be a c t i n g  i n  a similar manner as the !& mutation i n  E. 
c o l i .  LexA mutant s t r a i n s  l i k e  @6 mutant s t r a i n s ,  a r e  s e n s i t i v e  - - 
t o  DNA damaging agen t s ,  and do not al low UV induced mutagenesis.  

The - lexA product is thought t o  r e g u l a t e  DNA breakdown by mediation 

of  the - r e c ~  " - reccc'  product ,  an ATP-dependent nuclease. (Moody 

e t  a 1  1973). - * 
Other workers (Lawrence e t  a l . ,  1974 ; Fabre and Roman, 1977) 

have suggested t h a t  induc ib le  processes are present  i n  yeast with 

the  capac i ty  t o  c o n t r o l  DNA r e p a i r .  Yeast possess a single 

a c t i v a b l e  e r r o r  prone r e p a i r  c l u s t e r  of a c t i v i t i e s  (Lawrence & 

a 1  19741, which can be mediated ac ross  a nuclear  membrane -* 

(Lawrence and Chr is tensen,  i n  p repara t ion) .  Nothing is known about 

how the  r e p a i r  process is a c t i v a t e d ,  and the  de novo p r o t e i n  

s y n t h e s i s  requi red  f o r  LOP may be a candidate  f o r  causing t h e  

a c t i v a t i o n .  The f i n a l  proposed induc ib le  process i s  the r e l e a s e  of  



some f a c t o r ( s )  promoting recombination r e s u l t i n g  i n  the  i n c r e a s e  i n  

t h e  propor t ion  of  competent c e l l s  a b l e  t o  recombine. Again, t h e  - de 

novo p r o t e i n  s y n t h e s i s  requi red  f o r  LOP may a c t  i n  t h i s  manner. - 
The use of  p h o t o r e v e r s i b i l i t y  of t h e  h igh ly  W r e v e r t i b l e  

a 4 - 1 7  a l l e l e  t o  probe the  first c e l l  cyc le  a f t e r  DNA damage 

sugges t s  t h a t  de novo p r o t e i n  s y n t h e s i s  a c t s  i n  some manner upon 

the  damage DNA s t r u c t u r e .  The r e s u l t  is that i n a c c e s s i b i l i t y  o f  

the  pho to reac t iva t ing  enzyme t o  t h e  pyrimidine dimer begins qu ick ly  

i n  the  GI period of  the  c e l l  cycle.  Semiconservative DNA s y n t h e s i s  

is not r equ i red  f o r  LOP, although t h e  importance of unscheduled DNA 

syn thes i s  has not been ru led  out .  

Although LOP begins .immediately during t h e  G I  period of t h e  

c e l l  c y c l e  and is completed about four  hours a f t e r  UV i r r a d i a t i o n  

t h e  r e p a i r -  process may not occur u n t i l  S phase o r  G2;- It is not 

known when o r  how the  DNA l e s i o n  is acted  upon t o  y i e l d  a r e v e r t a n t  

a t  t h e  s i t e  examined. The p a r t i c u l a r  p r o t e i n ( s 1  which a c t s  dur ing  

LOP is not known. Mortelsman & &. ( 1976 ) have suggested that 

Xeroderma pigmentosum c e l l s ,  which a r e  d e f e c t i v e  i n  exc i s ion  

r e p a i r ,  l a c k  such an a d d i t i o n a l  o r  a l t e r n a t i v e  f a c t o r  (s)  requ i red  

f o r  exc i s ion  r e p a i r .  
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APPENDIX I 

ATTEMPTS TO ISOLATE rad6 MUTANTS 

BACKGROUND 

The E 6  gene is concerned wi th  a v a r i e t y  o f  important 

func t ions  necessary f o r  s u r v i v a l  and mutagenesis i n  Saccharomyces 

c e r e v i s i a e . ,  This  organism has t h r e e  major r e p a i r  processes t o  d e a l  

with r a d i a t i o n  damage (Brendel and Haynes 1972; Cox and Game 1974); 

one t h a t  l eads  t o  the  exc i s ion  o f  damage from DNA (Unrau, 

Wheatcroft and Cox 1971; Resnick and Setlow 1972; Prakash 1977), a 

second thought t o  promote r e p a i r  o f  double s t r a n d  breaks by a 

recombination dependent mechanism (Resnick and Martin 1976, Ho 

1975), and a t h i r d  concerned wi th  mutagenesis and recovery from 

damage caused by a v a r i e t y  of  agen t s  t h a t  is dependent on 

mechanisms a s  y e t  not w e l l  understood (Lawrence and Christensen 

1976; Prakash 1974; Lemontt 1971). 

