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ABSTRACT

V ar ious  aspects  of  the  i n t e r a c t i o n  between daunomycin  

and n u c l e i c  ac i ds  were s t u d i e d .  The a d d i t i o n  o f  e i t h e r  Mg++ 

or Cu++ ions r e s u l t e d  in s p e c t r a l  changes f o r  the  daunomycin-  

DNA complex;  the 505 nm peak d i sappear ed  w i t h  t he  appearance  

of  new peaks a t  540 nm and 582 nm and t h e r e  was a marked 

decrease  in the f l u o r e s c e n c e  i n t e n s i t y  a t  555 nm as w e l l .  

However,  the  e f f e c t s  were d i f f e r e n t  f o r  each i o n .  Mg++ 

a f f e c t e d  the  complexes w i t h  both n a t i v e  and den at ure d  DNA, 

whereas Cu++ was e f f e c t i v e  on l y  f o r  the  denatu red  DNA-dauno-  

mycin complex.  The maximum e f f e c t  occur red  a t  pH 7 . 8  w i t h  

Mg+ + , a t  pH 5 . 2  w i t h  Cu+ + . In a d d i t i o n ,  the c o n c e n t r a t i o n  

of  Mg++ necessary  to induce these  e f f e c t s  was 0 . 1  M, t h r e e  

o r de r s  o f  magni tude g r e a t e r  than t h a t  which was needed w i t h  

Cu+ + . Mg++ r e l e a s e d  DNA from the  complex and r e p l a c e d  i t  

by compet ing f o r  b i n d i n g  s i t e s  on the daunomycin m o l e c u l e ,  

p r o b a b l y  t he  chromophore oxygen atoms.  On the o t h e r  hand,

Cu++ bound to the  sugar  amino group of  daunomycin.

Daunomycin d i d  not  form a complex w i t h  n u c l e i c  ac i d  

bases,  n u c l e o s i d e s ,  n u c l e o s i d e  monophosphates or  n u c l e o s i d e  

t r i p h o s p h a t e s .  Complex f o r m a t i o n  was observed w i t h  p o l y ­

n u c l e o t i d e s  i n d i c a t i n g  a r e q u i r e m e n t  f o r  a p o l ym e r i c  s t r u c t u r e .

S p e c t r a l  t i t r a t i o n  s t u d i e s  demonst ra ted  the  e x i s t e n c e  

o f  two b i n d i n g  processes f o r  the  d a u n o my c i n -n uc l e i c  a c i d  

i n t e r a c t i o n ,  a s t rong  b i n d i n g ,  p r oba bl y  i n t e r c a l a t i o n ,  and



a second b i n d i ng  mode, e l e c t r o s t a t i c  in n a t u r e .

The maximum number o f  daunomycin b i n d i n g  s i t e s /  phos­

p h a t e , n ,  was g r e a t e r  f o r  denatu red  DNA and p o l y n u c l e o t i d e s  

than f o r  n a t i v e  DNA. An i n c r e a s e  in i o n i c  s t r e n g t h  r e ­

s u l t e d  in lower  n v a l u e s .  In n a t i v e  DNA and a t  high  

i o n i c  s t r e n g t h  t h e r e  were g e o m e t r i c a l  c o n s t r a i n t s  which r e ­

s u l t e d  in lower  n v a l u e s .  An i o n i c  s t r e n g t h  i n c r e a s e  caused  

a g r e a t e r  decrease  in n f o r  the p o l y n u c l e o t i d e s  than f o r  

n a t i v e  or  denatu red  DNA which i n d i c a t e d  a l a r g e  e l e c t r o ­

s t a t i c  c o n t r i b u t i o n  f o r  the p o l y n u c 1 e ot i de - da un om y c i n  com­

p l ex  a t  low i o n i c  s t r e n g t h  (y = 0 . 0 0 5 ) .

The i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t ,  k ,  was t h r e e ­

f o l d  g r e a t e r  f o r  the n a t i v e  DNA i n t e r a c t i o n  than f o r  any 

o t h e r  s i n g l e - s t r a n d e d  n u c l e i c  a c i d  ( d e n a t u r e d  DNA or  p o l y ­

n u c l e o t i d e ) .  Th i s  i n d i c a t e d  the  impor tance  o f  the d o u b l e ­

h e l i c a l  s t r u c t u r e  f o r  maximum i n t e r a c t i o n .

At  y = 0 . 5 ,  po l y  I ,  which i s  a t r i p l e - s t r a n d e d  s t r u c ­

t u r e  a t  t h i s  i o n i c  s t r e n g t h ,  d id  not  bind to daunomycin a t  

a l l .

The a s s o c i a t i o n  c on s ta n ts  f o r  the  p o l y n u c l e o t i d e  i n t e r ­

a c t i o n s  were a l l  s i m i l a r  to each o t h e r  which i n d i c a t e d  a 

l a c k  o f  base p r e f e r e n c e  f o r  the  d a u n o m y c i n - n u c l e i c  ac i d  

i n t e r a c t i o n .  S i m i l a r l y ,  no p r e f e r e n c e  f o r  t he  n u c l e i c  ac i d  

sugar  mo i e t y  ( r i b o s e  or  d e o x y r i b o s e )  was observed .

The a d d i t i o n  o f  daunomycin to a DNA s o l u t i o n  r e s u l t e d  

i n  an i n c r e a s e  in the Tm o f  t he  s o l u t i o n .  The e x t e n t  o f



r e n a t u r a t i o n  a l so  i n c r e a s e d .  The T i n c r e a s e  l e v e l e d  o f fm

as r ,  t h e  number o f  daunomycin mo l ecu l es  b o u n d /p h os ph a t e , 

approached the  n v a l u e  f o r  s t rong b i n d i n g .  Th i s  i n d i c a t e d  

t h a t  the  i n cr ease d  s t a b i l i z a t i o n  observed in the presence  

o f  daunomycin was the  r e s u l t  o f  s t r o n g ,  t ype  I b i n d i n g .

The Tm r e s u l t s  were s i m i l a r  f o r  CJL o e r f r i n q e n s  DNA 

(%GC = 3 2 ) ,  c a l f  thymus DNA (%GC = 43)  and M. l y s o d e i  k t i  cus 

(DNA (%GC = 7 2 ) .  Thus,  t h e r e  was no base p r e f e r e n c e .

The r e s u l t s  o f  these  s t u d i e s  c o r r e l a t e  w e l l  w i t h  an 

i n t e r c a l a t i o n  model .  The major  f a c t o r  c o n t r o l l i n g  the  dauno-  

m y c i n - n u c l e i c  ac i d  i n t e r a c t i o n  was the secondary s t r u c t u r e  

o f  the  n u c l e i c  ac i d  m o l e c u l e .
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1

INTRODUCTION

I . Daunomyci n

A. Chemical  d e s c r i p t i o n  and s t r u c t u r e .

Daunomycin is an a n t i b i o t i c  i s o l a t e d  from s t r e p -

tomyces p e u c e t i u s  f i r s t  d e s c r i b e d  by DiMarco,  e t  a l . ( l ) .

I t  was d e s c r ib e d  as hav ing an e f f e c t  on both RNA and DNA 

s y n t h e s i s  and a l so  possessing a n t i m i t o t i c  a c t i v i t y .  Dauno-  

mycin e x h i b i t e d  a s t r ong  tendency to form a complex w i t h  

DNA (1 ) .

The a n t i b i o t i c  c o n s i s t s  of  a chromophore,  daunomycin-  

one,  C2 1 H i 8 ^ 8  ( 2 )  and a sugar ,  daunosamine,  C5 H1 3 O3 N ( 3 ) .  

These could be o b t a i ned  by s i mply  t r e a t i n g  daunomycin w i t h  

HC1 f o r  one hour a t  90°  C ( 3 ) .  The chromophore has an 

a n t h r a q u i n o n e  nucleus w i t h  an a d d i t i o n a l  s a t u r a t e d  r i n g  

and daunosamine is  a 3 1-amino sugar .  The n a t u r e  o f  the  

g l y c o s i d i c  l i n k a g e  and t h e  a b s o l u t e  c o n f i g u r a t i o n  o f  dauno­

mycin were de t e r mi ned  by Arcamone,  e t  a l - ( 4 , 5 )  and is  shown 

in f i gur e  1 .

B . C y t o l o g i c a l  e f f e c t s .

Daunomycin i n h i b i t e d  the  growth o f  e x p e r i m e n t a l  

tumors ,  such as E h r l i c h  a s c i t e s  and Walker  carc inoma ( 6 ) 

as w e l l  as tumor growth in an imals  ( 7 ) .  In c o n j u n c t i o n  w i t h  

t h i s  i t  was found t h a t  daunomycin d es t r o y e d  most ly  a c t i v e l y  

p r o l i f e r a t i n g  c e l l s  ( 8 ) .  I t  i s  being used e x p e r i m e n t a l l y  

f o r  t he  t r e a t m e n t  o f  a cu t e  l eukemi a  ( 9 , 1 0 ) .



FIGURE 1.  

S t r u c t u r e  o f  Daunomyc
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a.  I n h i b i t i o n  o f  RNA and DNA s y n t h e s i s .

These e f f e c t s  a re  undoubt ed l y  a r e s u l t  o f  the  

i n f l u e n c e s  daunomycin has on RNA and DNA s y n t h e s i s  and m i t o ­

s i s .  The e a r l y  work i n d i c a t e d  an i n h i b i t i o n  of  both RNA 

and DNA s y n t h e s i s ,  ( 1 , 1 1 )  the  e x t e n t  o f  which was dependent  

on the  c o n c e n t r a t i o n  of  added daunomycin ( 1 1 ) .  Rusconi  

and Ca lend i  ( 1 2 )  measured the  i n c o r p o r a t i o n  o f  8 - ^ C - a d e n i n e  

i n t o  the RNA and DNA o f  HeLa c e l l s .  I n c r ease d  daunomycin  

c o n c e n t r a t i o n  l ed  to decreased i n c o r p o r a t i o n  of  t he  ^ C - a d e n i n e  

i n t o  both RNA and DNA but  DNA s y n t h e s i s  was more s e n s i t i v e .  

Act i nomyc i n  ( a n o t h e r  w i d e l y  used a n t i b i o t i c  which w i l l  be 

d i scussed l a t e r )  had the  o p p o s i t e  e f f e c t ;  RNA s y n t h e s i s  was 

p r e f e r e n t i a l l y  i n h i b i t e d .  This  s e l e c t i v e  i n h i b i t i o n  was 

a l s o  found by o t h e r s ( 1 3 ,  1 4 ) .  Kim and co - wor ker s  ( 1 3 )  s t u d i e d  

the  s y n t h e s i s  in HeLa c e l l s  and found t h a t  daunomycin ( l u g / m l )  

reduced DNA s y n t h e s i s  to 10% o f  c o n t r o l s  a f t e r  one hour ,  

whereas RNA s y n t h e s i s  was reduced to 25% and p r o t e i n  s y n t h e ­

s i s  was h a r d l y  a f f e c t e d .  They f u r t h e r  observed t h a t  dauno­

mycin was most t o x i c  d u r i n g  the S phase o f  the c e l l  c y c l e ,  

d u r i n g  which DNA s y n t h e s i s  o c c u r s ,  w h i l e  i t  was l e a s t  e f f e c t ­

i ve  d u r i n g  the  G-j phase,  a growth p e r i o d  d u r i n g  which RNA 

and p r o t e i n  a re  s y n t h e s i z e d .

Daunomycin a l s o  i n h i b i t s  RNA dependent  DNA polymerase  

( r e v e r s e  t r a n s c r i p t a s e )  a c t i v i t y  ( 1 5 , 1 6 ) .  Mice i n f e c t e d  

w i t h  F r iend  l eukemia  v i r i o n s  (FLV) and ch i ckens  i n f e c t e d  

w i t h  Rous Sarcoma v i r u s  (RSV) s u r v i v e d  when t r e a t e d  w i t h
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daunomycin ( 1 6 ) .  Th is  l ed DiMarco and co - wor ker s  to s tudy  

the i n h i b i t i o n  o f  r e v e r s e  t r a n s c r i p t a s e  by daunomycin 

assuming t h a t  daunomycin a l lo wed  s u r v i v a l  because i t  

a f f e c t e d  v i r u s - a s s o c i a t e d  enzyme a c t i v i t y .  Daunomycin 

was ver y  e f f e c t i v e  in i n h i b i t i n g  r e v e r s e  t r a n s c r i p t a s e  o f  

FLV and RSV. I n t e r e s t i n g l y  the i n h i b i t i o n  was dependent  

upon the  n a t u r e  o f  t he  t e m p l a t e .  P ° l y  dA-po ly  dT was sen­

s i t i v e  to daunomycin i n h i b i t i o n  but  i f  po l y  d i - p o l y  dC 

was used as t e m p l a t e  the enzyme was u n a f f e c t e d  ( 1 6 ) .  

Act i nomyc i n  had no e f f e c t  on RNA dependent  DNA polymerase  

a c t i  vi  t y  ( 1 5 ) .

b. A n t i m i t o t i c  e f f e c t .

The a d d i t i o n  o f  daunomycin to a HeLa c e l l  c u l t u r e  

r e s u l t e d  in an immediate r e d u c t i o n  in the  m i t o t i c  index  

( 7 , 1 7 ) .  An e q u i v a l e n t  dose o f  a c t i n o m y c i n  r e q u i r e d  f o u r  

hours f o r  a s i m i l a r  e f f e c t .  Reduct ion in the m i t o t i c  index  

occurred dur i ng  the phase,  a f t e r  DNA s y n t h e s i s  had a l r e a d y  

been completed and so t h i s  a n t i m i t o t i c  e f f e c t  d i d  not  seem 

to be r e l a t e d  to  the  i n h i b i t i o n  o f  DNA s y n t h e s i s  ( 1 7 ) .  A 

l a t e r  s t udy ,  using r a t  f i b r o b l a s t s ,  i n d i c a t e d  t h a t  the c y t o -  

l o g i c a l  e f f e c t s  of  daunomycin were dependent  on the p h y s i o ­

l o g i c a l  a c t i v i t y  o f  t he  c e l l s  a t  the  t ime of  a n t i b i o t i c  

upt ake  ( 1 8 ) .  C e l l s  in the  phase exper ienced  i n h i b i t i o n  

of  enzyme s y n t h e s i s  ( tho se  enzymes necessary  f o r  DNA r e ­

p l i c a t i o n ) ,  i n h i b i t i o n  of  DNA r e p l i c a t i o n  occurred i f  t he  

c e l l s  were in the  S phase and f o r  c e l l s  in  G2  t h e r e  was 

i n h i b i t i o n  o f  RNA s y n t h e s i s .  I f  the  c e l l s  were in m i t o s i s ,



6.

the  a d d i t i o n  o f  daunomycin r e s u l t e d  in a b lockage of  

m i t o s i s  i f  g i ven  b e f o r e  prophase.

A l l  o f  t he  above ment ioned e f f e c t s  could be t r a c e d  

to the  f o r m a t i o n  o f  a complex between daunomycin and DNA 

( 1 ) .  The c o r r e l a t i o n  o f  the c y t o l o g i c a l  e f f e c t s  w i t h  the  

b i n d i n g  c a p a c i t y  o f  the daunomycin was f u r t h e r  i n d i c a t e d  

by the  use o f  N - a c e t y l  daunomycin.  Th i s  d e r i v a t i v e  of  

daunomycin,  which has an a c e t a t e  group a t t a c h e d  to the  

amino moi e ty  on the s u g ar ,  had a reduced c a p a c i t y  to bind  

to DNA ( 19 )  and caused a lmost  none of  the  c y t o l o g i c a l  

e f f e c t s  d e s c r i b e d  above ( 1 7 , 1 8 ) .

A study o f  the b i nd i ng  o f  daunomycin t o  DNA would ,  

t h e r e f o r e ,  be expected to e l u c i d a t e  i t s  mechanism o f  a c t i o n .  

Be f or e  d e s c r i b i n g  the phys icochemi ca l  p r o p e r t i e s  o f  the  

daunomycin-DNA i n t e r a c t i o n ,  i t  would be i n s t r u c t i v e  to  

compare the complexes formed between DNA and o t h e r  r e p r e ­

s e n t a t i v e  compounds. Among t he  many smal l  mol ecu l es  

( s ma l l  in comparison to DNA) t h a t  bind to DNA are  mutagens,  

a n t i b i o t i c s ,  c a rc i no g en s  and meta l  i o n s .  Some aspec t s  

of  complex f o r m a t i o n  are  s i m i l a r  f o r  many o f  these  i n t e r ­

a c t i o n s  and so a d e s c r i p t i o n  o f  the i n f o r m a t i o n  a v a i l a b l e  

f o r  some o f  t he  above compounds is  u s e f u l  f o r  an u n d e r ­

s t a n d i n g  o f  t h e  gen er a l  process o f  DNA-smal l  mol ecu l e  

b i n d i n g .

I i . B i nd i ng  o f  Dyes to DNA.

Perhaps the  f i r s t  s tudy o f  t h i s  t ype  was c a r r i e d  

out  by M i c h a e l i s  in 1947 ( 2 0 ) .  He examined the  b i nd i ng
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of  dyes ( me thy len e  b l u e ,  t o l u i d i n e  b l u e )  to n u c l e i c  a c i d s .

The s p e c t r a  o f  these  mol ecu l es  showed t h r e e  d i f f e r e n t  bands 

which were d e s i g n a t e d  a (monomer) ,  e ( t h e  d i m e r i c  s p e c i e s )  

and y ( h i g h e r  a g g r e g a t e s ) .  When these  dyes bound to  

n u c l e i c  a c i d ,  however ,  the  a and 6  spec ies  were e v i d e n t

dependent  on the  molar  r a t i o  o f  dye to n u c l e i c  ac i d  but  no

y spectrum was observed even a t  ve r y  low c o n c e n t r a t i o n  of  

n u c l e i c  a c i d .  He concluded t h a t  the dye mol ecu l es  which  

were a t t a c h e d  to  t he  n e g a t i v e  phosphate groups o f  the  

n u c l e i c  ac i d  would l i e  in the  space between the p l anes o f  

the bases and so t h e y  would be pr evented  from forming  

m u l t i p l e  agg re g a t e s  ( 2 0 ) .  Th is  was l a t e r  shown to be 

the case w i t h  a c r i d i n e s .

I I I .  A c r i  di  n e s .

A- S t r u c t u r e  and c y t o l o g i c a l  e f f e c t s .

The a c r i d i n e  dyes a r e  perhaps the best  s t u d i e d  in

terms of  t h e i r  i n t e r a c t i o n s  w i t h  DNA. These compounds 

are  very  p o t e n t  mutagens,  p r o b a b l y  by causing the  i n s e r t i o n  

or  d e l e t i o n  o f  a base p a i r  in DNA ( 2 1 ) .  They were a f f e c t ­

i v e l y  used by C r i c k ,  e t  a l . ( 2 2 )  to d e t e r m in e  the  coding  

r a t i o  in p r o t e i n  s y n t h e s i s .  The s t r u c t u r e  of  a c r i d i n e  

i s  shown in  f i g u r e  2.  I t  c o n s i s t s  of  a t h r e e  r i n g  a r o m a t i c ,  

and t h e r e f o r e ,  p l a n a r  system and u s u a l l y  e x i s t s  as the  

c a t i o n  a t  p h y s i o l o g i c a l  pH (pH 7 . 0 - 7 . 4 ) .