The E 6  gene appears t o  be one of  the  most important among the  

group involved i n  car ry ing out  t h e  t h i r d  o f  t h e s e  .processes. 

S t r a i n s  ca r ry ing  mutant a l l e l e s  o f  the  g 6  gene e x h i b i t  a wide 

v a r i e t y  o f  phenotypes; s e n s i t i v i t y  t o  many DNA damaging agen t s  such 

a s  r a d i a t i o n  and chemicals,  l a c k  o f  mutagenesis induced by such 

agen t s ,  s e n s i t i v i t y  t o  t h e  f o l a t e  an tagon i s t  trimethoprim, and l a c k  

o f  sgoru la t ion  i n  homozygous d i p l o i d s .  S t r a i n s  ca r ry ing  mutations 

i n  o the r  genes t h a t  a f f e c t  t h e  process of  mutagenesis and recovery 

a f t e r  DNA damage never e x h i b i t  a l l  of  these  phenotypes, and any one 



mutant phenotype is r a r e l y  a s  extreme. These p r o p e r t i e s  sugges t  

t h a t  t h e  w 6  gene func t ion  is important f o r  a  v a r i e t y  of 

processes ,  and r a i s e s  the  p o s s i b i l i t y  t h a t  the  gene is 

mul t i func t iona l .  

I n  order  t o  l e a r n  more about the  g 6  gene a c t i v i t y  and its 

func t ion  i n  yeas t  t h r e e  d i f f e r e n t  i s o l a t i o n  procedures were c a r r i e d  

out  t o  search  f o r  new - rad6 mutat ions;  both cond i t iona l  ( temperature 

s e n s i t i v e  ) and noncondi t i o n a l  mutations. I n  t h e  presence of 

trimethoprim, a  growth i n h i b i t o r  f o r  - rad6 cel ls ,  l o g  phase c e l l s  

were k i l l e d  s e l e c t i v e l y  by e i t h e r  t reatment with t h e  a n t i f u n g a l  

a n t i b i o t i c  n y a s t a t i n ,  o r  through i n o s i t o l - l e s s  death ,  - rad6 s t r a i n s  

which a r e  not d iv id ing  should survive .  The t h i r d  i s o l a t i o n  

procedure was screening f o r  super UV s e n s i t i v e  s t r a i n s  a f t e r  

mutagenesis of an exc i s ion  d e f e c t i v e  s t r a i n  with t h e  expec ta t ion  of  

enhancement i n  UV s e n s i t i v i t y  i n  a  double mutant with r e s p e c t  t o  

t h e  two s i n g l e  mutants. These and o ther  phenotypes of &6 s t r a i n s  

could be u t i l i z e d  i n  i s o l a t i o n  procedures f o r  new &6 mutants.  

Thus, e 6 - 1  and &6-3 s t r a i n s  do not s p o r u l a t e ,  and a r e  s e n s i t i v e  

t o  t reatment with X-rays and MMS. However, s i n c e  approximately 50 

l o c i  code f o r  func t ions  i n d i s p e n s i b l e  f o r  s p o r u l a t i o n  (Espos i to  & 

a 1  1972) and any one of these  may be recovered and t h e  ,* 1 

p o s s i b i l i t y  of i s o l a t i n g  a  G 6  mutant us ing t h i s  phenotype is 

un l ike ly .  MMS s e n s i t i v i t y  has been used s u c c e s s f u l l y  t o  i s o l a t e  

rad6-3 (Prakash and Prakash, 1977) and was l a te r  used t o  i s o l a t e  - 
rad6-4 (Douthwright-Fasse, Christensen and Lawrence, submit ted) .  - 



The e 6 - 1  mutation was i s o l a t e d  a f t e r  mutagenesis with e i t h e r  