B • A c r i d i n e - D N A  i n t e r a c t i o n .

The p i o n e e r i n g  s tudy  in a c r i d i n e - D N A  b i n d i n g  was



FIGURE 2.  

S t r u c t u r e  o f  A c r i d i n e
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per formed by Peacocke and S k e r r e t t  ( 2 3 )  us ing p r o f l a v i n e  

( 3 , 6 - d i a m i n o a c r i d i n e ) .  The i n t e r a c t i o n  was s t u d i e d  by 

s p e c t r o p h o t o m e t r i c  t i t r a t i o n  and e q u i l i b r i u m  d i a l y s i s .

They observed t h a t  p u r i n e  d e o x y n u c l e o t i d e s , but  not  p y r i ­

mi d in e  d e o x y n u c l e o t i d e s , caused changes in the  p r o f l a v i n e  

spectrum s i m i l a r  to those produced by DNA. These a l t e r ­

a t i o n s  were a decrease  in absorbance and a s h i f t  in the peak 

to a h i g he r  w a ve l en g t h .  A p u r i n i c  ac i d  caused a d e e r s s ; e  

in  absorbance but  no s h i f t  in the  peak.  They noted t h a t  

denatu red  DNA bound j u s t  as we l l  as n a t i v e  and so hydrogen  

bonds were not  i m p o r t a n t  f o r  the i n t e r a c t i o n .  The Scatchard  

p l o t s  which they  c o n s t r u c t e d  were convex to the  x - a x i s ,  r a t h e r  

than a s t r a i g h t  l i n e  ( f i g u r e  2 5 ) ,  which i n d i c a t e d  two 

d i f f e r e n t  modes o f  b i n d i n g .  A s t rong b i n d i ng  denoted as 

t ype  I ,  was the r e s u l t  o f  i n t e r a c t i o n s  o f  s i n g l e  p r o f l a v i n e  

mol ecu l es  w i t h  DNA and the second weaker  type of  b i n d i n g ,  

t ype I I ,  was due to  the b i n d i n g  o f  a g g r e g a t e s .  Hydrogenated  

p r o f l a v i n e  and a p u r i n i c  a c i d  gave l ess  s p e c i f i c  i n t e r a c t i o n s  

and so Peacocke and S k e r r e t t  concluded t h a t  p u r i n e  r i n g s  

and a f l a t  dye mol ecu l e  were necessary  f o r  s t r ong  b i n d i n g .

The n e c e s s i t y  f o r  o v e r l a p  suggested t h a t  t h i s  b i nd i ng  was 

some type  of  it I n t e r a c t i o n .  In a d d i t i o n ,  t hey  proposed  

t h a t  the agg re g a t e s  bound to t he  phosphates .

a.  I n t e r c a l a t i o n  model .

Lerman ( 24 )  s t u d i e d  the e f f e c t  t h a t  p r o f l a v i n e  had 

on t h e  p h y s i c a l  p r o p e r t i e s  o f  DNA and found t h a t  i t  en-
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hanced the  v i s c o s i t y  o f  DNA s o l u t i o n s  t remendous ly  and 

a l s o  r e s u l t e d  in  a decrease  in the s e d i m e n t a t i o n  c o e f f i c i e n t .  

These r e s u l t s  a re  best  e x p l a i n e d  by a decrease  in the  

mass per  u n i t  l e n g t h  o f  the DNA m o l e c u l e .  Th i s  l ed Lerman 

( 2 4 )  to propose t h a t  a c r i d i n e s  bound by i n t e r c a l a t i o n ,  i . e .  

t h e r e  was an i n s e r t i o n  o f  the  f l a t  a c r i d i n e  m o lecu l e  between  

s uc cess ive  base p a i r s  a long the DNA. Thus an a c r i d i n e  

would occupy t he  same amount o f  space as a base p a i r  and 

t h e r e f o r e  t he  d i s t a n c e  a long the DNA cha in  should not  

change on i n t e r c a l a t i o n .  However ,  s i nce  a c r i d i n e s  have a 

l ower  m o l e c u l a r  w e i gh t  than a base p a i r ,  i n t e r c a l a t i o n  

would a l s o  r e s u l t  in a decrease  in mass per u n i t  l e n g t h .  

I n t e r c a l a t i o n  could be accompl ished by e x t e n t i o n  o f  the  

backbone o f  t he  DNA mol ecu l e  and an u n t w i s t i n g  of  t he  

ba s es .

Th i s  proposal  was f u r t h e r  suppor ted  by Lerman's  s t u d i e s  

using f l o w  d i c hr o i s m  (25 )  and X - r a y  d i f f r a c t i o n  ( 2 4 ) .

Flow d i c h r o i s m  is  a measure o f  the p e r p e n d i c u l a r i t y  o f  

t h e  bases to t he  h e l i x  in DNA. The a d d i t i o n  o f  a c r i d i n e  

enhanced the d i c h r o i s m  of  DNA which i n d i c a t e d  t h a t  the  

h e l i x  was s t r a i g h t e r  and s t i f f e r .  The x - r a y  s t u d i e s  

showed t h a t  t he  3 . 4  ft spac ing u s u a l l y  found w i t h  DNA was 

r e t a i n e d  but t he  r e g u l a r  h e l i c a l  s t r u c t u r e  was l o s t .

b. t f f e c t  o f  i o n i c  s t r e n g t h .

Va r i ous  workers  have a l so  s t u d i e d  t h e  e f f e c t  of  i o n i c  

s t r e n g t h  on t he  a c r i d i n e - D N A  complex and found t h a t  an
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i n c r e as e  in i o n i c  s t r e n g t h  l ed  to decreased b i nd i ng  ( 2 3 ,  

2 6 , 2 7 , 2 8 ) .  I c h i m u r a ,  e t  a l . ( 2 7 )  found t h a t  i n c r e a s i n g  

the i o n i c  s t r e n g t h  from 0.01  to  0.1 r e s u l t e d  in  a 1 0 - f o l d  

decrease in the a s s o c i a t i o n  c o n s t a n t  f o r  the a c r i d i n e  

orange ( N, N1 - t e t r a m e t h y l  p r o f 1a v i n e ) - DNA i n t e r a c t i o n .  

I n c r e a s i n g  the  i o n i c  s t r e n g t h ,  in a d d i t i o n  to d ec r e a s i n g  

the  a s s o c i a t i o n  c o n s t a n t ,  a l s o  l ed to a decrease in n,  

the number o f  b i n d i n g  s i t e s  per  DNA phosphate .  Chambron,  

e t  a 1 . ( 2 9 )  a t t r i b u t e d  t h i s  to a decrease  in the  r e p u l s i o n  

of  the phosphate  groups which l e f t  l e s s  space between the  

planes o f  the  bases and so f ewe r  mol ecu l es  can b i n d .

Blake and Peacocke ( 3 0 )  observed t h a t  a l though  both type  

I and type  I I  b i n d i n g  were d i m i n i s h e d ,  type I I  was more 

s e n s i t i v e  to i o n i c  s t r e n g t h .

c .  B i nd i ng  to d e n a t u re d  DNA.

In l i n e  w i t h  t h i s  i t  was observed t h a t  a den atu red  

D N A- a cr i d i n e  complex was not  a f f e c t e d  as much by i o n i c  

s t r e n g t h  as was a n a t i v e  DNA complex ( 2 7 ) .  This  was 

taken as an i n d i c a t i o n  t h a t  e l e c t r o s t a t i c  e f f e c t s  were  

l ess  i m p o r t a n t  f o r  the  d en a tu r ed  DNA complex.  In f a c t ,  

Drummond e t  a 1 . ( 2 6 )  found t h a t  denatu red  DNA a lways had 

more b i n d i n g  s i t e s  than d i d  n a t i v e  DNA. This is  a r e a l  

i n c r e a s e  in s i t e s  and not  j u s t  a d i f f e r e n c e  in a s s o c i a t i o n  

c o n s t a n t s .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e r e  was l e s s  s t e r i c  

h i ndr ance  in de na tu re d  DNA because i t  i s  a more open 

s t r u c t u r e  a l t h o u g h  t h e r e  i s  s t i l l  s u f f i c i e n t  h e l i c a l  s t r u c ­

t u r e  to a l l o w  f o r  i n t e r c a l a t i o n  ( 2 6 ) .
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d. D e s c r i p t i o n  o f  two modes o f  b i n d i n g .

The h y d r o g e n t a t i o n  of  one r i n g  o f  9 - a m i n o a c r i d i n e  

reduced i t s  a b i l i t y  to bind by h a l f .  Po ly  A, which i s  a 

s i n g l e  s t r anded  p o l y n u c l e o t i d e ,  mar ked ly  depressed the  

spectrum o f  p r o f l a v i n e .  Poly U, on the e t h e r  hand,  was 

w i t h o u t  a p p a r e n t  e f f e c t .  This  l ed  Blake  and Peacocke  

( 3 0 )  to propose t h a t  c o n d i t i o n s  f o r  s t r ong  b i n d i n g  must  

be such t h a t  i n t e r a c t i o n  could occur  e i t h e r  by hydrogen 

bonding or  by base s t a c k i n g  e i t h e r  on one p o l y n u c l e o t i d e  

cha in  or  d i f f e r e n t  c h a i n s .  Thus,  a double  s t randed  s t r u c t u r e  

may not  be n ec e ss a ry .  They f u r t h e r  c h a r a c t e r i z e d  t ype  I ,  

s t rong  b i n d i n g  as:  1) having a b i n d i n g  energy  o f  6 - 1 0

k c a l / m o l e  o f  a c r i d i n e  bound; 2)  being f a v o r e d  by t h r e e  

f l a t  a r o m a t i c  r i n g s  which can i n t e r a c t  w i t h  DNA bases 

pr o b a b l y  v i a  van de r  Waals f o r c e s ;  3)  produc ing  an i n ­

c rea se  in t h e  con t ou r  l e n g t h  o f  DNA and a dec re ase  in the  

m a s s / u n i t  l e n g t h ;  4)  having the p l ane  o f  a c r i d i n e s  p a r a l l e l  

to those o f  the  bases;  5) having a maximum b i n d i n g  of  

r = 0 . 2 5 .  In a d d i t i o n ,  they proposed a m o d i f i e d  i n t e r ­

c a l a t i o n  model to e s p e c i a l l y  account  f o r  den at ur ed  DNA 

b i n d i n g .  Ra t he r  than the  a c r i d i n e  being between s uc cess iv e  

base p a i r s  in both c h a i n s ,  t h e r e  was p a r t i a l  i n t e r c a l a t i o n  

in which t h e  a c r i d i n e  was i n s e r t e d  between t he  bases in 

one p o l y n u c l e o t i d e  c h a i n .  In t h i s  manner the  p o s i t i v e l y  

charged n i t r o g e n  o f  a c r i d i n e  can i n t e r a c t  s t r o n g l y  w i t h  

the DNA phosphat e .  This  was a more s a t i s f a c t o r y  e x p l a n a t i o n
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f o r  how b i n d i n g  can occur  w i t h  s i n g l e  s t randed  s t r u c t u r e s .

They a l s o  c h a r a c t e r i z e d  the weak,  t ype  I I  b i n d i n g  

process as ( 3 0 ) :  1) i n v o l v i n g  i n t e r a c t i o n  between bound

a c r i d i n e s ;  2)  be ing e l e c t r o s t a t i c  in n a t u r e  and enhanced  

by decreased i o n i c  s t r e n g t h  to a g r e a t e r  e x t e n t  than  

t ype I ;  3)  being an e x t e r n a l  b i nd i ng  process s i nce  i t  

f o l l o w s  t ype  I ;  4)  i n c r e a s i n g  r e l a t i v e  to type  I b i n d i ng  

when the  complex was formed w i t h  denatu red  DNA r a t h e r  

than w i t h  n a t i v e  DNA. The a c r i d i n e  was bound edgewise  

to the  o u t s i d e  o f  t he  h e l i x  w i t h  the  p o s i t i v e  n i t r o g e n  

c l o s e  to  the phosphate .  When r was l a r g e  enough,  t h e  dye 

mol ecu l es  could s t ack  on one a n o t h e r ,  p a r a l l e l  to t he  

h e l i x  a x i s .

e .  E f f e c t  o f  a c r i d i n e  and DNA s t r u c t u r e .

The s t r u c t u r e s  o f  both the  a c r i d i n e  and DNA d i c t a t e  

the  t ype  and e x t e n t  o f  each mode of  b i n d i n g .  Lober ( 31 )  

found t h a t  a l k y l a t i o n  o f  the r i n g  n i t r o g e n  o f  p r o f l a v i n e  

or  a c r i d i n e  orange r e s u l t e d  in i n c r e a s e d  b i n d i n g  w h i l e  

the  o p p o s i t e  was t r u e  f o r  a c r i d i n e .  He concluded t h a t  

no s i n g l e  i n t e r c a l a t i o n  model was s a t i s f a c t o r y  f o r  a l l  

a c r i d i n e  dyes.  For a c r i d i n e ,  the  p a r t i a l  i n t e r c a l a t i o n  

model o f  Peacocke and co - wor ker s  ( 2 6 , 3 0 )  was b e s t ,  w h i l e  

f o r  p r o f l a v i n e ,  the  r e s u l t s  were best  e x p l a i n e d  by the  

f u l l  i n t e r c a l a t i o n  model o f  Lerman ( 2 4 ) .  S i m i l a r l y ,  

changes in the  DNA could a f f e c t  the complex.  Li and 

C ro t h e r s  ( 3 2 )  showed t h a t  as r  i nc r e a s e d  t h e  isosbestic  

p o i n t  o f  p r o f l a v i n e - D N A  s h i f t e d  i n d i c a t i n g  a change to  a



second type  o f  b i n d i n g .  Wi th T -2  phage DNA, which c o n t a i n s  

gl ucose  r e s i d u e s  in  the l a r g e  g r oov e ,  t h i s  change was not  

observed .  Thus monomer b i n d i n g  to DNA appeared to  take  

p l ace  but  b i nd i ng  to the  o u t s i d e  was prec luded by the  

presence of  g lucose r e s i d u e s .

f .  E f f e c t  o f  a c r i d i n e  b i n d i n g  on TJ m
1. D e s c r i p t i o n  o f  Tm

A f u r t h e r  consequence o f  a c r i d i n e  b i n d i n g  was an 

i n c r e a s e  in T , the  t e m p e r a t u r e  a t  which the  DNA h e l i x - c o i l  

t r a n s i t i o n  o c c u r r e d .  When a s o l u t i o n  of  DNA is heated  

t h e r e  is  an i n c r e a s e  in t he  absorbance a t  the 260 nm peak 

which is  u s u a l l y  25-30% g r e a t e r  than t h a t  o f  the  n a t i v e  

DNA. Th i s  phenomenon i s  known as hyperchromism. I t  is 

a m a n i f e s t a t i o n  o f  the  h e l i x - c o i l  t r a n s i t i o n  f o r  DNA, i . e .  

t he  d e s t r u c t i o n  o f  the h i g h l y  o r der ed  d o u b l e - s t r a n d e d  

h e l i c a l  form in which n a t i v e  DNA e x i s t s  r e s u l t i n g  in two 

l ess  o r der ed  s i n g 1e - s t r a n d e d  p o l y n u c l e o t i d e  c h a i n s .

The s i m p l e s t  e x p l a n a t i o n  f o r  the absorbance i n c r e a s e  

i s  t h a t  i t  i s  due to a d e s t r u c t i o n  o f  the p l a n a r  base 

s t a c k i n g .  Tinoco ( 33 )  proposed a t h e o r e t i c a l  e x p l a n a t i o n  

f o r  t h i s  phenomenon. L i g h t  a b s o r p t i o n  induces d i p o l e s  

and T inoco c a l c u l a t e d  the  degree  to which the t r a n s i t i o n  

moment,  a measure o f  the amount o f  l i g h t  absorbed ,  is 

a l t e r e d  by i n t e r a c t i o n s  o f  1 i g h t - i n d u c e d  d i p o l e s .  I f  the  

induced d i p o l e s  are  l i n k e d  h e a d - t o - t a i l  the  t r a n s i t i o n  

moment i n c r e a s e s .  However ,  i f  they  are  ar ranged s i de  by 

s i de  both the  t r a n s i t i o n  moment and the absorbance d ec r e a s e .
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For DNA, the  induced d i p o l e s  are  in the  p l anes  o f  t he  bases,  

but  because the bases are  stacked a t  r i g h t  ang les  to  the  

a x i s  o f  the  h e l i x ,  the  induced d i p o l e s  in s u p e r p o s i t i o n  

cause a dec re ase  in absorbance .  L i k e w i s e ,  a d e s t r u c t i o n  

o f  the s t a c k i n g  a t  r i g h t  angles r e s u l t s  in an a b s o r p t i o n  

i n c r e a s e .

I f  the  absorbance a t  260 nm i s  p l o t t e d  as a f u n c t i o n  

of  t e m p e r a t u r e ,  a curve  such as t h a t  shown in f i g u r e  3 2  

i s  o b t a i n e d .  The t e m p e r a t u r e  a t  t he  m i d p o i n t  o f  t he  r i s e  

( h a l f  the  d i f f e r e n c e  between the  absorbance where the  curve  

begins  to r i s e  and the  maximum absorbance o b t a i n e d )  is  

denoted T , or  m e l t i n g  t e m p e r a t u r e .  Th i s  is understood  

to  be the  t e m p e r a t u r e  o f  the  h e l i x - c o i l  t r a n s i t i o n ( 3 4 ) .

Doty and co - wor ker s  ( 34 )  s t u d i e d  the  e f f e c t  o f  i o n i c  

s t r e n g t h  on the Tm o f  v a r i o u s  DNA's.  As the  i o n i c  s t r e n g t h  

was i n c r e a s e d ,  the Tm i nc r e a s e d  and a p l o t  o f  Tm versus  

l og [Na+ ] y i e l d e d  a s t r a i g h t  l i n e .  Th i s  i n d i c a t e d  t h a t  

t he  DNA h e l i x  had been s t a b i l i z e d  s i nce  a h i g h e r  t e m p e r a t u r e  

was r e q u i r e d  f o r  s t rand  s e p a r a t i o n .  Th i s  s t a b i l i z a t i o n  

was due to n e u t r a l i z a t i o n  of  the phosphate r e p u l s i o n  by 

p o s i t i v e l y  charged Na+ i o n s .

Marmur and Doty ( 3 5 )  s t u d i e d  the e f f e c t  o f  base com­

p o s i t i o n  on T . At  a g i ven  i o n i c  s t r e n g t h ,  the  g r e a t e r  

the  GC ( g u a n i n e  and c y t o s i n e )  c o n t e n t ,  t he  h i g h e r  the  Tm.