W or Em and followed by f i l ter  pad r e p l i c a  p l a t i n g  i n  an attempt 

t o  obta in  as many mutations as poss ib le  among the  dark  r e p a i r  genes 

of yeast  (Cox and Parry 1968). Game, L i t t l e  and Haynes (1975) 

i s o l a t e d  a  mutant s t r a i n  s e n s i t i v e  t o ' t r i m e t h ~ ~ r i m ,  a f o l a t e  

antagonis t ,  while i n v e s t i g a t i n g  t h e  usefulness of trimethoprim i n  

the  s e l e c t i o n  of aMP permeable yeas t  s t r a i n s .  O f  the 14 from the 

30,000 survivors  a f t e r  X-irradiat ion,  one mutant was found t o  be 

s e n s i t i v e  t o  both u l t r a v i o l e t  l i g h t  and X-i r radia t ion ,  and a l l e l i c  

t o  ~ 6 - 1 .  It was designated z 6 - 2  but has s ince  been l o s t .  It 

was found that both =6-1 and each of the four  known a l l e l e s  of 

radl8  conf'erred s e n s i t i v i t y  t o  trimethoprim, but a l l  t h e  o ther  - 
mutant & s t r a i n s  were trimethoprim r e s i s t a n t  l i k e  wild type 

s t r a i n s .  

Trimethoprim s e n s i t i v i t y  was used f o r  enrichment i n  conjunction 

with two of t h e  i s o l a t i o n  procedures. The first was the  use of t h e  

ant i fungal  a n t i b i o t i c  nyas ta t in  i n  the  presence of trimethoprim. 

Snaw (1966) showed t h a t  nyas ta t in  could be used f o r  enrichment and 

se lec t ion  of auxotrophic yeast  mutants. Nyastat in binds t o  s t e r o l s  

i n  the  c e l l  membrane and can be used i n  a  manner analagous t o  

p e n c i l l i n  s e l e c t i o n  widely used i n  b a c t e r i a  f o r  the  i s o l a t i o n s  of 

mutants (Lederberg and Zinder, 1948). The y ie ld  of mutants by 

nyas ta t in  s e l e c t i o n  i n  yeast  is  lower than p e n i c i l l i n  s e l e c t i o n  i n  

E. c o l i .  - - 
The second i s o l a t i o n  procedure u t i l i z e d  an i n o s i t o l  r equ i r ing  

mutant of S a ~ ~ h w a m y c e v  ct2l't2vki.id~ (Heiry and Horewitn, 1375). The 



double mutant s t r a i n  MC3 (a ,  - inol-13, &4-8) is very s t a b l e  and 

should not r e v e r t  under normal growth circumstances. I n o s i t o l  is a 

major carbohydrate moiety present  i n  a  l i m i t e d  number of membrane 

phospholipids of y e a s t ,  and t h e  MC3 auxotroph d i e s  l o g a r i t h m i c a l l y  

when s t a rved  f o r  i n o s i t o l .  We expected t h a t  only those  temperature 

s e n s i t i v e  mutations which have t h e  effect of r a p i d l y  s topping 

macromolecular s y n t h e s i s  without a f f e c t i n g  c e l l  v i a b i l i t y  would be 

s e l e c t e d  by i n o s i t o l  o r  n y a s t a t i n  enrichment i n  t h e  presence of 

t r ime t  hoprim. 

The f i n a l  i s o l a t i o n  procedures was modeled a f t e r  t h a t  of Brown 

and Kilbey (1970). Super W s e n s i t i v e  s t r a i n s  were screened f o r  

a f t e r  mutagenesis of a  gl, excis ion  de fec t ive  s t r a i n .  x6 has 

been shown t o  mediate r e p a i r  i n  a  d i f f e r e n t  r e p a i r  pathway from 

exc i s ion  r e p a i r  (Cox and Game, 1974 ) and an enhancement of 

s e n s i t i v i t y  is expected i n  a double mutant with r e s p e c t  t o  t h e  two 

s i n g l e  mutants. 



MATERIALS AND METHODS 

NYASTATIN ENRICHMENT 

S t r a i n s .  CL162-18D ( a  -1-9 arg4-17 - leul-12) 

# 264 (a - ade2-1, from B.S. Cox) 

Mutagenesis. One clone of  t h e  p a r e n t a l  s t r a i n  was inocu la ted  i n t o  

10 mls. o f  YPD medium (1% Bacto yeas t  e x t r a c t ,  2% Bacto peptone and 

2% dex t rose ) ,  and grown overnight  on a shaker a t  30' y i e l d i n g  

8 about 1 X 10 ce l l s /ml .  The c e l l s  were spun, washed, and 

resuspended i n  10 m l s .  o f  0.1M phosphate b u f f e r ,  pH 7.0. To 2.5 

mls. o f  the  suspension was added 50.0 m i c r o l i t e r  of  e t h y l  methane 

s u l f o n a t e  (EMS). The c u l t u r e  was shaken f o r  40 minutes a t  30 0 

and t h e  r e a c t i o n  stopped by adding an equa l  volume of s t e r i l e  cold  

5% sodium t h i o s u l f a t e .  Surv iva l  was 50-60%. The mutagenised 

c u l t u r e  was spun down and resuspended i n  2.0 m l s .  of  s t e r i l e  

d i s t i l l e d  water. Then tubes  conta in ing 5.0 mls. of l i q u i d  YPD were 

inocula ted  with 0.1 m l .  of t h e  mutagenesised c e l l  suspension and 

incubated f o r  th ree  days a t  30' with shaking t o  al low f o r  mutant 

expression.  The c e l l s  were spun, washed twice ,  resuspended a t  

8 approximately 1/4 the  c e l l  concen t ra t ion ,  about 1 X 10 c e l l s / m l ,  

i n  n i t rogen  f r e e  l i q u i d  SD plus  amino ac id  requirements (0.17% 

Difco yeas t  base without ammonium s u l f a t e  and amino a c i d s ,  and 2% 

dex t rose )  and incubated overnight  a t  30' on a shaker.  2.0 mls. 

of the  s t a rved  c u l t u r e  was washed twice and resuspended i n  SD 

medium plus  requirements with trimethoprim (0.17% Difco yeas t  base 

without ammonium s u l f a t e  and amino a c i d s ,  0.017% cas i tone ,  2% 



DNA 

protein 

function 

MODEL OF THE RAD6 GENE 

direction of translation , j 

region I region I 1  

non-mutagenic 
recovery 

rnutagenesis 
sporulation 



dextrose ,  and trimethoprim 100 pg/ml). Samples were incubated 

with shaking a t  both 23' and 36' f o r  about t h r e e  t o  four  hours 

u n t i l  a l l  t h e  cells had buds. An a l i q u o t  o f  c e l l s  was p l a t e d  f o r  

e s t ima t ing  the  v i a b i l i t y .  These c u l t u r e s  were than t r e a t e d  wi th  

n y a s t a t i n  (d issolved i n  dimethyl formamide) a t  a f i n a l  

concentra t ion  of  20 pg/ml and shaken a t  e i t h e r  23' o r  36' 

(whatever temperature was used previous ly  f o r  t h e  c u l t u r e )  f o r  

about one hour. The c e l l s  were washed twice and p la ted  on YPD 

medium (1% Bacto yeas t  e x t r a c t ,  2% Bacto peptone, 2% dextrose  and 

2% Bacto agar) a t  the  appropr ia t e  d i l u t i o n s .  The n y a s t a t i n  gave a 

four  log  k i l l .  The co lon ies  were picked and put on a YPD master  

0 p l a t e ,  grown f o r  two days a t  e i t h e r  23 o r  36' r e p l i c a t e d  and 

t e s t e d  f o r  UV s e n s i t i v i t y  and growth i n h i b i t i o n  i n  t h e  presence o f  

-trimet'hoprim a t  the  appropr ia t e  temperatures.  369 master p l a s t e s  . 

from eleven s e p a r a t e  experimental  runs  were examined (253 from 

i s o l a t e s  a t  23' and 116 from i s o l a t e s  a t  36' each master p l a t e  

conta in ing 70 co lon ies ) .  O f  t h e  t o t a l  25,830 co lon ies  examined no 

UV s e n s i t i v e  o r  triallet hogrim bensi  t i v e  co lon ies  were found. 