A GC base p a i r  has g r e a t e r  s t a b i l i t y  because i t  has t h r e e  

hydrogen bonds as opposed to an AT p a i r  which has o n l y  two.
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These workers  were a b l e  to s e t  up e m p i r i c a l  r e l a t i o n s h i p s  

f o r  c a l c u l a t i n g  the  Tm of  a p a r t i c u l a r  DNA s i mply  based 

on i t s  %GC.

Chambron e t  a l . ( 3 6 )  found t h a t  a t  a l l  c o n c e n t r a t i o n s

of  added p r o f l a v i n e ,  the  Tm o f  the complex was a lways h i g h e r

than t h a t  o f  f r e e  DNA. As the  i o n i c  s t r e n g t h  was i n cr e as e d

the Tm i n c r e a s e d .  The d i f f e r e n c e  between the Tm o f  the

complex and t h a t  o f  f r e e  DNA (ATm) , however , decreased w i t h

i n c rease d  i o n i c  s t r e n g t h .  They a l so  observed t h a t  a t  the

Tm o f  the complex the  p r o f l a v i n e  was r e l e a s e d ,  t h e r e f o r e ,

the d e s t r u c t i o n  o f  the  DNA h e l i x  l ed to a r e l e a s e  o f  t he  bound

dye.  S i m i l a r  o b s e r v a t i o n s  were made by o t h e r  workers

( 3 7 , 3 8 ) .  Jordan and Sansom ( 3 7 )  a t t r i b u t e d  t h i s  b e h a v i o r

to a reduced b i n d i n g  o f  a c r i d i n e  to s i n g l e  s t r anded  DNA

a t  high t e m p e r a t u r e  w h i l e  t h e r e  was s t i l l  c o n s i d e r a b l e  b i n d i n g

to duplex  DNA. K 1 e i n w a c h t e r , e t  a l . ( 3 8 )  observed t h a t  a t

r < 0 . 1 ,  as t he  t e m p e r a t u r e  i nc r e a s e d  r remained c o n s t a n t

u n t i l  the Tm was reached and then t h e r e  was a r e l e a s e  o f

dye.  However ,  when r  > 0 . 1 ,  r  v a r i e d  w i t h  t e mp e r a t u r e

which i n d i c a t e d  some r e l e a s e  o f  bound dye even below the

Tm. When r  < 0 . 1 ,  t he  dye was bound most ly  by means o f  a

t ype I complex,  w h i l e  a t  h i g h e r  r  v a l ues  t h e r e  was b i n d i n g

by type  I I  i n t e r a c t i o n s  as w e l l ,  and i t  was these  weak l y

bound dye mol ecu l es  which were r e l e a s e d  below t he  T . J o r -m
dan ( 3 9 )  drew a s i m i l a r  c o n c l u s i o n  based on the o b s e r v a t i o n  

t h a t  the  Tm f o r  t he  p r o f 1 av ine-DNA complex i n c r e a s e d  as a
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function o f  r but  reached a p l a t e a u  a t  the r v a l u e  which 

was the maximum f o r  type I b i n d i n g .  He concluded t h a t  t he  

i nc r ea se d  s t a b i l i t y  o f  t he  complex was due to dye bou/id 

by i n t e r c a l a t i o n  r a t h e r  than those  bound by the type I I  

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

g. E f f e c t  o f  o r g a n i c  s o l v e n t s .

The impor tance and n a t u r e  o f  the  i n t e r c a l a t i o n  

r e a c t i o n  was f u r t h e r  i l l u s t r a t e d  by the  e f f e c t s  o f  o r ga n ic  

s o l v e n t s .  The f o r m a t i o n  o f  a p r o f  1avine-DNA complex was 

accompanied by a decrease  in p r o f l a v i n e  f l u o r e s c e n c e .  

However,  the  a d d i t i o n  o f  o r g a n i c  s o l v e n t s  led to a d i m i n u ­

t i o n  of  t he  quenching e f f e c t  ( 4 0 ) .  An i n c r e a s e  in the 

number o f  methyl  groups o f  the s o l v e n t  enhanced t h i s  e f f e c t  

( e . g .  propanol  has a g r e a t e r  e f f e c t  than met hanol )  and 

so hydrophobic f o r c e s  were i m p l i c a t e d  in i n t e r c a l a t i o n .  

Lober ,  e t  a l .  ( 4 0 )  used k / n  as t h e i r  b i nd i ng  parameter  

(based on f l u o r e s c e n c e )  and found t h a t  an i n c r e a s e  in 

t h e  p e r c e n t  o r g a n i c  s o l v e n t  gave reduced b i n d i n g .  Organ­

i c  s o l v e n t s  are known to d e n a t u r e  DNA ( 4 1 )  but these  

s t u d i e s  were per formed a t  c o n c e n t r a t i o n s  o f  s o l v e n t  which  

d i d  not cause d e n a t u r a t i o n . Lob er ,  e t  a l . a s c r i b e d  t h i s  

t o  a c o m p e t i t i o n  between the  s o l v e n t  and DNA base pa i rs  

as a hydrophobic  b i n d i n g  s i t e  f o r  the dye m o l ec u l e s .  S i nce  

t h e  complex was d es t r o y e d  a t  s o l v e n t  c o n c e n t r a t i o n s  which  

a r e  too low to d e n a t u r e  DNA, t he  hydrophobic  f o r c e s  s t a b i l ­

i z i n g  t he  dye-DNA complex were weaker  than those i nvo l ved
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i n  s t a b i l i z a t i o n  o f  t h e  DNA h e l i x  ( 4 0 ) .

h . Dependence on DNA base c o m p o s i t i o n .

Some e a r l y  work by Tubbs et  a l  . ( 4 2 )  had i n d i c a t e d  

t h a t  the b i n d i n g  of  a c r i f l a v i n e  ( 1 0 - m e t h y l  p r o f l a v i n e )  to  

DNA was dependent  on the  GC c o n t e n t .  More r e c e n t  s t u d i e s ,  

however ,  have i n d i c a t e d  t h a t  t h i s  might  not  be the  c a s e .

K 1 e i n w a c h t e r , e t  a l . ( 3 8 )  based on t h e i r  Tm s t u d i e s ,  con­

c l uded t h a t  b i n d i n g  was not GC dependent .  E l l e r t o n  and 

I s en be r g  ( 4 3 )  found t h a t  M. l y s o d e i k t i c u s  DNA (72% GC) ,  

c a l f  thymus DNA ( 43%) ,  T-2  DNA (34%) and po l y  dAT (0%)  

a l l  had a s s o c i a t i o n  c on st an t s  o f  the same o r d e r  o f  m a gn i ­

tude in t h e i r  b i nd i ng  w i t h  p r o f l a v i n e .  Schmechel  and 

C r o t h e r s  ( 4 4 )  made a s i m i l a r  o b s e r v a t i o n  f o r  po l y  A - p o l y  U 

and so i t  appeared t h a t  a c r i d i n e  b i n d i n g  d i d  not  have any 

base p r e f e r e n c e .  This would be expected f o r  an i n t e r c a l a ­

t i o n  pr oce ss .

i. K i n e t i c  s t u d i e s .

K i n e t i c  s t u d i e s  o f  a c r i d i n e - D N A  b i n d i n g  have a l s o  

y i e l d e d  v a l u a b l e  i n f o r m a t i o n  concer n i ng  the  i n t e r c a l a t i o n  

proce ss .  Li  and Cr ot her s  ( 4 5 )  employed a t e m p e r a t u r e  jump 

t e c h n i q u e  and observed two r e l a x a t i o n  t imes f o r  t he  p r o f 1 a - 

vine-DNA i n t e r a c t i o n .  At high i o n i c  s t r e n g t h  t he  s low process  

accounted f o r  95% of  t he  t o t a l  dye bound.  T h e r e f o r e  t he  

slow r e a c t i o n  was an i n t e r c a l a t i o n  p r oc e ss .  I t  would appear  

t h a t  the  dye bound to the  o u t s i d e  in a v e ry  r a p i d  s t e p ,  

f o l l o w e d  by the s lower  i n t e r c a l a t i o n  s t e p .  Th is  a l l o w e d  

t i m e  f o r  the  s t r u c t u r a l  a l t e r a t i o n  o f  the DNA m o le cu l e



which must accompany i n t e r c a l a t i o n .  The t ime  r e q u i r e d  f o r  

i n s e r t i o n  o f  an e x t e r n a l l y  bound p r o f l a v i n e  was o f  the  o r d e r  

o f  one m i l l i s e c o n d  ( 4 5 ) .

IV . F t h i d i u m  B r o m i d e
A . S t r u c t u r e  and c y t o l o g i c a l  e f f e c t s .

E t h i d i um bromide ( f i g u r e  3)  is a no t h e r  example

o f  a compound which b inds to  DNA almost  e x c l u s i v e l y  by 

i n t e r c a l a t i o n .  S t r u c t u r a l l y  i t  is s i m i l a r  to the a c r i d i n e s  

in t h a t  i t  i s  an a r o m a t i c ,  t h r e e  r i n g ,  p l a n a r  mol ecu l e  

which e x i s t s  as the  c a t i o n  a t  p h y s i o l o g i c a l  pH. E t h i d ium  

bromide is  a t r y p a n o c i d e  but  i t  can a l s o  i n h i b i t  DNA p o l y ­

merase and DNA-dependent  RNA polymerase in v i t r o  ( 4 6 ) .  

Presumably t h i s  is accompl i shed  by b i n d i n g  to the  t e m p l a t e  

DNA and i n v e s t i g a t i o n s  o f  t h i s  i n t e r a c t i o n  have shed 

f u r t h e r  l i g h t  on t h e  mechanism of  i n t e r c a l a t i o n .

B. E t h i d iu m  bromide - DNA i n t e r a c t i o n

a.  B i nd i ng  to  p o l y n u c l e o t i d e s .

Waring ( 4 7 )  s t u d i e d  the i n t e r a c t i o n  by t e s t i n g  

the  b i nd i ng  o f  p o l y n u c l e o t i d e s  to e t h i d i u m  bromide.  Poly  

A, po l y  I and po l y  U induced s h i f t s  in the e t h i d i u m  bromide  

spectrum which i n d i c a t e d  i n t e r a c t i o n .  Bind i ng  i sotherms  

f o r  t h e s e ,  however ,  showed t h a t  t h e r e  was v e r y  l i t t l e  b i n d i ng  

u n t i l  h i gher  c o n c e n t r a t i o n s  o f  f r e e  e t h i d i u m  bromide were 

a t t a i n e d .  Th i s  i n d i c a t e d  a l a c k  o f  t ype  I b i nd i ng  by these  

compounds.  S i m i l a r l y ,  a p u r i n i c  and a p y r i m i a i n i c  a c i d s ,  

whose s t r u c t u r e s  a r e  l e s s  or der ed  than t h a t  o f  DNA,bound



FIGURE 3.

S t r u c t u r e  o f  E t h i d i u m  Bromide
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e t h i d i u m  bromi de ,  but  t h e r e  was l ess  i n t e r a c t i o n  than  

t h a t  found w i t h  DNA. On the o t h e r  hand,  w i t h  the homo­

polymer  m i x t u r e s ,  po l y  (A and U ) ,  po l y  (A and I )  and 

poly  ( I  and C ) ,  t he  b i n d i ng  curves were very  s i m i l a r  to  

those found f o r  DNA. This  i n d i c a t e d  the  need f o r  a base-  

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

Kreishman,  e t  a l . ( 4 8 )  used proton magnet ic  resonance and 

d e t e c t e d  an i n t e r c a l a t i o n  complex f o r  the e t h i d i u m  bromi de-  

poly  U i n t e r a c t i o n ,  a l t h o u g h  they  s t a t e d  t h a t  t h i s  might  

d i f f e r  s t e r e o c h e m i c a l l y  f o r  the  e t h i d i u m  bromide complex  

w i t h  DNA.

b. B i nd i ng  to c l osed  c i r c u l a r  DNA.

X - r a y  s t u d i e s  by F u l l e r  and Waring ( 4 9 )  were com­

p a t i b l e  w i t h  i n t e r c a l a t i o n .  They c o n s t r u c t e d  a model f o r  

t he  e t h i d i u m  bromide-DNA i n t e r a c t i o n  in which the b i n d i n g  

o f  an e t h i d i u m  bromide m o l e cu l e  r e s u l t e d  in a 12°  l o c a l  

unwinding o f  the h e l i x .  P a r t i c u l a r l y  s t rong  suppor t  f o r  

t h i s  model came from s t u d i e s  w i t h  c l osed  c i r c u l a r  DNA.

These c i r c u l a r  dup lex  mol ecu l es  a r e  super  h e l i c e s ,  i . e .  

the  h e l i x  i s  t w i s t e d  w i t h  r i g h t  hand t w i s t s  because the  

number o f  base p a i r s  per t u r n  is  lower  than t h a t  needed 

to  r e s u l t  in an open,  u n s t r a i n e d  c i r c l e .  T h e r e f o r e ,  any 

s t r u c t u r a l  change t h a t  would i n c r e a s e  the number o f  base 

p a i r s  per  t u r n  would l ead  to a decrease  in the number of  

r i g h t  hand t w i s t s ,  the  number would go through z e r o ,  and 

the h e l i x  would rewind w i t h  l e f t  hand t w i s t s .  S ince  t w i s t e d
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c o v a l e n t l y  c l osed  c i r c l e s  have an anomolous ly  high S2 q>w 

these  changes could be f o l l o w e d  in the u l t r a c e n t r i f u g e .  I f  

i n t e r c a l a t i o n  caused l o c a l  u n c o i l i n g  of  the  DNA h e l i x  i t  

should r e s u l t  in  the changes d e s c r i b e d  above ( 5 0 ) .  Waring  

( 5 1 )  used t h i s  t e c h n i q u e  to s tudy the  b i n d i n g  o f  many com­

pounds to <j)X174 RF s u p e r c o i l  DNA as a t e s t  f o r  i n t e r c a l a t i o n .  

Et h i d i um bromide and p r o f l a v i n e  behaved j u s t  as d e s c r i b e d  

above f o r  a m o l ecu l e  assumed to  i n t e r c a l a t e .  Using e t h i d i u m  

bromide as a r e f e r e n c e  f o r  compl et e  i n t e r c a l a t i o n  ( 1 2 °  un­

w i n d i n g ) ,  War ing c a l c u l a t e d  t h a t  the  f r a c t i o n  o f  p r o f l a v i n e  

i n t e r c a l a t e d  was 0 . 7 ^ 0 . 2  w i t h  an unwinding of  8 . 4 ° * 2 . 4 ° .  

P a o l e t t i  and LePecq ( 5 2 )  on the bas is  o f  f l u o r e s c e n c e  d e ­

p o l a r i z a t i o n ,  s t a t e d  t h a t  i n t e r c a l a t i o n  by e t h i d i u m  bromide  

wi nds ,  r a t h e r  than unwinds,  the  h e l i x  by 13° and t hey  

b u i l t  a s a t i s f a c t o r y  model f o r  t h i s  ( 5 3 ) .

V . A c t i  nomvcin

A. I n h i b i t i o n  o f  RNA s y n t h e s i s .

Perhaps the bes t  known and most w i d e l y  used o f  the  

a n t i b i o t i c s  which bind to DNA is a c t i no m yc i n  ( f i g u r e  4 ) .  

Ac t i nomyc i n  added to e x p o n e n t i a l l y  growing S. aureus r e s u l t e d  

in c e s s a t i o n  o f  RNA s y n t h e s i s  f o l l o w e d  by t e r m i n a t i o n  o f  

p r o t e i n  s y n t h e s i s  ( 5 4 ) .  I f  <t>X174 DNA, which i s  s i n g l e ­

s t r a i n e d ,  was used as a p r i m e r  f o r  RNA s y n t h e s i s ,  t h e r e  was 

i n h i b i t i o n  by a c t i n o m y c i n .  H u r w i t z ,  e t  a l . ( 5 4 )  a l s o  

observed i n h i b i t i o n  when d e n a t u re d  DNA was the p r i m e r .

This  o b s e r v a t i o n  was l a t e r  m o d i f i e d  by Kahan,  Kahan and
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FIGURE 4.

S t r u c t u r e  o f  A c t inom yc i n  D
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H u r w i t z  ( 5 5 )  who found t h a t  t h e r e  was l e s s  a c t i n o m y c i n  

i n h i b i t i o n  when den at ure d  r a t h e r  than n a t i v e  DNA was used 

as the p r i m e r .  However ,  no d i f f e r e n c e s  were observed

in t he  b i nd i ng  o f  e i t h e r  n a t i v e  or denatu red  DNA w i t h  a c t i ­

nomycin.  On the  o t h e r  hand,  Reich and Goldberg ( 56 )  noted  

decreased b i n d i ng  o f  a c t i no m yc i n  to den at ure d  DNA.

B. Ac t i nomyc i n  - DNA i n t e r a c t i o n

a.  Phys icochemica l  changes induced in DNA

The a d d i t i o n  o f  a c t inomyc i n  t o  a s o l u t i o n  o f  DNA

induced phys icochemi ca l  changes g e n e r a l l y  a s s o c i a t e d  w i t h  

b i n d i n g  to DNA. The peak in the  v i s i b l e  spectrum of  

a c t i n o m y c i n  was s h i f t e d  from 440 nm to 458 nm and t h e r e  

was a decrease  in  absorbance a t  440 nm ( 5 6 ) .  The Tm o f  

an ac t i nomyc i n- DNA s o l u t i o n  was h i g he r  than t h a t  o f  f r e e  

DNA ( 5 6 , 5 7 ) .  Ac t i nomyc i n  had an anomolous e f f e c t  on the  

v i s c o s i t y  and s e d i m e n t a t i o n  c o e f f i c i e n t  o f  DNA. With  

low c o n c e n t r a t i o n s  of  a c t i n o m y c i n  the v i s c o s i t y  decreased  

and the s e d i m e n t a t i o n  c o e f f i c i e n t  i n c r e a s e d ,  which i n d i ­

ca t ed  a t i g h t e r  c o i l i n g  o f  the  DNA mol ecu l e  ( 5 7 ) .  Th is  

is e x a c t l y  the r e v e r s e  o f  what one would expec t  f o r  a 

mol ecu l e  which i n t e r c a l a t e s  between base p a i r s .  As the  

a c t i n o m y c i n  c o n c e n t r a t i o n  was i nc r e a s e d  the v i s c o s i t y  began 

to i n c r e a s e .  I t  should be ment ioned t h a t  a c t i no m yc i n  

p r e f e r e n t i a l l y  i n h i b i t s  RNA s y n t h e s i s ;  DNA s y n t h e s i s  i s  

much less  s e n s i t i v e  to a c t i no m yc i n  ( 1 2 , 5 6 ) .  T h i s  is  con­

t r a r y  to what  was observed w i t h  daunomycin which p r e f e r e n -
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t i a l l y  i n h i b i t e d  DNA s y n t h e s i s  ( 1 2 ) .

b. Requi rement  f o r  guan ine .

Kahan,  e t  a l . ( 5 5 )  observed t h a t  DNA dependent  

RNA polymerase r e a c t i o n s  which were pr imed w i t h  po l y  dT,  

po l y  dA ' po l y  dT or  po l y  dC were not  i n h i b i t e d  by a c t i n o m y c i n .  

I n h i b i t i o n  occur red  on l y  i f  dG r e s i d u es  were p r es e n t  in  

the p r i m e r .  In a d d i t i o n ,  t h e  amount of  ac t inomyc i n  bound 

was d i r e c t l y  r e l a t e d  to t h e  GC c o n t e n t .  Reich and Go l d ­

berg f u r t h e r  noted ( 5 6 )  t h a t  a p u r i n i c  a c i d ,  and po l y  d i - p o l y  

dC d i d  not bind to a c t i n o m y c i n  but  a p y r i m i d i n i c  a c i d  and poly  

dG- po l y  dC d i d  b i nd .  S y n t h e t i c  poly  d(AT)  did not  form 

a complex but  crab po l y  d ( A T ) ,  which c on ta i ns  2-3% g ua n i n e ,  

di d  i n t e r a c t  w i th  a c t i n o m y c i n .

K e r s te n ,  e t  a l . ( 5 7 )  observed a decrease in the  

buoyant  d e n s i t y  of  DNA in t h e  presence of  a c t i n o m y c i n .

The d e n s i t y  s h i f t  was c l e a r l y  dependent  upon the GC con­

t e n t  o f  DNA. Not ing t h a t  the  on l y  d i f f e r e n c e  between  

po l y  dG- poly  dC and po l y  d i - p o l y  dC i s  the 2-amino group  

of  guan ine ,  C e r a m i , e t  al  . ( 5 8 , 5 9 )  syn the s i ze d  a double  

st randed  polymer  c o n s i s t i n g  o f  one s t rand  o f  d iamino  

p u r i n e  (DAP).  This  compound had chemical  p r o p e r t i e s  

s i m i l a r  to those o f  a de n i ne  and s i m i l a r  base p a i r i n g  

b e h a v i o r .  The on l y  p r o p e r t y  i t  had in common w i t h  guanine  

was the amino group on the  2 p o s i t i o n  o f  the p ur i ne  r i n g .

Poly  dDAP-poly dT formed a complex w i t h  ac t inomyc i n  j u s t  

as d i d  DNA whereas po l y  d ( AT )  d id  n o t .  The presence o f  

the  2-amino group was thus s u f f i c i e n t  to promote a c t i n om y c i n
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binding.
c.  Co va l en t  b i n d i n g  model .

Reich and co - wor k er s  proposed a model f o r  the binding  

o f  a c t i n o m y c i n  to DNA ( 5 6 , 6 0 ) .  The i n t e r a c t i o n  r e q u i r e d  

a double  s t randed  h e l i x  ( t o  account  f o r  the  d i f f e r e n c e s  

between n a t i v e  and denatu red  DNA) and the  presence of  

g ua n i ne .  Accord ing to t h i s  model ,  a c t i n o m y c i n  bound in 

t he  minor  groove o f  DNA and hydrogen bonds were formed  

between the  q u i n o i d a l  oxygen o f  a c t i n o m y c i n  and the guanine  

2-amino gr oup ,  the a c t i n o m y c i n  amino group and N-3 of  

g u a n i n e ,  and the a c t i no m yc i n  amino group and the  r i n g  

oxygen o f  d e o x y r i b o s e .  Four a d d i t i o n a l  hydrogen bonds 

could be formed between the  p e p t i d e  r e s i d u e s  o f  a c t i n o m y c i n  

and the  DNA phosphates .  They exc luded the  p o s s i b i l i t y  

t h a t  b i n d i ng  occur red  by i n t e r c a l a t i o n  because t h i s  cannot  

e x p l a i n  the  need f o r  guan ine .

d.  I n t e r c a l a t i o n  model

W e l ls  ( 6 1 , 6 2 )  s ub se que nt ly  demonst ra t ed  t h a t  

t he  presence of  guanine d id  not  i n s u r e  b i n d i n g  nor d id  

t h e  absence o f  guanine p r e c l u d e  i t .  Po ly  d ( A T C ) - p o l y  d(GAT)  

which i s  a double  s t r a n d e d ,  high m o l e c u l a r  we i gh t  polymer  

e x h i b i t e d  no b i n d i n g  to a c t i n o m y c i n  as judged by s p e c t r o -  

s c ro p y ,  e q u i l i b r i u m  d i a l y s i s ,  buoyant  d e n s i t y ,  Tm, and in  

v i t r o  i n h i b i t i o n  o f  DNA dependent  RNA po l ymer ase .  The 

presence  o f  guanine  r e s i d u e s  (33% GC f o r  t h i s  po l ymer )  was 

thus not  s u f f i c i e n t  f o r  complex f o r m a t i o n  ( 6 1 ) .  In a d d i t i o n ,
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even though i t  l acked  a 2-amino group,  po ly  d l ,  showed 

d e f i n i t e  complex f o r m a t i o n  w i t h  ac t i no my c i n  ( 6 2 ) .

M u l l e r  and C ro t he r s  ( 6 3 )  made an e x t e n s i v e  study o f  

the ac t inomycin -DNA i n t e r a c t i o n .  C o n t r a r y  to e a r l i e r  

r e s u l t s ,  t hey  observed t h a t  the b i nd i ng  was v e r y  dependent  

upon the i o n i c  s t r e n g t h  and t h a t  e l e v a t e d  i o n i c  s t r e n g t h  

r e s u l t e d  in decreased b i nd i ng  c a p a c i t y .  As p r e v i o u s l y  

n o t e d ,  a d d i t i o n  o f  a c t i n o m y c i n  caused an i n i t i a l  decrease  

in the  v i s c o s i t y  o f  DNA f o l l o w e d  by an i n c r e a s e .  V i s c o s i t y  

i n c r e a s e s  could be due e i t h e r  to an i n c r e a s e  in  l eng t h  

or i n c r e a s e  in  the  r i g i d i t y  o f  the DNA m o l e c u l e s .  Using  

low m o l e c u l a r  we ight  DNA, M u l l e r  and C ro t h e r s  observed  

an i n c r e a s e  in v i s c o s i t y  w i t h  i n c r e a s i n g  r and a decrease  

in t he  s e d i m e n t a t i o n  c o e f f i c i e n t .  Low m o l e c u l a r  we ight  

DNA i s  a l r e a d y  a r i g i d  rod so w i t h  t h i s  DNA v i s c o s i t y  

changes can be due on l y  to a l e n g t h  i n c r e a s e .  These r e s u l t s  

would be expected f o r  a mol ecu l e  which binds by i n t e r c a l a t i o n .  

In an i n t e r e s t i n g  e x p e r i m e n t ,  they  t e s t e d  the  b i nd i ng  of  

a c t i n o m y c i n  to  a r y l  s u l f o n a t e s  and found t h a t  i t  was bound 

by means o f  a "Tr-complex" which was s t a b i l i z e d  by hydro -  

phobic f o r c e s .  Ary l  s u l f o n a t e s  p r o v i d ed  an env i ronment  

s i m i l a r  to t h a t  o f f e r e d  by the base p a i r s  o f  DNA. S i m i l a r l y ,  

p r o f l a v i n e  formed complexes w i t h  a r y l  s u l f o n a t e s .  Thus 

hydrophobic  i n t e r a c t i o n s  appear  to be more i m p o r t a n t  than  

hydrogen bonding.  Ac t i nomyc i n  s u b s t i t u t e d  a t  t he  7 - p o s i t i o n  

w i t h  a bu l ky  group,  e . g .  7 - t r i m e t h y l a c e t a m i n o , e x h i b i t e d



v e r y  slow a s s o c i a t i o n  k i n e t i c s .  Accord i ng  to t he  model  

o f  H a m i l t o n ,  e t  a l .  ( 6 0 ) ,  the  7 - p o s i t  ion i s  on t he  s i d e  

of  the m ol ecu l e  which would p r o j e c t  away f rom t h e  DNA.

These t h r e e  p i eces  of  ev i dence  p o i n t  s t r o n g l y  to  i n t e r ­

c a l a t i o n  as t he  mode o f  b i nd i ng  o f  a c t i n o m y c i n  to  DNA ( 6 3 ) .  

Some a d d i t i o n a l  s t a b i l i z a t i o n  was o b t a i n e d  by i n t e r a c t i o n  

of  the p e p t i d e s  w i t h  the DNA backbone.

The i n t e r c a l a t i o n  model was a l s o  f a v o r e d  by some 

work done w i t h  c l osed  c i r c u l a r  DNA. Waring ( 5 1 )  c a l c u l a t e d  

t h a t  the DNA was unwound by 1 1 . 4 °  t  3 . 0 ° .  Th is  corresponded  

to 95% t  25% of  t h e  ac t inomyc i n  which bound was complexed  

by means o f  i n t e r c a l a t i o n .  Wang ( 6 4 )  used c l osed  c i r c l e s  

o f  DNA and observed t h a t  ac t i no my c i n  unwound t he  h e l i x  by 

an ang le  i d e n t i c a l  to t h a t  f o r  e t h i d i u m  bromi de .  These  

two r e s u l t s  were in c l ose  agreement  and were s t ro ng  ev i dence  

t h a t  a c t i no m yc i n  d i d  indeed bind to DNA by means o f  i n t e r ­

c a l a t i o n .

V I . Ion-DNA I n t e r a c t i o n s .

A . General  d e s c r i p t i o n .

C o m p l e t e l y  d i f f e r e n t  types o f  complexes are  

formed between DNA and metal  i ons .  These i n t e r a c t i o n s  

ar e  i m p o r t a n t  because:  1)  metal  ions are  u b i q u i t o u s  in

t he  c e l l  and they  have profound e f f e c t s  on n u c l e i c  a c i d  

s t r u c t u r e  and 2)  many r e a c t i o n s  o f  n u c l e i c  a c i ds  are  

mediated in the c e l l  by metal  i o n s ,  e . g .  t h e  need f o r  

Mg++ in p r o t e i n  s y n t h e s i s .  In g e n e r a l ,  meta l  ions f a l l  

i n t o  t h r e e  c l a s s e s  in r e l a t i o n  to t h e i r  i n t e r a c t i o n  w i t h
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n u c l e i c  a c i d s :  1) those which i n t e r a c t  e x c l u s i v e l y  w i t h

the bases,  2) t hose  which i n t e r a c t  w i t h  both base and 

phosphate ,  and 3)  those  which i n t e r a c t  s o l e l y  w i t h  the  

phosphate ( 6 5 ) .  I t  has been q e n e r a l l y  e s t a b l i s h e d  t h a t  

i n t e r a c t i o n  w i t h  t he  phosphate  groups r e s u l t e d  in s t a b i l ­

i z a t i o n  whereas r e a c t i o n  w i t h  the  bases d e s t a b i l i z e d  t he  

n u c l e i c  acid ( 6 6 ) .  Th i s  o b s e r v a t i o n  was made by E ichhorn

(66)  who found t h a t  Mq++ i nc r e a s e d  the  T of  DNA w h i l em
Cu++ decreased the  Tm. S i nce  most o f  the r e l e v a n t  work 

was c a r r i e d  out  w i t h  e i t h e r  Mq++ or Cu+ + , these  w i l l  be 

discussed in g r e a t e r  d e t a i l .  However,  i t  would be i n s t r u c ­

t i v e  to d e s c r i b e  b r i e f l y  t he  e f f e c t s  o f  o t he r  metal  i o n s .

B. B i n d i n g  o f  a l k a l i  metal  ions and t r a n s i t i o n  

meta l  i o n s .

A l k a l i  meta l  i o n s ,  e . g .  Na+ , s t a b i l i z e  the  s ec on ­

dary  s t r u c t u r e  o f  DNA by n e u t r a l i z i n g  the phosphate r e p u l ­

s i ve  f o r c e s .  I t  i s  q e n e r a l l y  agreed t h a t  t hese  ions b ind  

to phosphate and not  to the  bases ( 6 5 ) .  I n t e r e s t i n g l y ,

Na+ ions are bound more s t r o n g l y  by n a t i v e  DNA than by 

denatured DNA ( 6 7 , 6 8 ) .  T r a n s i t i o n  metal  ions va r y  g r e a t l y  

in t h e i r  i n t e r a c t i o n s  w i t h  n u c l e i c  a c i d s .  Cr^+ and Mn++ 

were found to  bind to  t he  phosphates as did Fe++ ( 6 9 ) .

Fe^+ , on the o t h e r  hand,  cou ld  bind to e i t h e r  t he  phosphates  

or the  bases ( 6 9 )  and E i chhorn  ( 66 )  concluded t h a t  Fe^+ 

was f i r s t  bound to t he  phosphate and as the t e m p e r a t u r e  

was r a i s e d  i t  began t o  bind to  the  bases.  Hg+ + , on the
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b as is  o f  the  UV spe c t r a  ( 7 0 )  and v i s c o s i t y  s t u d i e s  ( 7 1 ) ,  

was found to bind to the bases.  There was no ev i dence  

t h a t  i t  bound to  the phosphates ( 7 1 ) .  Ag+ was a l s o  found  

to bind to the  bases ( 7 2 , 7 3 )  and the  i n t e r a c t i o n  was s t r o n g e r  

w i t h  de na tu re d  DNA than w i t h  n a t i v e  DNA ( 7 3 ) .

C . E f f e c t  o f  ion b i n d i n g  on Tm.

Eichhorn and Shin ( 7 4 )  s t u d i e d  the  e f f e c t s  of  a number

o f  metal  ions upon the m e l t i n g  b e h a v i o r  o f  DNA. I n c r e a s i n g

c o n c e n t r a t i o n s  o f  Mg++ r e s u l t e d  in i n c r e a s e s  in t he  T .m
In a d d i t i o n ,  i f  the  s o l u t i o n  was s l o w l y  coo led ( r e n a t u r a -  

t i o n )  and then r ehea te d  the r e n a t u r a t i o n  and r e h e a t i n g  

curves  were sup er imposab l e .  Th is  was the  s t a b i l i z a t i o n  

expected i f  the  ions were bound to  the phosphates .  The 

d ecrease  in absorbance upon r e n a t u r a t i o n  was due to  

randomly formed base s tacks  which could be e a s i l y  d i s r u p t e d  

upon h e a t i n g ,  thus the s u p e r i m p o s a b i 1 i t y  o f  the  two c u r ve s .  

Co++ and N i ++ had e f f e c t s  s i m i l a r  to Mg++ on the Tm, i . e .  

as c o n c e n t r a t i o n s  were i nc r e a s e d  so were the  Tm' s .  The 

r e h e a t i n g  c u r v e s ,  however,  were no l o n ge r  super imposabl e  

and e x h i b i t e d  a t w o - s t ep  process w i t h  the second Tm a l most  

e q u i v a l e n t  to the  Tm o f  the  i n i t i a l  h e a t i n g .  This i n d i c a t e d  

t h a t  some o f  the  metal  was a b l e  to hold complementary bases 

in r e g i s t e r  d u r i n g  h e a t i n g  so t h a t  r e wi nd i ng  could occur  

upon c o o l i n g .  Th i s  base b i n d i n g  a f f e c t e d  o n l y  a smal l  

p o r t i o n  o f  the DNA s ince  most o f  the  DNA is mel ted  out  in  

the  f i r s t  r e h e a t i n g  s t e p ,  t h a t  f o r  the random s t a c k s .  Low
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c o n c e n t r a t i o n s  o f  Mn++ r e s u l t e d  in an i n cr ease d  Tm but  

a t  h i g he r  c o n c e n t r a t i o n  the s t a b i l i z i n g  e f f e c t  r e ve rs ed  

i t s e l f  so t h a t  the Tm began to  d e c r e a s e .  Th is  i n d i c a t e d  

a change in the  b i nd i ng  s i t e  f rom the  phosphates to the  

bases.  The same was e v i d e n t  f o r  Zn+ + . Wi th i n c r e a s i n g  

c o n c e n t r a t i o n ,  Cd++ caused a d ec re ase  in Tm; no r e n a t u r ­

a t i o n  took p l a c e .  Binding took p l a c e  w i t h  the bases p r e ­

v e n t i n g  them from r e g e n e r a t i n g  the  h e l i x .  The r e s u l t s  

f o r  Cu++ were s i m i l a r  to those  f o r  Cd++ except  t h a t  b i n d ­

ing to the bases was s t r o n g e r  f o r  Cu+ + . A p p a r e n t l y ,  ion 

b i n d i n g  i s  not  an a l l - o r - n o n e  process in terms o f  b i nd i ng  

to  the  base or  phosphate .  R a t h e r ,  t h e r e  was a gradual  

s h i f t  f rom those which bind s o l e l y  to the phosphate ( e . g .  

Mg+ + ) ,  to those which bind to  both m o i t i e s  (Co+ + , Ni + + , 

Mn+ + , Zn+ + ) and f i n a l l y ,  to those  which bind e x c l u s i v e l y  

( o r  n e a r l y  so) to the  bases (Cd++ and Cu+* ) .

E i c h h o r n ,  e t  a l . ,  ( 7 5 )  found t h a t  a d d i t i o n  o f  Cu++ 

e i t h e r  b e f o r e  or a f t e r  d e n a t u r a t i o n  caused s p e c t r a l  s h i f t s  

as would be expected f o r  ions which complex w i t h  the  bases.  

Th i s  b eh a v i o r  was not  expected f o r  Mg+ + . I n t e r e s t i n g l y ,  

Fishman e t  a l . ,  ( 7 6 )  observed t h a t  a d d i t i o n  of  Mg++ to  

a l r e a d y  denatu red  DNA d i d  not  i nduce any s p e c t r a l  changes.  

However ,  i f  the  DNA was de na tu re d  in  the presence of  

Mg+ + , t h e r e  was a s p e c t r a l  s h i f t  and a r e d u c t i o n  in ab ­

sorbance .  Thus b i n d i n g  o f  Mg++ to  the n i t r o g e n  bases 

seems to be f a c i l i t a t e d  by d e n a t u r a t i o n  in the  presence  

o f  t he  i o n .  Most e v i d e n c e ,  however ,  p o i n t s  to b i nd i ng
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o f  Mg++ to  the  phosphates e x c l u s i v e l y ,  The same i s  

t r u e  f o r  i n t e r a c t i o n s  w i t h  p o l y n u c l e o t i d e s .  Mg com-  

plexed w i t h  p o l y  A and poly  U through the phosphate  

and t h i s  r e s u l t e d  in a more ordered  secondary s t r u c t u r e ,  

by s c r e e n i n g  t h e  n e g a t i v e  charge ( 7 7 ) .

D. Base s p e c i f i c i t y  o f  Cu++ b i n d i n g .

Cu++ cou ld  form a c h e l a t e  w i t h  e i t h e r  Cg-NH 2  Ny

or  N3 ----------- Ng in  p u r i n e s .  P r y i m i d i n e s  would p r o b a b l y

have an a f f i n i t y  lower  than p u r i n e s .  E i c h h o r n ,  e t  al  .