INOSITOL LESS DEATH ENRICHMENT 

S t r a i n .  MC3 ( a  &l-13 - ino4-8) 

Mutagenesis. An overnight  c u l t u r e  of MC3 was spun, washed and 

resuspended i n  phosphate buffer  a t  pH 7.0 and two 2.0ml a l i q u o t s  

taken. One was t r e a t e d  with 30 m i c r o l i t e r s  per  m l  of  EMS f o r  40 

0 
minutes a t  30 with shaking, whi le  a c o n t r o l  c u l t u r e  was 

untrea ted .  The reac t ion  was stopped wi th  9 m l s .  of 5% 

t h i o s u l f a t e .  Th iosu l fa te  was added t o  the  c o n t r o l  and the  

v i a b i l i t y  ca lcu la ted  a f t e r  appropr ia t e  d i l u t i o n s  of  t r e a t e d  and 

nontreated c u l t u r e s  were p la ted  y i e l d i n g  about 60-75% i n  t h i s  

s t r a i n .  The t r e a t e d  suspension was added t o  10 m l s .  of l i q u i d  YPD 

l a t e  i n  the  day and grown overnight .  The c u l t u r e s  were washed 

twice,  and d i l u t e d  a hundred f o l d  i n t o  i n o s i t o l  l e s s  medium (1.7% 

Difco vi tamin f r e e  yeas t  base, 1% dext rose ,  0.8% vitamin s t o c k ,  4% 

n u t r i l i t e  s tock and 200 pg/ml trimethoprim) f o r  24 hours a t  

30'. The vi tamin s tock  was prepared by d i s s o l v i n g  2mg of  vi tamin 

powder ( b i o t i n ,  2 pg, calcium pantothenate ,  400 pg, f o l i c  a c i d ,  

2 pa ,  n i a c i n ,  400 ug, p-aminobenzioc a c i d ,  200 pa ,  pyridoxine 

hydrochloride,  400 pg, r i b o f l a v i n ,  200 pg and thiamine 

hydrochloride,  400 pg) i n  8 mls. of  s t e r i l e  d i s t i l l e d  water.  

I n  f i v e  of t h e  twelve enrichments c a r r i e d  out  us ing i n o s i t o l  

l e s s  death  a second enrichment l i k e  the  first was c a r r i e d  out  

before  p l a t i n g  onto YPD medium. Di lu t ions  of  t h e  s t a rved  c u l t u r e s  

were then p la ted  onto YPD medium, su rv ivors  picked onto master 

p l a t e s ,  and spo t  t e s t e d  f o r  UV s e n s i t i v i t y .  From t h e  439 masters  



c o l o n i e s ) ,  58 unconditional. W ' s ens i t i ve  s t r a i n s  were found. None 

of these  were s e n s i t i v e  to growth inh ib i t ion  by trimethoprim, and 

a l l  were complemented f o r  UV s e n s i t i v i t y  when crossed t o  *6, 

radl8,  and ~ 3 .  t e s t e r s .  - 



TABLE 1 

S t ra ins .  

Parenta l  CL162-5A (a cycl-9 a4-17 =l-12 e l - 2 )  

Testers  and con t ro l s  ~L166-2C (a) 

CL166-3D (a  arg4-17 ade2 leul-12) 

CL166-6D ( a  metl  ade2 *1) 

CL166-8D ( a  metl  h i s5  e 2 )  



SELECTION OF SUPER W SENSITIVES I N  r a d l  BACKGROUND 

EMS mutagenesis. The p a r e n t a l  s t r a i n  ( s e e  TABLE 1 )  was grown f o r  - 
t h r e e  days in 10 m l s .  o f  l i q u i d  YPG ( s i m i l a r  t o  YPD medium bu t  

0 
conta in ing 30% V/V g l y c e r o l  i n  p lace  o f  dex t rose )  a t  30 . The 

c u l t u r e  was spun, washed, and resuspended i n  10 m l s  0.l.M phosphate 

buffer  a t  pH 7.0. 1.0 m l  of  the  suspension was t r e a t e d  with 30 

m i c r o l i t e r  o f  EMS f o r  one hour shaking g iv ing  50-609 s u r v i v a l .  The 

r e a c t i o n  was stopped by adding 9.0 m l s .  o f  5% t h i o s u l f a t e ,  and t h e  

c u l t u r e  was sonica ted  f o r  30 seconds t o  break up clumps of  cells. 

The c u l t u r e  was d i l u t e d  and p la ted  on YPD medium y i e l d i n g  40-60 

co lon ies  per  p la t e .  