( 7 4 )  used -^P-NMR to study Cu + + b i nd i ng  and d e t e c t e d  a 

complex w i t h  p u r i n e  N - 7 .  There was a l s o  an i n d i c a t i o n  of  

b i n d i ng  to  the  phosphates .  H i a i  ( 7 8 )  observed t h a t  low 

c o n c e n t r a t i o n s  o f  Cu++ caused a Tm i n c r e a s e  i n d i c a t i n g  

b i nd i ng  to the  phosphate .  He suggested t he  p o s s i b i l i t y  

t h a t  Cu++ p r e f e r e n t i a l l y  a t t a c k s  GC p a i r s  in DNA because  

t h e r e  was g r e a t e r  d e s t a b i l i z a t i o n  f o r  DNA r i c h  in GC base 

p a i r s  than f o r  those r i c h  in AT p a i r s .  Th i s  v iew was 

suppor ted by e x p er im e n t s  which showed t h a t  m e t h y l a t i o n  

of  the N-7 of  guanine  l essened the d e s t a b i l i z a t i o n  e f f e c t  

( 7 9 ) .  A p o s s i b l e  e x p l a n a t i o n  was i n d i c a t e d  by X - r a y  

s t u d i e s  which showed t he  p r e f e r e n t i a l  b i n d i n g  s i t e  f o r  

Cu++ in c y t o s i n e  to be a t  N-3 .  This  p o s i t i o n  i s  u s u a l l y  

i n v o l v e d  in  t he  hydrogen bond between guanine  and c y t o s i n e  

and could acc ount  f o r  the e x t r a  d e s t a b i l i z a t i o n  ( 8 0 ) .

Berger  and Eichhorn  used NMR to study Cu++ b i n d i n g  

( 8 1 , 8 2 ) .  Cu++ was bound to adenosine  a t  N-7 and e i t h e r
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N-3 or  N - l , The a d d i t i o n  o f  a phosphate group to adenos ine  

to make AMP changed t h e  b i n d i n g  p r e f e r e n c e  to N-7 a lmost  

e x c l u s i v e l y .  Th is  was t r u e  f o r  3 ' -  and 5 ' - AMP but  

2 ' -  or  c y c l i c  AMP had equal  b i nd i ng  a t  N-7 and N-3 or  

N - l .  Thus the  phosphat e ,  a l t h o u gh  presumably  not  i nv o l v ed  

in the Cu++ b i nd i ng  had an a f f e c t  as to  which type of  

complex was formed ( 8 1 ) .  The N-7 was p r e f e r r e d  in poly  

A, p r o b a b l y  because t h i s  p o s i t i o n  was most a v a i l a b l e  and 

l es s  i n v o l v e d  in s t a c k i n g  i n t e r a c t i o n s .  Po ly  I was a l so  

a t t a c k e d  p r e f e r e n t i a l l y  a t  N-7 w h i l e  po l y  C and po l y  U 

formed complexes a t  N-3 ( 8 2 ) .  They s t u d i e d  the  complex  

w i t h  po l y  A - p o l y  U as we l l  and found t h a t  po l y  A was 

p r e f e r e n t i a l l y  a t t a c k e d  ( 8 2 ) .

E . Ef f e c t  o f  ions on a n t i b i o t i c - D N A  complexes.

The complexing a b i l i t y  o f  the ions has been used as 

a probe o f  a n t i b i o t i c - D N A  complexes.  Thus,  Fishman and 

Rosenwasser ( 83 )  observed a s h i f t  in the a c t i n o m y c i n  

spectrum w i t h  the  a d d i t i o n  o f  both n a t i v e  and denatured  

DNA. When Cu++ was added,  t he  denatu red  DNA-act inomycin  

spectrum r e t u r n e d  to t h a t  observed w i t h  the a c t i n o m y c i n .  

Cu++ had no e f f e c t  on the  n a t i v e  DNA complex.  Thus Cu++ 

was a b l e  to d i s p l a c e  a c t i n o m y c i n  from i t s  complex w i t h  

DNA but  o n l y  i f  the  DNA was d e n a t u r e d .  Th is  con f i rms  

t h a t  Cu++ binds to the  bases and i n d i c a t e s  t h a t  the  

s i t e s  f o r  ac t in om yc i n  and Cu++ may be the same or  c l ose  

to each o t h e r  on the DNA m ol e c u l e .
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Rusconi  ( 84 )  s t ud i ed  the  e f f e c t  of  Ag + and Hg++ 

on the  complexes o f  ac t in om yc i n  and daunomycin w i t h  DNA.

Ag+ caused a r e l e a s e  of  the  a n t i b i o t i c s  from t h e i r  com­

p l e x e s .  Hg++ produced a s i m i l a r  e f f e c t  on the a c t i n o m y c i n -  

DNA complex.  Daunomycin,  however ,  was not  r e l e a s e d  even 

a t  h i gher  Hg++ c o n c e n t r a t i o n s .  I f  the act inomycin-DNA  

complex was added to daunomycin,  t he  s p e c t r a l  s h i f t  

was the same as occur red  w i t h  the a d d i t i o n  of  DNA a lone  

and both a c t i no m yc i n  and daunomycin are bound. When 

Hg++ was added to the t e r n a r y  complex o n l y  ac t inomyc i n  

was r e l e a s e d .  The con c l u s i on s  to be drawn from t h i s  were 

t w o - f o l d . The b i nd i ng  o f  Ag+ and Hg+ + , a l th ough  b e l i e v e d  

to t ake  p l ace  a t  t he  bases,  a re  not  e x a c t l y  the same.  

Second l y ,  the  b i nd i ng  s i t e s  f o r  a c t i n o m y c i n  and daunomycin  

appeared to  be d i f f e r e n t  because t hey  could both be 

bound a t  once to the  DNA.

V I I .  Phys icochemica l  E f f e c t  Caused bv Daunomycin

Binding to DNA.

A . E f f e c t  on a b s o r p t i o n  s p e c t r a .

When DNA was added to a s o l u t i o n  of  daunomycin  

the  absorbance a t  475 nm peak decreased and the peak 

s h i f t e d  to  505 nm ( 1 9 ) .  Th is  red s h i f t  i s  c h a r a c t e r i s t i c  

of  base-dye  mol ecu l e  i n t e r a c t i o n s  ( 3 9 ) .  I n c r e a s i n g  the  

c o n c e n t r a t i o n  of  DNA r e s u l t e d  in a more profound e f f e c t  

which l e v e l e d  o f f  a t  a DNA/daunomycin r a t i o  of  7 : 1 .  Ward,  

e t  a l . ( 8 5 )  r e p o r t e d  t h a t  p u r i n e  mononucleot i des  a l s o  i n ­

duced s p e c t r a l  changes but  p y r i m i d i n e  mononuc leot i des  d id
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n o t .  C a l e n d i ,  e t  a 1 , ( 1 9 )  observed t h i s  as w e l l  but  4 0 0 -  

f o l d  h i g he r  c o n c e n t r a t i o n s  o f  mononuc l eo t i de  were n ec essa ry  

to a c h i e v e  an e f f e c t  e q u i v a l e n t  to  t h a t  found w i t h  DNA.

8 . E f f e c t  on f l u o r e s c e n c e  s p e c t r a .

Daunomycin e x h i b i t e d  a f l u o r e s c e n c e  emi ss i on  

spectrum when e x c i t e d  a t  485 nm w i t h  a peak a t  580 nm. The 

a d d i t i o n  o f  DNA r e s u l t e d  in a decrease  in f l u o r e s e n c e  

i n t e n s i t y .  Th is  quenching was c o n c e n t r a t i o n  dependent  but  

l e v e l e d  o f f  a t  a molar  r a t i o  of  8 . 7 : 1  DNA/daunomycin. I n ­

t e r e s t i n g l y ,  t he  f l u o r e s c e n c e  o f  the chromophore a l on e  was 

not  quenched on a d d i t i o n  o f  DNA ( 1 9 ) .  Wi th N - a c e t y l  

daunomycin the  v i s i b l e  and f l u o r e s c e n c e  s p e c t r a l  changes  

were s i m i l a r  to those w i t h  DNA but  r e q u i r e d  h i g h e r  DNA/  

daunomycin r a t i o s  ( 1 9 : 1 )  ( 1 9 ) .

C . E f f e c t  on Tm

Daunomycin induced s t a b i l i z a t i o n  of  DMA as ev i denced  

by an i n c r e a s e  in the  Tm on daunomycin a d d i t i o n .  K e r s t e n ,  

e t  a l . ( 5 7 )  observed t h a t  a n t h r a c y c l i n e s  ( t h e  group of  

a n t i b i o t i c s  to which daunomycin be l ongs )  were more e f f e c t i v e  

in  r a i s i n g  the  Tm o f  DNA than was a c t i n o m y c i n .  Daunomycin 

e x h i b i t e d  a doub le  wave p a t t e r n ,  i . e .  a s l i g h t  i n c r e a s e  in  

absorbance a t  low t e m p e r a t u r e ,  f o l l o w e d  by t he  l a r g e r  

absorbance i n c r e a s e  c h a r a c t e r i s t i c  o f  t h e  h e l i x - c o i l  t r a n s ­

i t i o n .  The s l i g h t  absorbance i n c r e a s e  was p r o b a b l y  due 

to r e l e a s e  o f  daunomycin from the  DNA even a t  t e m p e r a t u r e s  

below the Tm. This  double  wave p a t t e r n  was not  observed w i t h
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ac t i nomyc i n  { 5 7 ) .  Any a l t e r a t i o n  o f  the sugar  amino group  

r e s u l t e d  in a lower  Tm ( 8 6 ) which i n d i c a t e d  a reduced  

s t a b i l i z a t i o n  e f f e c t .

L). E f f e c t  on v i s c o s i t y  and s e d i m e n t a t i o n .

Va r i ous  s t u d i e s  have demonst ra ted  t h a t  the a d d i ­

t i o n  o f  daunomycin r e s u l t e d  in an i n c r e a s e  in DNA v i s c o s i t y  

and a decrease  in the s e d i m e n t a t i o n  c o e f f i c i e n t  ( 1 9 , 5 7 , 8 7 ,  

8 8 ) .  C a l e n d i ,  e t  a l . ( 1 9 )  observed t h a t  these  e f f e c t s  

were absent  when den atu red  DNA was used and were l e s s  d r a s t i c  

w i t h  N - a c e t y l  daunomycin ( 6 ) .  The v i s c o s i t y  i nc r ease d  as 

a f u n c t i o n  of  r u n t i l  an r  v a l ue  o f  0 . 2  was reached ( 8 8 ) .

Th is  corresponded to the number o f  s t rong  b i nd i ng  s i t e s  

as c a l c u l a t e d  from a Sc a t char d  p l o t .  Thus,  j u s t  as w i t h  

the  a c r i d i n e s  ( 2 8 ) , the  b i n d i n g  o f  daunomycin caused a s t i f f ­

ening and e l o n g a t i o n  o f  t he  m ol ecu l e  which cou ld  bes t  be 

e x p l a i n e d  by i n t e r c a l a t i o n  ( 2 4 ) .  K e r s t e n ,  e t  a l . ( 57 )  

however ,  concluded t h a t  t h e r e  was no ev i dence  f o r  i n t e r c a l ­

a t i o n  by a n t h r a c y c l i n e s .

E . Hydrogen bonding model o f  d a u n o m y c i n  h i n d i n g .
C a l e n d i ,  e t  a l . ( 1 9 )  proposed a model f o r  dauno­

mycin b i nd i ng  i n v o l v i n g  a bond between the chromophore  

hydroxyl  groups and DNA, p r o b a b l y  v i a  hydrogen bonding.  An 

a d d i t i o n a l  bond could be formed between the sugar  amino 

group and t h i s  bond was proposed as being the s t r o n g e r  one 

s i nce  an u n a l t e r e d  group was necessary  f o r  s t rong  b i n d i n g .

F . Requi rement  f o r  u n a l t e r e d  daunomycin sugar  

amino group.
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A s e r i e s  of  s t u d i e s  by DiMarco,  Zunino and c o ­

workers  ( 8 6 , 8 9 )  a l so  i n d i c a t e d  the impor tance  of  an 

u n a l t e r e d  sugar  amino group f o r  maxi mum i n t e r a c t i o n  w i t h  

DNA. A l t e r a t i o n s  o f  t he  chromophore had l i t t l e  e f f e c t  

on the decrease in absorbance a t  475 nm. Changes in the  

sugar r e s i d u e ,  however ,  r e s u l t e d  in v i r t u a l l y  no decrease  

in absorbance w i t h  the  a d d i t i o n  o f  DNA ( 8 9 ) .  A s i m i l a r  

o b s e r v a t i o n  was made f o r  the i n c r e a s e  in v i s c o s i t y ,  i . e .  

daunomycin w i t h  an a l t e r e d  suqar  mo i e t y  had l i t t l e  e f f e c t  

on the v i s c o s i t y  o f  DNA ( 8 9 ) .  The c y t o l o g i c a l  e f f e c t s  

of  daunomycin were a l s o  i n f l u e n c e d  by a l t e r a t i o n  of  the  

sugar m o i e t y .  These daunomycin mol ecu l es  e x h i b i t e d  l i t t l e  

or no a n t i - m i t o t i c  3 c t i v i t y  as opposed to daunomycin or  

daunomycin w i t h  a l t e r a t i o n s  in the chromophore ( 8 9 ) .  The 

a s s o c i a t i o n  c o n s t a n t  f o r  daunomycin w i th  a qlucosamine r e s ­

i d u e ,  i n s t e a d  o f  daunosamir ie,  was 40 t imes s m a l l e r  than  

f o r  daunomycin.  A c e t y l a t i o n  o f  the  amino group o f  dauno­

mycin reduced the  b i n d i n g  c a p a c i t y  2 5 0 - f o l d  ( 8 6 ) .  This  

l ed DiMarco,  e t  a l . ( 8 9 )  to propose t h r e e  c l as se s  of  

daunomycin compounds ( 8 6 ) :  1 ) those w i t h  an u n a l t e r e d

sugar and i n t a c t  chromophore a c e t y l  group are capabl e  o f  

s t rong b i nd i ng  w i t h  DNA, i n h i b i t  m i t o t i c  a c t i v i t y ,  and 

DNA s y n t h e s i s ;  2)  those w i t h  changes in t he  chromophore  

a c e t y l  mo i e ty  could s t i l l  a l l o w  s t r ong  DNA b i nd i ng  and have 

a n t i - m i t o t i c  a c t i v i t y  but  DNA s y n t h e s i s  is  not  a f f e c t e d ;

3)  those w i t h  a l t e r a t i o n s  o f  t he  sugar  amino group possess  

a weak DNA b i nd i ng  c a p a c i t y  and a l a c k  of  b i o l o g i c a l  a c t i v i t y .
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G. Ev idence f o r  two b i n d i n g  modes.

Zunino ( 8 8 ) s t u d i e d  the b e h a v i o r  o f  daunomycin  

on a D NA- c e l 1u l ose  column.  Daunomycin y i e l d e d  two peaks,  

one which was e l u t e d  a t  0 . 2 - 0 . 4  M NaCl and a n o t h e r  which  

r e q u i r e d  2 . b - 3 . 0  M u r ea .  This  cor responded to  two b i n d i n g  

t y p e s ,  a weak b i n d i n g  which could be broken by NaCl and 

was,  t h e r e f o r e ,  p r oba b l y  e l e c t r o s t a t i c  in n a t u r e .  The 

o t h e r  was s t rong  and was broken on l y  by u r e a .  Th is  was 

in  agreement  w i t h  the exp er iment s  o f  Z un i n o ,  e t  a l . ( 8 6 ) 

who found t h a t  Scatchard  p l o t s  f o r  the daunomycin-DNA 

i n t e r a c t i o n  were convex to the X - a x i s ,  a no t h e r  i n d i c a t i o n  

o f  two b i n d i n g  modes.

H. X r ay  d i f f r a c t i o n  s t u d i e s .

X - r a y  a n a l y s i s  o f  a daunomycin-DNA complex was 

c o n s i s t e n t  o n l y  w i t h  an i n t e r c a l a t i o n  model 1 9 0 ) .  The 

base p a i r s  were s ep ar a t ed  by an a d d i t i o n a l  3.4 A and t h e r e  

was a 1 2 °  u n t w i s t i n g  o f  the  h e l i x  a t  the  p o i n t  o f  i n t e r ­

c a l a t i o n .  A model was proposed in which the  p l a n a r  r i n g s  

of  t he  daunomycin chromophore o v e r l a p  w i t h  the bases and 

the  sugar  s i t s  in the l a r g e  groove o f  t he  DNA m o l e c u l e .

The amino group is  c l ose  to the  phosphat es ,  a l l o w i n g  i n t e r ­

a c t i o n .  Th i s  model was suppor ted by W a r i n g ' s  work w i t h  

c l osed  c i r c u l a r  DNA ( 5 1 ) .  He o bs er ved ,  however ,  t h a t  

daunomycin would unwind the  h e l i x  by o n l y  5 . 2 °  and thus  

o n l y  about  50% o f  the mo l ecu l es  would be i n t e r c a l a t e d .



V I I I .  Purpose o f  P r e s e n t  S t u d y .

Daunomycin thus a f f o r d s  an o p p o r t u n i t y  f o r  

s t udy i ng  the i n t e r a c t i o n  between an a n t i b i o t i c  mol ecu l e  

and DNA. Much as t h e  s i t u a t i o n  was w i t h  a c t i n o m y c i n ,  

t h e r e  a r e  two proposed mechanisms f o r  b i nd i ng  w i t h  the  

bulk  of  the ev i dence  s u p p o r t i n g  the i n t e r c a l a t i o n  model .  

However ,  some q ue s t i o n s  r e m ai n .  I f  Waring ( 5 1 )  i s  c o r r e c t  

and o n l y  h a l f  o f  the daunomycin which i s  bound is  i n t e r ­

c a l a t e d ,  what is the na t ur e  o f  the  o t h e r  b i nd i ng  process?  

I s t h e r e  a base p r e f e r e n c e  in daunomycin b i n d i n g  to DNA? 

I f ,  i ndeed ,  a c r i d i n e  dyes ,  e t h i d i u m  bromide,  a c t i n o m y c i n i  

and daunomycin a l l  do b ind by i n t e r c a l a t i o n  why do they  

have d i f f e r e n t  c y t o l o g i c a l  e f f e c t s ?  In o r d e r  to answer  

some o f  these  q u e s t i o n s  and f u r t h e r  c h a r a c t e r i z e  the dauno 

mycin-DNA complex t he  p r e s e n t  study was un d e r t ak e n .

I t  was noted e a r l i e r  than ions can form complexes w i t h  

n u c l e i c  a c i ds  and t h i s  b i n d i n g  can r e s u l t  in profound  

changes in t he  p r o p e r t i e s  o f  the  n u c l e i c  a c i d .  T h e r e f o r e  

i t  seemed o f  i n t e r e s t  to s tudy the e f f e c t s  ions might  have 

on the  DNA-daunomycin complex.  Two d i v a l e n t  c a t i o n s  were  

chosen,  Cu+ + , as r e p r e s e n t a t i v e  o f  those ions which bind  

to the  n i t r o g e n  bases in DNA, and Mg+ + , which binds to  the  

phosphate groups.  Such a s tudy  could help  e l u c i d a t e  which  

o f  the  v a r i o u s  groups on the daunomycin and n u c l e i c  ac i d  

mol ecu l es  a r e  necessary  f o r  complex f o r m a t i o n .

In o r d e r  to  a s c e r t a i n  the minimum n u c l e i c  ac i d  s i z e
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necessary  f o r  complex f o r m a t i o n  to occur  between daunomycin  

and a n u c l e i c  a c i d ,  the  b i n d i n g  o f  daunomycin w i t h  n u c l e i c  

ac i d  bases,  n u c l e o s i d e s ,  n u c l e o s i d e  monophosphates,  and 

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

The e f f e c t  o f  daunomycin on the  Tm be h av i or  o f  DNA's 

of  v a r y i n g  base r a t i o  w i l l  be i n v e s t i g a t e d .  Th is  would 

p r o v i d e  i n f o r m a t i o n  on the base s p e c i f i c i t y  f o r  the  dauno-  

mycm-UNA i n t e r a c t i o n ,  i f  such a p r e f e r e n c e  indeed e x i s t s .  

In  a d d i t i o n ,  t he  Tm s t u d i e s ,  i f  per formed a t  v a r i o u s  i o n i c  

s t r e n g t h s ,  would a l l o w  an e v a l u a t i o n  o f  t he  e f f e c t  which  

e l e c t r o s t a t i c  i n t e r a c t i o n s  have on the DNA-daunomycin  

comp I e x .

Base p r e f e r e n c e  and e l e c t r o s t a t i c  e f f e c t s  were a l so  

to be s t u d i e d  by s p e c t r a l  t i t r a t i o n s  and e q u i l i b r i u m  d i a l y ­

s i s .  Q u a n t i t a t i v e  b i nd i ng  da t a  cou ld  be de t e r mi ned  by 

t hese  methods f o r  DNA's of  v a r y i n g  GC c o n t e n t  and v a r i o u s  

p o l y n u c l e o t i d e s  a t  t h r e e  i o n i c  s t r e n g t h s .  In a d d i t i o n ,  

such da t a  cou ld  be o b t a i n e d  f o r  s i n g l e - v s .  d o u b l e - s t r a n d e d  

p o l y n u c l e o t i d e s  and r i b o -  vs .  d e o x y r i b o - p o l y n u c l e o t i d e s  

thus p e r m i t t i n g  an e v a l u a t i o n  o f  t he  e f f e c t  which the sugar  

mo i e t y  and t h e  number o f  p o l y n u c l e o t i d e  cha ins  may have on 

the  daunomycin n u c l e i c  ac i d  i n t e r a c t i o n .
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M a t e r i a l s  and Methods

I . M a t e r i a l s :

A. DNA:

C a l f  thymus DNA was purchased from Wor th i ng t on  Biochem­

i c a l s ,  F r e e h o l d ,  New J e r s e y .  C l .  p e r f r i n g e n s  DNA used f o r  

the Tm s t u d i e s  was o b t a i n e d  from both Sigma B i o c h e m i c a l s ,

St .  L o u i s ,  and N u t r i t i o n a l  Biochemica l  C o . ,  C l e v e l a n d .  The 

C l . p e r f r i n g e n s  DNA used f o r  t he  s p e c t r a l  t i t r a t i o n s  was 

purchased from Ca lbiochem.  San D iego ,  C a l i f o r n i a  and 

Micrococcus l y s o d e i k t i c u s  DNA was purchased from Sigma 

Biochemica l  Co.

B . Daunomvc i n :

Daunomycin was k i n d l y  s u p p l i e d  by F a r m i t a l i a ,  M i l a n ,

I t a l y  and by Dr.  H a r r y  Wood of  the Cancer Chemotherapy  

Research group a t  the N a t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  Be th -  

esda,  M a ry la n d .

C . P o l y n u c l e o t i d e s :

Poly  A, po ly  C, po l y  G, po l y  I ,  po ly  U, po l y  dA, poly dT,  

poly  dG- po l y  dC,  and po l y  r A - p o l y  dT were purchased from 

Mi l e s  L a b o r a t o r i e s ,  Research Products  D i v i s i o n ,  E l k h a r t ,  I nd .

Poly  ( d A - d T ) - p o l y  ( dA- dT)  and a second p r e p a r a t i o n  o f  

poly  dA were o b t a i n e d  from Ca lbiochem.

Poly  dG and poly  d A - po l y  dT were o b t a i n e d  from P-L B i o ­

c h e m i c a l s ,  M i l wa u ke e ,  Wis.  and po l y  A - p o l y  U was purchased  

f rom Sigma B i o c h e m i c a l s .
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Data was s up p l i e d  by each company g i v i n g  most o f  the  

p e r t i n e n t  ph y s i c a l  c h a r a c t e r i s t i c s  such as A m a x , minimum 

m o l e c u l a r  w e i g h t ,  S2 0  ( s e d i m e n t a t i o n  c o e f f i c i e n t ) ,  and 

molar  e x t i n c t i o n  c o e f f i c i e n t  f o r  the  homopolymers and p o l y ­

n u c l e o t i d e  d up l ex es .

1 1 . Methods:

A . P r e p a r a t i o n  of  N u c l e i c  Acid S o l u t i o n s :

DNA stock  s o l u t i o n s  were prepared  by suspending  

a p p r o x i m a t e l y  10 mg o f  DNA in 5 ml o f  5 x 10~^M NaCl .  A 

drop o f  c h l o r o f o r m  was added to p r e v e n t  b a c t e r i a l  growth.  

The s o l u t i o n  was a l lowed  to stand a t  4°  C w i t h  o cc a s i o n a l  

r o t a t i o n ,  f o r  a p e r i od  of  f o u r  days a f t e r  which i t  was 

d i l u t e d  to 100 ml w i t h  5 x 10~^M NaCl and s t or ed  a t  4°  C.

The homopol ynuc l eo t ide  and p o l y n u c l e o t i d e  duplex  

s o l u t i o n s  were prepared by d i s s o l v i n g  1 0 - 2 0  mg o f  p o l y ­

n u c l e o t i d e  in 5 x 10“ 3M NaCl .  Most p o l y n u c l e o t i d e s  

r e a d i l y  d i s s o l v e d .  For those  which d i d  n o t ,  such as 

po l y  G and p o l y  C, some shaking was necessary  in o r der  

to f a c i l i t a t e  s o l u t i o n .

B. D e n a t u r a t i o n  o f  DNA:

DNA was denatu red  by h e a t i n g  the  stock s o l u t i o n  in  

a c l osed  screw cap t e s t  tube in a b o i l i n g  w at e r  bath f o r  

15 minutes  f o l l o w e d  by r a p i d  c o o l i n g  in i c e .  The amount  

o f  DNA so t r e a t e d  v a r i e d  between 1 . 0 - 1 0 . 0  ml ,  depending  

on the amount needed f o r  a p a r t i c u l a r  e x p e r i m e n t .
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C , P r e p a r a t i o n  o f  Daunomycin S o l u t i o n s :

Daunomycin stock  s o l u t i o n s  were prepared  by d i s s o l v i n g

1 4 . 0 5  mg in 25 ml o f  5 x 10~^M NaCl .  The r e s u l t a n t  s o l u -
_ 3

t i o n  was 10 M ( u s i n g  5 6 3 . 9  as the  m o l e c u l a r  w e i g h t  f o r  

daunomycin) .  These s o l u t i o n s  were s t o r ed  in t he  dark  

a t  4°  C.

D. C h a r a c t e r i z a t i o n  of  S o l u t i o n s :

Be for e  use ,  a UV spectrum o f  each stock  s o l u t i o n  was 

t a k e n .  Th is  was done f o r  the purpose of  check i ng  i t s

s p e c t r a l  p r o p e r t i e s  ( x max, A26o / A280» A3 3 0 / A26o)  and 

a l so  d e t e r m i n i n g  i t s  c o n c e n t r a t i o n  based on i t s  mol ar  

e x t i n c t i o n  c o e f f i c i e n t .  The f o l l o w i n g  molar  e x t i n c t i o n  

c o e f f i c i e n t s  were used:

compou nds e 260 (expr essed  as E( P ) 260 
unl ess  o t h e r  i n d i c a t e d )

C a l f  Thymus DNA 6800

Cl . p e r f r i n g e n s  DNA 7320

M. l y s o d e i k t i c u s  DNA 7250

Poly A 1 0 0 0 0

Poly C 51 90

Poly G 9480

Poly I 5280

Poly U 1 0720

POly dA ( M i l e s ) 8900

Poly dA ( Ca l b i ochem) 9600

Poly dG 9800

Poly dT 8900
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Poly  d T* p o l y  rA

Poly  A • poly  U

Daunomyc i n

Poly  dA’ po l y  dT

Poly  ( d A - d T ) ' p o l y  (dA-dT)

Poly  dG-po ly  dC

6000

6600 ( E( P) 2 6 2 )

7360

6700

7000 ( E( P) 2 5 7 ) 

36209 ( E 2 3 3 ) 

9700 ( E 4 7 5 )

E . S p e c t r a l  S t u d i e s : 

a . Absor bance:

Absorbance measurements were made w i t h  e i t h e r  a 

Cary model 14 or  15 r e c o r d i n g  s p e c t r o p h o t o m e t e r .  P r e l i m ­

i n a r y  measurements f o r  the n u c l e i c  ac i d  components were 

made w i t h  a P e r k i n - E l m e r  model 402 r e c o r d i n g  s p e c t r o p h o t o m e t e r .

Elmer  MPF-2A f l u o r e s c e n c e  s p e c t r o p h o t o m e t e r  equipped w i t h  

a H i t a c h i  QPD-33 r e c o r d e r .  S o l u t i o n s  c o n t a i n i n g  daunomycin  

were e x c i t e d  a t  466 nm and emi ss i on  s p e c t r a  were recorded  

f rom 540 -5 90  nm. The f l u o r e s c e n c e  s pe c t r o p h o t o m e t e r  was 

c a l i b r a t e d  to read a s p e c i f i c  f l u o r e s c e n c e  i n t e n s i t y  using  

a 2 . 5  x 10"^M daunomycin s o l u t i o n  ( 0 . 1  ml of  the  1 0 " st ock  

s o l u t i o n  in 3 .9  ml o f  5 x 1 0 ~3M NaCl )  as a s t a n d a r d .  Th is  

was done in o r d e r  to m i n i m i z e  d a y - t o - d a y  i n s t r u m e n t a l  v a r i a ­

t i o n s  .

c . Ti  t r a t i o n s :

1.  S p e c t r o p h o t o m e t r i c  T i t r a t i o n s  -  S p e c t r o p h o t o -  

m e t r i c  t i t r a t i o n s  were per formed on a Z e i ss  PMQ I I

b. F l uorescence:

F l uor escence  measurements were made w i t h  a P e r k i n -
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s p e c t r o p h o t o m e t e r .  Readings were taken a t  475 nm, the  

v i s i b l e  peak f o r  daunomycin.  The c o n c e n t r a t i o n  o f  dauno­

mycin was held c o n s t a n t  a t  2 .b x 1 0 “ ^M and the  c o n c e n t r a t i o n  

of  n u c l e i c  a c i d  was v a r i e d  from 5 x 1U"^M to 3 x 10"^M.

2.  S p e c t r o f l u o r i m e t r i c  T i t r a t i o n s  - S p e c t r o -  

f l u o r i m e t r i c  t i t r a t i o n s  were c a r r i e d  out  w i t h  a P e r k i n -  

Elmer MPF-2A f l u o r e s c e n c e  s p e c t r o p h o t o m e t e r .  Whenever  

p o s s i b l e ,  a l l  r e p e t i t i v e  runs o f  a p a r t i c u l a r  exper iment  

were per formed on the same day.  As i n d i c a t e d  above,  t h i s  

was done to avo id  d a y - t o - d a y  i n s t r u m e n t a l  d e v i a t i o n s .  For  

t hese  e x p e r i m e n t s ,  the c o n c e n t r a t i o n  of  daunomycin was held  

c o n s t a n t  a t  1 x 10- 5 M. The c o n c e n t r a t i o n  o f  n u c l e i c  a c i d  

was v a r i e d  f rom I x 10” ^M to 3 x lCT^M. The i n s t r u m e n t  was 

se t  t o  read a p p r o x i m a t e l y  90 on the f l u o r e s c e n c e  i n t e n s i t y  s ca l e  

w i t h  a 1 x 1 0 "®M daunomycin s o l u t i o n  (which was sample # 1  

f o r  each e x p e r i m e n t ) .  Th is  s e t t i n g  on the  i n s t r u m e n t  was 

used f o r  a l l  runs o f  a p a r t i c u l a r  e x p e r i m e n t .

F . D e t e r m i n a t i o n  o f  Bind ing  E q u i l i b r i a :

Data f rom the s p e c t r a l  t i t r a t i o n s  were used to c a l c u l a t e  

b i n d i n g  da t a  f o r  the  daunomycin-DNA or  d au n om yc i n - p o l y n u c l e o -  

t i d e  i n t e r a c t i o n .  For a smal l  m o l e c u l e ,  D, i n t e r a c t i n g  w i t h  

a l a r g e  macr omol ecu l e ,  P,  we can w r i t e

P + D - ^ p P D  ( 1 )

The a s s o c i a t i o n  c o n s t a n t  (K)  can be r e p r e s e n t e d  as ,
[PD]

K = I P] [ D] ( 2 )
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and r ,  the  number o f  moles of  D bound, f o r  t o t a l  mol ecu l es  

o f  P p r e s e n t ,
r= [PD]  ( 3 )

[PD]+[P ]

I f  P c o n t a i n s  n s i t e s  capab l e  o f  b i nd i ng  D we can s t i l l  

denote  K as in e q u a t i o n  ( 2 ) .  I f

r = S r i  = nr-
S =1 1

i s  the  t o t a l  ave r age  number o f  occupied s i t e s  per  mol ecu l e  

of  P, then the p r o b a b i l i t y  t h a t  any s i t e ,  chosen a t  random 

from any m o lecu l e  in the s o l u t i o n ,  is occupied by D, is  

given by:
r / n  = KfD ] ( 4 )

1 + K [ D ]

Equat ion  ( 4 )  can be r e a r r a n g e d  to g ive

r = nKID ] ( 5 )
1 + K [ D ]

and f i n a l l y ,  ( 9 1 - 9 3 )

r / [ D  ] = Kn-Kr ( 6 )

This is  the usual  form o f  the  e qu at ion  f o r  m u l t i p l e  

bi nd i ng  e q u i l i b r i a  f o r  a macromolecule  and is the form o f  

the e q u a t io n  most o f t e n  used.  Sometimes c is s u b s t i t u t e d  

f o r  D, as i t  w i l l  be f o r  t he  purposes o f  the r e s t  o f  t h i s  

d i s c u s s i o n .

Data o f  t h i s  t ype  i s  u s u a l l y  p l o t t e d  as r / c  versus r .  

This  i s  commonly r e f e r r e d  t o  as a Scatchard  p l o t  ( 9 4 ) .  I f  

such a p l o t  i s  c o n s t r u c t e d  ( f i g u r e  2 5 ) ,  the curve  should  

be a s t r a i g h t  l i n e ,  the  s l ope  o f  which is  - K ,  the i n t r i n s i c  

a s s o c i a t i o n  c o n s t a n t .  The i n t e r c e p t  on the r  a x i s  i s  n,  

which i s  the number o f  b i n d i n g  s i t e s  on the mol ecu l e  P.
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The p l o t  y i e l d s  a s t r a i g h t  l i n e  o n l y  i f  t he  b i n d i n g  s i t e s  

ar e  e q u i v a l e n t  and n o n - i n t e r a c t i n g .  For any o t h e r  case ,  

t he  p l o t  w i l l  d e v i a t e  f rom a s t r a i g h t  l i n e ,  and f o r  two 

c l as se s  of  i n t e r a c t i n g  b i n d i n g  s i t e s ,  w i l l  be convex to  

the  r a x i s ,  as was the case in t h i s  s tudy ( f i g u r e  2 5 ) .

Peacocke and S k e r r e t t  ( 2 3 )  f o r m u l a t e d  a method wher e ­

by data  f o r  a Sca tchar d  p l o t  could be d e r i v e d  from s p e c t r a l  

t i t r a t i o n s .  Th is  method made use o f  t he  f a c t  t h a t  t h e r e  

was a change in t he  a b s o r p t i o n  spectrum o f  t he  smal l  m ol e ­

c u l e  on being bound to t he  macr omol ecu l e .  A s i n g l e  wave­

l e n g t h  was chosen a t  which the  d i f f e r e n c e  in absorbance  

i s  most pronounced ( f o r  daunomycin t h i s  was 475 nm, i t s  

p e a k ) .

I f  Td i s  the  t o t a l  c o n c e n t r a t i o n  o f  daunomycin and 

Tp i s  the t o t a l  c o n c e n t r a t i o n  o f  n u c l e i c  a c i d ,  then a, 

the  f r a c t i o n  o f  t o t a l  l i g a n d  bound i s

a = rTp = Di - D
    ( 7 )

Td D] -  D2

w h e r e ,

D-j = absorbance o f  f r e e  daunomycin,  r = 0;  [ D ]  = Tg

D£ = absorbance o f  c o m p l e t e l y  bound daunomycin,  rTp=Tg;  

[D]  = 0.

D = absorbance of  a p a r t i c u l a r  daunomycin -  n u c l e i c  ac i d  

compl ex .

In p r a c t i c e  i t  i s  nec essary  to  o b t a i n  absorbance va lues  

f o r  pure daunomycin ( D1 ) , the  complex ( D ) ,  and c o m p l e t e l y
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bound daunomycin ( D2 ) -  From t h i s  one can c a l c u l a t e :

r = T D/ T p

and

C = [ D ] = T d ( 1  -  a )

With v a l u es  f o r  r and c i t  i s  p o s s i b l e  to c o n s t r u c t  S c a t -  

chard p l o t s .

I t  i s  d i f f i c u l t  to de t e rm in e  the absorbance of  com­

p l e t e l y  bound daunomycin.  To t h i s  end,  a p l o t  o f  

1 / a b s o r b a n c e  versus 1 / c  was made and e x t r a p o l a t i o n  to  

i n f i n i t e  c gave the  absorbance o f  c o m p l e t e l y  bound dauno­

myc i n .

The a d d i t i o n  o f  n u c l e i c  ac i d  to a s o l u t i o n  of  dauno-  

mycin r e s u l t e d  in a decrease  in the f l u o r e s c e n c e  i n t e n s i t y  

o f  daunomycin.  Th is  decrease  was dependent  on the concen­

t r a t i o n  o f  added n u c l e i c  a c i d ,  as was t r u e  f o r  absorbance .  