W mutagenesis. The p a r e n t a l  s t r a i n  was grown f o r  t h r e e  days i n  10 

mls. of l i q u i d  YPD a t  30°, washed, and sonica ted .  About 1 X 

3 10 c e l l s  were p la ted  onto  YPG a t  medium 30' and i r r a d i a t e d  

2 with 4 J / M  g iv ing  about 10% s u r v i v a l  and 50-100 co lon ies  per  

p l a t e .  

Test ing.  Colonies were picked o f f  onto YPG master p l a t e s ,  grown a t  

30°, and spo t  t e s t e d  fsr W s e n s i t i v i t y .  O f  t he  338 master 

pla. tes  t e s t e d  (23,350 co lon ies )  from e i g h t  s e p a r a t e  t rea tments  37 

super W! s e n s i t i v e  s t r a i n s  were found, and 27 o f  t h e s e  were 

s e n s i t i v e  t o  y - i r r a d i a t i o n  and t o  growth i n h i b i t i o n  by 

trimethoprim. The f i v e  most s e n s i t i v e  i s o l a t e s  were crossed t o  a 

wild type s t r a i n  (CL332-3C), sporula ted  and d i s sec ted .  The 

segregants  were a l l  'crossed t o  &6 and g l 8  t e s t e r  s t r a i n s ,  and 

t h e  s e l e c t e d  d i p l o i d s  were a l l  r e s i s t a n t  t o  UV i r r a d i a t i o n .  The 10 



most s e n s i t i v e  i s o l a t e s  were a l l  crossed t o  3&6 and e l 8  t e s t e r s  

and examined f o r  growth i n h i b i t i o n  i n  t h e  presence of trimethoprim 

and none was found. Therefore, these super UV s e n s i t i v e  s t r a i n s  

i so la ted  i n  these  experiments a r e  not  e 6  o r  =8 mutants. It is 

l i k e l y  t h a t  they are mutations i n  the  *52 c l u s t e r  of r e p a i r  

a c t i v i t i e s  s ince  they a r e  s e n s i t i v e  t o  y - i r r a d i a t i o n ,  a 1  though 

complementation with =52 s t r a i n s  was not performed. 



REFERENCES 

Brendel, M. and R.H. Haynes. 1972. Kinet ics  and gene t i c  con t ro l  o f  

the  incorporat ion of thymidine monophosphate i n  yeast  DNA. 

Molec. gen. Genet., 117: 39-44 

Brown, A.M. and B.J. gflbey. 1970. Hyper-UV-sensitive Yeast I: 

I s o l a t i o n  and p roper t i e s  of two such mutants. Molec. gen. 

Genet., 108: 258-265 

Cox, B.S. and J. Game. 1974. Repair systepls i n  Saccharomyces, 

Mutation Res., 26: 257-264 

Cox, B.S. and J.A. Parry. 1968. The i s o l a t i o n ,  gene t i c s  and 

s u r v i v a l  c h a r a c t e r i s t i c s  of  u l t r a v i o l e t - l i g h t  s e n s i t i v e  mutants 

i n  yeast.  Mutation Res. 6: 37-55 
.. .. 

Esposito, R.E., N. Fr ink,  P. Bernstein and M.S. Esposito. 1972. 

The genet ic  cont.t*ol of sporula t ion  in Saccharomyces. 11. 

Dominance and complementation of mutants of  meiosis and spore 

formation. Molec. gen. Genet., *: 241-248 

Game, J .C. ,  J .G.  L i t t l e  and R.H. Haynes. 1975. Yeast mutants 

s e n s i t i v e  t o  trimethoprim. Mutation Res., 28: 175-182 

Henry, S.A. and B. Horowitz. 1975. A new method fo r  mutant 

se lec t ion  i n  Saccharomyces cerevis iae .  Genetics, 79: 175-186 

Ho, K.S. 1975. The gene dosage e f f e c t  of the  rad52 mutation on 

X-ray su rv iva l  curves of t e t r o p l o i d  yeast  s t r a i n s .  Mut. Res., 

33: 165-172 - 
Lawrence, C.W. and R. Christensen. 1976 UV mutagenesis i n  

r ad ia t ion  sensitive of yeast. Genetics, 82: 2{57-732 



Lederberg, J. and N. Zinder . 1948. Concentration of  t r iochemical  

mutants of bac te r i a  with p e n i c i l l i n ,  J. Amer. Chem. Soc., 70: 

4267-4268 

Lemontt, J. 1971. Mutants of yeas t  defec t ive  i n  mutation induced 

by u l t r a v i o l e t  l i g h t ,  Genetics, 68: 21-33 

Prakash, L. 1974. Lack of chemically induced mutation i n  repair- 

de f l c i en t  mutants of yeast .  Genetics, 2: 11 01- 11 18 

Prakash, L. 1977. Defective thymine dimer excis ion  i n  r a d i a t i o n  

s e n s i t i v e  mutants radl0  and radl6  o f  Saccharamyces ce rev i s i ae .  