T h e r e f o r e ,  Peacocke and S k e r r e t t ' s  t r e a t m e n t  could be 

a p p l i e d  to  s p e c t r o f  1 u o r i m e t r i c  t i t r a t i o n s .  As d e s c r ib e d  

by L ob er ,  e t  a l  ( 4 0 )  (based on a p r i o r  t r e a t m e n t  by 

F o r s t e r  ( 9 5 ) )  the  f l u o r e s c e n c e  i n t e n s i t y  i s  d i r e c t l y  r e l a t e d  

to dye c o n c e n t r a t i o n  i f  the product  o f  e - b - c < < < l .  For the  

work r e p o r t e d  h e r e ,  e=g . 7  x 1 0  ̂ l i t e r / m o l e  cm, b = 1 . 0  cm, 

and c = 10 “ 6 m and so t h i s  c o n d i t i o n  was f u l f i l l e d .  The 

w a v e l e n gt h  o f  i n t e r e s t  was 555 nm which was the  emiss ion  

peak f o r  daunomycin (xex  = 466 nm).  A t e s t  e x p er i me nt  

was per formed using i d e n t i c a l  samples f o r  both s p e c t r o -  

p h o t o m e t r i c  and s p e c t r o f 1u o r i m e t r i c  t i t r a t i o n s .  The r e s u l t s  

f o r  the two t e c h n i q u e s  were comparable w i t h i n  e x p e r i m e n t a l
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e r r o r .

G. E q u i 1 i b r i  um D i a l y s i s :

S p e c i a l  c e l l s  were used f o r  the e q u i l i b r i u m  d i a l y s i s  

e x p e r i m e n t s .  These c o n s i s t e d  of  two p o l y m e t h a c r y l a t e  

blocks w i t h  a c a v i t y  in each b l o c k .  These could be t i g h t ­

ened by means o f  screws so t h a t  the two c a v i t i e s  faced  

each o t h e r .  A d i a l y s i s  membrane of  r e g e n e r a t e d  c e l l u l o s e  

was p l aced  over  the c a v i t i e s  and ac ted  as both a membrane 

boundary and a g a s k e t .  Each c a v i t y  was capabl e  of  h o l d i ng  

5 ml o f  s o l u t i o n .  4 ml o f  daunomycin s o l u t i o n  ( u s u a l l y

2 . 5  x 10"^M) were added to one s i de  and 4 ml o f  5 x 10“ 3m 

NaCl ( f o r  b lank  runs )  or  DNA or  p o l y n u c l e o t i d e  s o l u t i o n  

were added to  the o t h e r  s i d e .  The d i a l y s i s  c e l l  was then  

placed on a Burrel l  w r i s t - a c t i o n  shaker  in the  da r k  a t  4 °  C 

f o r  24 hours.  I t  was de t er mined  t h a t  24 hours was s u f f i c i e n t  

to e s t a b l i s h  e q u i l i b r i u m .  The c o n c e n t r a t i o n s  o f  the dauno­

mycin s o l u t i o n s  on e i t h e r  s i d e  o f  the membrane were d e t e r ­

mined by measur ing t h e i r  absorbances a t  475 nm.

Daunomycin adsorbs t o  t he  membrane and in o r d e r  to 

c o r r e c t  f o r  t h i s  b l anks were run of  daunomycin s o l u t i o n s  

versus 5 x 1 0 " 3 m NaCl .  The d i f f e r e n c e  between the  concen­

t r a t i o n  o f  the i n i t i a l  daunomycin s o l u t i o n  and the  

c o n c e n t r a t i o n s  o f  t he  s o l u t i o n s  on both s ides  o f  the  mem­

brane was assumed to be equal  to the c o n c e n t r a t i o n  of  

daunomycin adsorbed.  Th is  v a l u e  was used as a c o r r e c t i o n  

f a c t o r  in  a l l  c a l c u l a t i o n s .

The c o n c e n t r a t i o n  o f  f r e e  daunomycin ( C f ) ,  bound
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daunomycin (Cb) ,  t o t a l  daunomycin ( C t ) and daunomycin bound 

to the membrane (C^m) were de t e r mi ne d  by one o f  t h r e e  

methods:

1.  At  e q u i l i b r i u m ,  i s  equal  on e i t h e r  s ide of  

the membrane. T h e r e f o r e ,  Cf  was determined  

d i r e c t l y  by measur ing t he  absorbance o f  the  

s o l u t i o n  on t he  one s i d e  to which daunomycin

was i n i t i a l l y  added.  T h e r e f o r e ,  Ct ~ ( 2Cf+Cbm) =0^.

2.  Free daunomycin ( C f )  and the s p e c t r a  o f  i t s  com­

plexes  w i t h  v a r i o u s  n u c l e i c  a c i ds  e x h i b i t e d  

i sosbest ic p o i n t s .  S i n c e  the  e x t i n c t i o n  c o e f ­

f i c i e n t  f o r  f r e e  daunomycin and the  complex is  

the same a t  any g i ven  isosbestic p o i n t  these

can be used to  d e t e r m i n e  d i r e c t l y .

3.  The a d d i t i o n  o f  0.1 ml o f  1 . 0  M HC1 to a 

n u c l e i c  a c i d  -  daunomycin complex d i s s o c i a t e s  

the complex as i n d i c a t e d  by t he  s p e c t r a  ( i . e .  

the  spectrum o f  the a c i d - t r e a t e d  complex was 

i d e n t i c a l  to t h a t  o f  f r e e  daunomycin) .  This  

was used to d e t e r m i n e  C^. This v a l u e  was ad­

j u s t e d  by a f a c t o r  o f  3 . 1 / 3 . 0  to account  f o r  

the added a c i d .

A l l  the  above methods y i e l d e d  v a l ues  f o r  Cf and 

which were used f o r  d e t e r m i n i n g  q u a n t i t a t i v e  b i n d i n g  data  

a cc or d i ng  to  Scatchard  as d e s c r i b e d  p r e v i o u s l y .

H. pH S t u d i e s :

For the  pH s t u d i e s , p H  was c o n t r o l l e d  by the  use of



54.

0.1M T r i s - H C l  b u f f e r .  Both the b u f f e r  and 5 x 10 '^M NaCl 

were used to  make the  a p p r o p r i a t e  d i l u t i o n s .  In the  lower  

pH ranges ( i . e .  below pH 5 ) ,  where T r i s  was not  an e f f e c ­

t i v e  b u f f e r ,  an a t t e m p t  was made to use 0 . 2 M a c e t a t e  

b u f f e r .  I t  was f o und ,  however ,  t h a t  a c e t a t e  caused changes 

in  the f r e e  daunomycin spectrum and was,  t h e r e f o r e ,  not  

used.  The s o l u t i o n s  were thus e s s e n t i a l l y  u n b u f f e r e d  but

0.1M T r i s  was p r e s e n t  in o r d e r  to cancel  any e f f e c t  which  

may have r e s u l t e d  f rom the  presence of  T r i s .

The pH was measured using e i t h e r  a Corn ing model 5 ,  

model 7 or  model 12 pH m e t e r .

I .  Tm S t u d i e s :

DNA m e l t i n g  s t u d i e s  were c a r r i e d  out  w i t h  a G i l f o r d  

model 2400 s p e c t r o p h o t o m e t e r  equipped w i t h  a f i f t h  channel  

to r ecor d  t e m p e r a t u r e  a u t o m a t i c a l l y .  The t e m p e r a t u r e  was 

c o n t r o l l e d  by a Nes lab  TP-2 t e m p e ra t ur e  programmer connected  

to a Lauda K-2R c i r c u l a t i n g  ba t h .  The bath was a w a t e r -  

e t h y l e n e  g l y c o l  m i x t u r e  ( 1 : 2 ) .  For each e x p e r i m e n t  the  

m e l t i n g  p r o f i l e s  were r ecor ded  f o r  both a f r e e  DNA and a 

daunomycin-DNA complex.  Th is  c a n c e l l e d  out  any day to day 

i n s t r u m e n t a l  d i f f e r e n c e s .
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RESULTS

I . S p e c t r a l  S t u d i e s

A. U l t r a v i o l e t  and V i s i b l e  S t u d i e s

Daunomycin had a c h a r a c t e r i s t i c  absorbance spectrum  

in both the  u l t r a v i o l e t  and v i s i b l e  r e g i o n s .  In t he  UV 

the spectrum c o n s i s t e d  o f  two i n t e n s e  peaks a t  233 nm 

and 255 nm and one o f  l e s s e r  i n t e n s i t y  a t  292 nm ( f i g u r e  5 ) .  

In the  v i s i b l e  r e g i o n  daunomycin d i s p l a y e d  a broad peak 

w i t h  maximum absorbance a t  475 nm ( f i g u r e  6 ) .

As can be seen in f i g u r e s  5 and 6 , t he  a d d i t i o n  of  

ONA to a s o l u t i o n  o f  daunomycin r e s u l t e d  in a l t e r a t i o n s  

of  the daunomycin spect rum.  C o n c e n t r a t i o n s  as low as 10"^M 

DNA were s u f f i c i e n t  to cause the d i s a pp e ar a nc e  o f  the  peak  

a t  292 nm. The peak a t  255 nm was enhanced but  t h i s  could  

be due to t he  absorbance o f  the  DNA. The 233 nm peak was 

d i mi n i shed  and a t  h i g h e r  DNA c o n c e n t r a t i o n s  ( 1 . 0  x 1 0 “^M) 

was s l i g h t l y  s h i f t e d  toward h i g h e r  w a ve l e n g t h s .  The 

absorbance va l ues  a t  t he  peaks were not  a d d i t i v e  ( i . e .  they  

were not  egual  to the sum o f  the  i n d i v i d u a l  absorbances o f  

f r e e  DNA and f r e e  daunomyci n) .  In the  v i s i b l e  r e g i o n  the  

e f f e c t s  caused by DNA a d d i t i o n  were not  c om p l i c a t e d  by a 

DNA spectrum because i t  d i d  not  absorb in the v i s i b l e .  The 

absorbance a t  475 nm was d i m in i s h ed  and the  peak was s h i f t e d  

to 505 nm.

B. F I u o r e s c e n c e .

When a s o l u t i o n  o f  daunomycin was e x c i t e d  a t  466 nm 

i t  gave a c h a r a c t e r i s t i c  emiss ion spectrum c o n s i s t i n g  o f  a



FIGURE 5.

E f f e c t  o f  a d d i t i o n  o f  DNA on u l t r a v i o l e t  spectrum

o f  daunomycin------------------------ , Daunomycin ( 2 . 5  x 10"^

---------------> Daunomycin plus DNA ( 6 . 2 5  x 10"^M).
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FIGURE 6.

_ 5

A d d i t i o n  o f  DNA to Daunomycin ( 2 . 5  x 10 M).

Daunomycin; --------------- , Daunomycin plus

n a t i v e  DNA ( 1 . 0  x 10“ 4 M) ;  ...................., Daunomycin

plus denatu red  DNA ( 1 . 0  x 10"^M) .
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peak a t  555 nm and a sho u ld e r  a t  580 nm ( f i g u r e  7 ) ,  The 

f l u o r e s c e n c e  i n t e n s i t y  o f  f r e e  daunomycin remained r e l a t i v e ­

l y  unchanged as the  pH was v a r i e d  from 1 . 5  to 7 . 8  ( t a b l e  1 ) .

The a d d i t i o n  o f  DNA to daunomycin ( 4 :1  molar  r a t i o )  

r e s u l t e d  in a d r a s t i c  r e d u c t i o n  in f l u o r e s c e n c e  i n t e n s i t y .  

When the  c o n c e n t r a t i o n  r a t i o s  were compa ra b l e ,  denatured  

DNA had a g r e a t e r  quenching e f f e c t  than n a t i v e  DNA. At  

pH's below 2 . 5 ,  t he  quenching e f f e c t  o f  DNA was d i m i n i s h ed  

and t he  f l u o r e s c e n c e  i n t e n s i t i e s  were the same in the  

presence and absence o f  DNA. This  i n d i c a t e d  the  p o s s i b i l i t y  

t h a t  t he  complex was being s p l i t  a t  the  low pH ( t a b l e  1 ) .

C. C o n c e n t r a t i o n  dependence .

The a l t e r a t i o n s  o f  the UV and v i s i b l e  spe c t ra  

which occ ur re d  when daunomycin and DNA were mixed and t he  

quenching o f  daunomycin f l u o r e s c e n c e  w i t h  t he  a d d i t i o n  

o f  DNA c l e a r l y  i n d i c a t e d  the  f o r m a t i o n  o f  a complex.  These  

s p e c t r a l  e f f e c t s  in both the  a b s o r p t i o n  and f l u o r e s c e n c e  

s t u d i e s  were c o n c e n t r a t i o n  dependent ,  be ing g r e a t e r  as the  

c o n c e n t r a t i o n  o f  added DNA was i n c rease d  ( f i g u r e s  7 and 8 ) .  

The a b s o r p t i o n  decrease  l e v e l e d  o f f  between 7 . 5 : 1  and 10:1  

mol ar  r a t i o  o f  DNA/Dm. Th i s  conf i rmed the  work o f  C a l e n d i ,  

e t  a l . ( 19 )  which had shown t h a t  the dec re ase  in absorbance  

a t  475 nm and the quenching o f  f l u o r e s c e n c e  c on t i nued  u n t i l  

a mol ar  r a t i o  o f  DNA/Dm = 8 . 7 : 1  was r e ac hed .

1 1 . E f f e c t  o f  Cu++ on t he  Daunomycin-DNA Complex

A . Ab sor p t ion  S t u d i e s

The a d d i t i o n  of  Cu++ ( a t  l e a s t  I 0 " 4 M) to  a s o l u t i o n



TABLE 1

FLUORESCENCE INTENSITY OF DAU)NOMYCIN-DNA COMPLEXES

t x c i t a t i o n  a t  466 nm [DNA] = 1 . 0  x 1 0 " 4M
Emission a t  555 nm [Daunomyci nj=2. 5 x 1 0 “

E f f e c t  o f Cu + + E f f e c t  o f Mg + +

1 . 0  x 1 0 ~ 4 M 1 . 0  x 1 0 " 1 M

£H Dm
Dm

-nDNA
Dm

-dDNA Dm
Dm

-nDNA
Dm

-dDNA Dm
Dm

-nDNA
Dm

-dDNA

0
0

6 8 . 6 28.  3 2 9 . 9 16 . 2 14 . 4 14 . 4

7 . 5 35.1 6 . 5 3.7

7.1 7 2 . 0 2 1  . 2 6 . 2 3 3 . 0 5 . 2 1 .1 4 6 . 6 31 .0 24 .7

6 . 3 69.  5 1 7 . 8 6 . 7 25 . 3 4 . 0 0 . 8 51 .2 3 4 . 8 31 .0

6 . 5 6 8 . 0 13.2 11 .7 25 . 5 4 . 0 0 . 7 5 4 . 0 4 0 . 2 3 4 . 0

6 . 1 70 . 4 2 1  . 8 16 . 5 3 6 . 8 8 . 3 1 . 9 5 8 . 9 44 .2 3 9 . 0

5 . 8 71 . 3 2 2 . 0 16 . 5 6 6 . 0 2 1  . 0 8 . 0 70.1 4 7 . 5 4 7 . 5

5 . 5 7 7 . 4 2 6 . 3 15 .2 70 . 3 22 . 5 1 2 . 0 70.1 4 8 . 0 46.  5

4 . 6 72.  1 2 2 . 2 17.1 72.1 4 9 . 6

4 . 3 73 . 6 28.  9 19 . 5

3 . 5 73 . 4 29.  9 2 9 . 5 6 9 . 9 4 8 . 4 5 4 . 0

2 . 3 74 . 3 53 . 7 63.  7 7 4 . 3 6 5 . 8 72 . 0 7 0 . 0 63.1 6 8 . 0

1 . 5 74 .3 69.1 6 8 . 0 68 . 4 67 . 3 6 6 . 0



FIGURE 7.

E f f e c t  o f  DNA a d d i t i o n  on the  v i s i b l e  spectrum

of  daunomycin (5 x 10 ’ ^M) .   , no DNA;

 5 x 1 0 " 6M DNA;  , 2 . 5  x 1 0 " 5M DNA

ooooo,  5 x 1 0 " 5M DNA; ---------------, 7 . 5  x 1 0 ' 5M DNA.
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FIGURE 8 .

E f f e c t  o f  a d d i t i o n  of  DNA on f l u o r e s c e n c e  emission
- 5spectrum o f  daunomycin ( 2 . 5  x 10 M).    • ,  dauno­

mycin;  ----------------- , Dm + n a t i v e  DNA ( 2 . 5  x 1 0 ' ^ M ) ;

----------- , Dm + n a t i v e  DNA (5 x 10"^M) ;  ..................., Dm +
_  5

denatured DNA (5 x 10 M) ;  - x - x - x ,  Dm + n a t i v e  DNA

( 1 . 0  x 10 ' 4 M ) .
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of  daunomycin r e s u l t e d  in an a l t e r e d  spect rum.  The peak 

a t  475 nm was s h i f t e d  to 495 nm and two s h o u ld e rs  appeared

a t  b35 nm and 565 nm ( f i g u r e  9 ) .  Th i s  i n d i c a t e d  t h a t  Cu+ + ,

in t he  absence o f  DNA was bound to  daunomycin.  I f  DNA

( 1 . 0  x 10” ^M) was then added f u r t h e r  changes in the v i s i b l e

spe c t r a  occur red  ( f i g u r e  9 ) .  Wi th n a t i v e  DNA, t h e r e  was 

a broadening o f  the spectrum w i t h  loss  o f  the  peaks.  On 

the o t h e r  hand,  w i t h  h e a t - d e n a t u r e d  DNA, the  peak a t  50b nm 

d i sapp ear ed  and two new peaks appeared one a t  540 nm and 

the  o t h e r  a t  582 nm.

These e f f e c t s  were dependent  on t he  c o n c e n t r a t i o n  

of  both Cu++ and DNA. Wi th a lower  Cu++/ daunomycin  r a t i o  

( 2 : 1 ) ,  t h e r e  was l i t t l e  d i f f e r e n c e  in t h e  s p e c t r a  as the  

dDNA/Dm r a t i o  was i n cr ease d  from 2:1 to  6:1 ( f i g u r e  1 0 ) .

When the  Cu++/Dm r a t i o  was held c o n s t a n t  a t  6:1 ( f i g u r e  1 1 ) ,  

as the dDNA/Dm r a t i o  was i n c r e a s e d ,  t he  540 nm and 582 nm 

peaks were i n t e n s i f i e d .

A c o n c e n t r a t i o n  dependence o f  Cu++ was a l s o  observed  

when the  DNA/Dm r a t i o  was kept  c o n s t a n t  and t he  Cu++/Dm 

r a t i o  was v a r i e d .  F i gures  12 and 13 i l l u s t r a t e  t h i s  depen­

dence.  These r e s u l t s  showed t h a t  t h e r e  was a minimum 

c o n c e n t r a t i o n  r a t i o  in r e l a t i o n  to daunomycin f o r  both 

den at ure d  DNA and Cu necessary  t o  e l i c i t  the  s p e c t r a l  

changes c h a r a c t e r i s t i c  o f  the  dau nomy c i n -d en a t u re d  UNA-Cu++ 

complex.  These r a t i o s  were 4:1 f o r  both Cu /Dm and d e n a t ­

ured DNA/Dm.