152: 125-128 - 
Prakash, L. and S. Prakash. 1977. I s o l a t i o n  and charac te r i za t ion  

o f  MI'S s e n s i t i v e  mutants o f  Saccharamyces cerevis iae .  Genetics 

86: 33-55 - 
Resnick, M.A. and P. Martin. 1976. The r e p a i r  of double-strand 

breaks i n  t h e  nuclear  DNA of  Saccharamyces ce rev i s i ae  and its 

gene t i c  m n t r o l ,  Molec. gen. Genet., 2: 119-129 

Resnick, M. and Jane K. Setlow. 1972. R e p a i r  of pyrimidine dimer 

damage induced i n  yeast  by u l t r a v i o l e t  l i g h t ,  J. Bacteriol . ,  

109 : 979-986 - 
Snow, R. 1966. An enrichment m e t  hod f o r  auxotrophic yeas t  mutants 

using the  a n t i b i o t i c  "nyas ta t inW, Nature (London) 211: 206-207 

Unrau, R., R. Wheat crof  t and B. S. Cox. 197 1. The excis ion  of 

pyrimidine dimers from DNA of u l t r a v i o l e t  i r r a d i a t e d  y e a s t ,  

Molec. gen. Genet., 113: 359-362 





Table 1 

Induced reversion frequency o f  the arg4-.I7 a l l e l e  i n  haploid - and 
homozygous.diploid rad6-3 mutant s t r a i n s  exposed t o  UV irradiat ion.  
Percent survival  parentheses. 

Induced revertants per 1 o - ~  survivors ( % survival  ) 
Strain arg4- 17 + - ARG4+ 

haploids 

JF152-1C (rad6-3) - 
JF159-9C (@6-3) 
JF185-2B (WT) 

diploids  



Table 2  

Percent  budding -- c e l l s *  from s t a t i o n a r y  phase  r a d  1- 1 (JF242 ) c u l t u r e  
he ld  i n  growth medium a f t e r  UV i r r a d i a t i o n  (20 ~ m - ~  t o  l i q u i d  held  -- -- - - 
c u l t u r e s ) .  

time (hours)  % budding 
+uv -uv 

2000 c e l l s  were counted 



Table 3 

Loss of photoreactivation of the arg4-17 allele 2 PRT3+ radl-1 -- 
strain at 230 after 2.0 JI? radiation 

post irradiation time 
(hours ) 

photoreactivable sector 
lost ($1 

Photoreactivation exposures of plated cells lasted for thirty minutes 
at the indicated times. The non-photoreactivable sector after 
immediate photoreactivation was subtracted from the data, and the 
results expressed as the percent of the initial amount of 
photoreactivation that was lost. 



Table 4 

Loss o f  pho to reac t iva t ion  of  t h e  arg4-17 a l l e l e  exc i s ion  d e f e c t i v e  - - '  

s t r a i n s  a f t e r  2.0 ~ m - 2  r a d i a t i o n  

p o s t  
i r r a d i a t i o n  
time (hours 

s t r a i n  photoreact ivable  s e c t o r  l o s t  (5) 

rad2-5 - 
rad3-2 - 
rad4-4 - 
rad7-1 - 
rad 10-2 - 
rad16-1 - 

Photoreact iva t ion  exposures o f  p la t ed  c e l l s  l a s t e d  f o r  t h i r t y  minutes 
a t  the  ind ica ted  times. The non-photoreactivable s e c t o r  a f t e r  
immediate photoreact iva t ion  was sub t rac ted  from t h e  da ta ,  and t h e  
r e s u l t s  expressed a s  the  percent  of the  i n i t i a l  amount of 
photoreact iva t ion  t h a t  was l o s t .  