FIGURE 9.

A d d i t i o n  o f  Cu++ to daunomycin or daunomycin-DNA 

complex.  Mm— mmmm, daunomycin (5 x 10” ^M) + Cu++

(3 x 10~4 M) ; ................. , Dm (5 x 1 0 _5M)+ Cu + + (3 x 10"

+ n a t i v e  DNA (2  x 10 " 4 M);  --------------- , Dm (5 x 1 0 " 5M)

+ Cu++ (3 x 10 - 4 M) + de na tu re d  DNA (2  x 1 0 ' 4 M).
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FIGURE 10.

E f f e c t  o f  den at ure d  DNA c o n c e n t r a t i o n  on the v i s i b l e
+ +

spectrum o f  the  den atu red  DNA-daunomycin-Cu complex.
_  c

C o n c e n t r a t i o n  o f  daunomycin i s  c on s ta n t  a t  2 . 5  x 10 M. 

C o n c e n t r a t i o n  o f  Cu++ is  c o n s t a n t  a t  5 x 10“ ^M.

-------------- , 5 x 1 0 " 5M DNA;  , 1 . 5  x 1 0 _4M DNA.
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FIGURE 11.

E f f e c t  o f  c o n c e n t r a t i o n  o f  dena tu red  DNA on the  

v i s i b l e  s p e c t r a  o f  the  daunomycin-Cu++ complex.  

C o n c e n t r a t i o n  o f  Dm is  c o n s t a n t  a t  2 . 5  x 10'^M 

and t he  c o n c e n t r a t i o n  o f  Cu++ i s  c o n s t a n t  a t  1 . 5

x 10 '^M.   , den at ur ed  DNA (5 x 10 ~5M) ;

-----------------, dena tu red  DNA ( 1 . 0  x 10 ^M) ;  -  * --------- ,

den at ure d  DNA ( 1 . 5  x 1U“ ^M).
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FIGURE 12.

E f f e c t  o f  c o n c e n t r a t i o n  of  Cu++ on the  v i s i b l e

s p e c t r a  o f  the  daunomyci n-denatured  DNA complex.

C o n c e n t r a t i o n  o f  daunomycin is  c o n s t a n t  a t  2 . b  

- 5x 10 M. C o n c e n t r a t i o n  of  de na tu re d  DNA is con-  

-  5s t a n t  a t  5 x 10 M. - x - x - x ,  daunomycin + denatured  

DNA; - -  -  - ,  Dm-dDNA + Cu++ (5  x 10_5M);

----------------- , Dm-dDNA + Cu++ ( 1 . 0  x 1 0 " 4M).
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FIGURE 13.

E f f e c t  o f  c o n c e n t r a t i o n  of  Cu++ on the v i s i b l e

s p e c t r a  o f  the dau nomyc i n- denat ur ed  DNA complex.

C o n c e n t r a t i o n  o f  daunomycin is c o n s t a n t  a t

2 . 5  x 1U"^M. C o n c e n t r a t i o n  o f  dena tu red  DNA is
-  4c o n s t a n t  a t  1 . 5  x 10 M. ------------ , daunomycin +

de na tu re d  DNA; - x - x - x ,  Dm-dDNA + Cu++ (5 x 1 0 ' ^ M ) ;  

-  -  - - ,  Dm-dDNA + Cu++ ( 1 . 0  x 1 0 " 4 M).
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B, E f f e c t  o f  pH,

The e f f e c t  o f  pH on complex f o r m a t i o n  was s t u d i e d .  

When the pH was v a r i e d  ( f i g u r e  14)  e i t h e r  above or  below 

pH 5 . 6 ,  the  spectrum o f  nDNA-Dm-Cu++ complex changed.

Above pH 5 , 6  the s p e c t r a  appeared to be those o f  the  DNA-Dm 

complex.  Below pH 5 . 6  t he  s p e c t r a  i n d i c a t e d  a s h i f t  to 

t h a t  o f  f r e e  daunomycin.  At pH 5 .6  t he  i nc r ease d  absorbance  

i n  the 560 -580  nm r e g i o n  was probab ly  i n d i c a t i v e  o f  Cu++ 

b i n d i ng  to the  complex.  I t  thus  appeared t h a t  complex f o r m-  

a t i o n  f o r  n a t i v e  DNA was f a v o r e d  by pH 5 . 6 .

A pH e f f e c t  was a l so  ap p ar e n t  w i t h  denatu red  DNA as

i n d i c a t e d  in f i g u r e  15.  The spectrum c h a r a c t e r i s t i c  of  

t he  dDNA-Dm-Cu++ complex was e v i d e n t  a t  pH 5 . 1 .  As the 

pH was a l t e r e d  above or below 5.1 the peaks i n d i c a t i v e  o f  

t he  t e r n a r y  complex g r a d u a l l y  d i s a p p e a r e d .  At  pH 3 . 6  the

spectrum was t h a t  o f  f r e e  daunomycin and a t  pH 7 . 4  i t  r e ­

sembled the  spectrum of  t he  dDNA-Dm complex.

C . F l uor esc ence  s t u d i e s .

The a d d i t i o n  o f  Cu++ to  a s o l u t i o n  of  f r e e  dauno­

mycin caused a r e d u c t i o n  in the  f l u o r e s c e n c e  i n t e n s i t y  which  

was a l s o  pH dependent  ( t a b l e  1 ) .  This  did not  occur  when 

t he  Cu++/Dm r a t i o  was 2 : 1 .  I t  was necessary  to i n c r e a s e  

t he  r a t i o  to 4:1 b e f o r e  the  quenching was e v i d e n t .  As can 

be seen in t a b l e  1 ,  the quenching was a t  a maximum between 

pH 6 . 5 - 6 . 8 .  Below pH 6 . 0 ,  Cu++ appeared to be w i t h o u t  

e f f e c t .
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FIGURE 14.

E f f e c t  o f  pH on the daunomycin ( 2 . 5  x 10"^M) -  

n a t i v e  DNA ( 1 . 0  x 10_4M) - Cu++ ( 1 . 0  x 1 0 ’ 4 M) 

complex.  - x - x - x ,  pH 2 . 6 ;  - -  pH 3 . 7 ;

x xx x ,  pH 5 . 6 ;   , pH 6 . 9 ;   ,pH 7 . 8 .
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FIGURE 15.

_ c
E f f e c t  o f  pH on the  daunomycin ( 2 . 5  x 10 M)-

denatu red  DNA ( 1 . 0  x 10 ^M) -Cu++ ( 1 . 0  x 10 '^M)

complex.  A. m— mm, pH 5 . 1 ;  ................. , pH 6 . 4 ;

--------------- , pH 7 . 4 .  B. mmmmmmm , pH 5 . 1 ;  ............ ,

pH 4 . 5 ;  ------------- , pH 3 . 6 .
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Cu++ had a s i m i l a r  e f f e c t  on t he  DNA-daunomycin com­

p l e x e s .  The maximum quenching occur red  between pH 6 . 5 - 6 . 8 ,  

however,  c o n s i d e r a b l e  quenchinq was a p p ar e n t  down to pH 

2 . 3  ( t a b l e  1 ) .  Both DNA and Cu++ c o n t r i b u t e d  to the  d ec re ase  

in  f l u o r e s c e n c e  o f  daunomycin,  s i nce  the  f l u o r e s c e n c e  

i n t e n s i t y  o f  t h e  t e r n a r y  complex was s i g n i f i c a n t l y  lower  

than t h a t  o f  e i t h e r  Cu++-Dm or  DNA-Dm complexes ( t a b l e  1 ) .

I I I .  E f f e c t  o f  Mg++ on the  Daunomycin-DNA Complex.

A . E f f e c t  o f  pH.

The a d d i t i o n  of  Mg++ to a DNA-daunomycin complex  

r e s u l t e d  in changes in the  v i s i b l e  s p e c t r a  which were pH 

dependent  ( f i g u r e  1 6 ) .  The c o n c e n t r a t i o n  of  Mg++ necessary  

to e l i c i t  these  changes was 0 .1M.  0.01M Mg++ was not

s u f f i c i e n t  to induce t hese  s h i f t s .

The chanoes in t he  s p e c t r a  were g r a d u a l .  At  pH 6.1  

the  spectrum was t h a t  o f  DNA-daunomycin which i n d i c a t e d  

t h a t  Mg++ was not  b i n d i n q  a t  t h i s  pH. As the pH was 

i nc r ease d  a gradua l  change in the  s p e c t r a  occur red  u n t i l ,  

a t  pH 7 . 8 ,  the  spectrum was v e ry  s i m i l a r  to t h a t  observed  

f o r  the dDNA-Dm-Cu++ complex a t  pH 5.1 ( f i g u r e  1 5 ) .  I t  

c on s i s t e d  of  i n t e n s e  peaks a t  540 nm and 582 nm w i t h  a s h o u l ­

der  a t  505 nm.

The s p e c t r a  in f i g u r e  16 were o b t a i n e d  w i t h  n a t i v e  DNA 

but  when den atu red  DNA was used t he  same s o e c t r a  were ob ­

ser ved .  However ,  i t  should be noted t h a t  these  s p e c t r a l  

changes were e v i d e n t  in the  absence o f  DNA. I t  seems,
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FIGURE 16.

_ 5
E f f e c t  o f  pH on the  daunomycin ( 2 . 5  x 10 M)-

DNA (2 x 1 0 " 4 M)-Mg++ ( 0 . 1 M )  complex.  ................. ,

pH 5 . 7 5 ; ------- , pH 6 . 1 ;  ■ ■ w ^ p H  6 . 9 ; ------------------ ,

pH 7 . 4 ;  --------------------- , pH 7 . 8
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t h e r e f o r e ,  t h a t  the  s p e c t r a l  e f f e c t s  might  be due to the

+ +f o r m a t i o n  of  an Mg ~Dm complex.

At pH 2 . 4 ,  t he  a d d i t i o n  of  Mq++ to the daunomycin-

DNA complex gave r i s e  to s p e c t r a  in both the v i s i b l e  and 

UV which c l o s e l y  resembled f r e e  daunomycin ( f i g u r e s  17 and 

1 8 ) .  The v i s i b l e  spectrum showed a broad peak w i t h  a max­

imum a t  475 nm. In t h i s  case t h e r e  was s i g n i f i c a n t  t u r b i d ­

i t y  which could be c o r r e c t e d ( b y  s u b t r a c t i n g  t he  absorbance

a t  650 nm from the  absorbance v a l u e s  a t  a l l  o t h e r  wa ve l en g t h s )

b u t ,  in s p i t e  o f  t h i s ,  the  spectrum can be i d e n t i f i e d  as 

t h a t  o f  f r e e  daunomycin ( f i g u r e  1 7 ) .

The UV s p e c t r a  ( f i g u r e  18)  suppor t  the  above c o n c l u s i o n .  

Free daunomycin and Mg++-daunomycin gave i d e n t i c a l  s p e c t r a  

a t  pH 2 . 4 .  The a d d i t i o n  o f  Mg++ to the daunomycin-DNA 

complex r e s u l t e d  in the r eapp ear anc e  o f  the  290 nm peak 

and the spectrum r e se m b l i n g  f r e e  daunomycin.  In v iew o f  

the  f a c t  t h a t  a t  t h i s  pH the  daunomycin-DNA complex a l one  

remained i n t a c t ,  i t  seemed t h a t  Mg++ induced the  s p l i t t i n g  

o f  the  daunomycin-DNA complex.

B. F l uor esc ence  s t u d i e s .

Mg++ a l s o  a f f e c t e d  the f l u o r e s c e n c e  emi ss i on  of  

daunomycin.  This  e f f e c t  was c o n c e n t r a t i o n  dependent  as 

can be seen in f i g u r e  19.  As the  c o n c e n t r a t i o n  o f  Mg++ 

was i n c r e a s e d ,  t he  quenching i n c r e a s e d .  Since a s i g n i f i c a n t  

e f f e c t  occ ur re d  a t  a c o n c e n t r a t i o n  of  0 . 1 M,  t h i s  was the  

c o n c e n t r a t i o n  o f  Mg++ employed in the r em a i nde r  o f  the
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FIGURE 17.

A d d i t i o n  o f  Mg++ to the daunomycin-DNA complex 

a t  pH 2 . 4 .   ̂ daunomycin ( 2 . 5  x 1 0 ' ^ M ) ;
— 4 _L_I_

---------------, p lus  DNA ( 1 . 0  x 10 M) and Mg ( 0 . 1 M ) .
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FIGURE 18.

A d d i t i o n  o f  Mg++ ( 0 .1M)  to  daunomycin or

daunomycin-DNA complex a t  pH 2 . 4 .  --------- ,

daunomycin ( 2 . 5  x 10 ' ^ M ) ; « m * ,  daunomycin
■j- 4"

p lus  Mg ; ----------------- , daunomycin p lus DNA ( 1 . 0
-4

10 M);   , daunomycin p lus  DNA p lus  Mg
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FIGURE 19.

E f f e c t  o f  the  a d d i t i o n  o f  Mg++ on the f l u o r e s c e n c e

emiss ion spectrum o f  daunomycin.  ------------ , daunomyci n

( 2 . 5  x 1 0 " 5M);  Dm + Mg++ ( 1 . 0  x 1 0 " 2M);

 , Dm + Mg++ (5 x 10” 2M);  - x - x - x ,  Dm + Mg++ ( 0 . 1 M ) .
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f l u o r e s c e n c e  s t u d i e s  i n v o l v i n g  Mg+ + ,

F i g u r e  20 i l l u s t r a t e s  t h a t  Mg++ induced a l t e r a t i o n s  

in  t he  daunomycin emiss ion spect rum.  T h i s  e f f e c t  was,  

once a g a i n ,  pH deDendent .  As w i t h  the v i s i b l e  s t u d i e s ,  

the  maximum e f f e c t  occur red  a t  pH 7 . 8 .  The sho u ld e r  a t

580 nm became a peak and the peak a t  555 nm became a

s h o u l d e r .  This  was a gradual  change.  At  pH 7 . 5  t h e r e  

were two peaks o f  equal  i n t e n s i t y  a t  555 nm and 580 nm.

The Mg++ e f f e c t  decreased s h a r p l y  as t h e  pH was lowered

and c o m p l e t e l y  d i sapp ear ed  below pH 6 . 0  ( t a b l e  1 ) .

The a d d i t i o n  of  Mg++ ( 1 0 ' ^M )  a l s o  caused changes in 

the  f l u o r e s c e n c e  e x h i b i t e d  by t he  daunomycin-DNA complex.

In the  presence o f  Mg++ t he  maximum quenching e f f e c t  w i th  

DNA which occur red  between pH 6 . 5 - 6 . 7  d i s a p p e a r e d  ( t a b l e  1 ) .  

As the  pH was l o w e r e d ,  the quenching c o n t i n u a l l y  decreased  

u n t i l ,  a t  pH 2 ,  the  f l u o r e s c e n c e  i n t e n s i t i e s  i n  t he  presence  

and absence o f  Mg++ were e q u a l .  I t  should be noted t h a t  

t h e  e f f e c t s  were comparable w i t h  both n a t i v e  and denatu red  

DNA.

IV.  B i nd i ng  o f  Daunomycin to N u c l e i c  Acid U n i t s .

A. Absorbance s t u d i e s .

The b i n d i n g  of  daunomycin to n u c l e i c  a c i d  bases,  

n u c l e o s i d e s ,  n u c l e o s i d e  monophosphates,  and n u c l e o s i d e  

t r i p h o s p h a t e s  was a l s o  s t u d i e d .  The compounds t e s t e d  are  

l i s t e d  in t a b l e  2.

The UV and v i s i b l e  s p e c t r a  were mon i to re d  f o r  any
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FIGURE 20.

E f f e c t  o f  pH on the f l u o r e s c e n c e  emiss ion spectrum

of  the  daunomycin-Mg++ complex.  -------------, daunomycin

( 2 . 5  x 10"^M) ;  pH 7 . 9 ;  -------- , daunomycin + Mg++ ( 0 . 1 M ) ,

pH 6 . 8 ;  Dm + Mg++ ( 0 . 1 M ) ,  pH 7 . 5 ;  ----------------- ,

Dm + Mg++ ( 0 . 1 M ) ,  pH 8 . 0 .
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TABLE 2

COMPOUNDS TESTED FOR BINDING TO DAUNOMYCIN

BASES NUCLEOSIDES
NUCLEOSIDE

MONOPHOSPHATES
NUCLEOSIDE

TRIPHOSPHATES

Adeni  ne deoxy Adenosine dAMP dATP

Cytos i  ne deoxy C y t i d i n e dCMP dGTP

Guanine deoxy Guanosine dGMP UTP

Thymi ne Thymi d i ne TMP

U r a c i l deoxy U r i d i n e dUMP

r i b o  U r i d i n e rUMP
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changes which a d d i t i o n  o f  t hese  compounds might  cause,  As 

was i n d i c a t e d  p r e v i o u s l y  ( s e c t i o n  I ,A,  resu I t s ) ,  changes in 

UV spe c t r a  a r e  d i f f i c u l t  to i n t e r p r e t  because both dauno­

mycin and n u c l e i c  ac i d  absorb in  t h i s  r e g i o n .  In an e f f o r t  

to s i m p l i f y  the  a n a l y s i s  a s p l i t  c e l l  was used.  This  is  

an a b s o r p t i o n  c e l l  which has a q u a r t z  p a r t i t i o n  in the  

c e n t e r .  Daunomycin i s  added to one s i de  o f  the p a r t i t i o n  

and the  p a r t i c u l a r  n u c l e i c  ac i d  u n i t  i s  added to the o t h e r  

s i d e .  A spectrum is  r e c o r d e d ,  which i s  s i mply  the  a d d i t i v e  

s p e c t r a  of  both components.  The c e l l  i s  then i n v e r t e d  

se v e r a l  t imes to a l l o w  mix ing  and a second spectrum is  

r e c o r d e d .  In the absence of  complex f o r m a t i o n  the  spe c t ra  

b e f o r e  and a f t e r  mix ing  should be i d e n t i c a l .  I f ,  however ,  

t h e r e  i s  an i n t e r a c t i o n  the two spe ct ra  w i l l  d i f f e r .

None o f  the compounds l i s t e d  in t a b l e  2 induced

s p e c t r a l  changes in e i t h e r  the UV or  v i s i b l e  r e g i o ns  and

i t  was thus concluded t h a t  nc i n t e r a c t i o n  occur red  between

these  compounds and daunomycin.  For t hese  s t u d i e s  the

-5c o n c e n t r a t i o n  o f  daunomycin was 2 . 5  x 10 M and the concen-
_ 5

t r a t i o n s  o f  the  n u c l e i c  ac i d  components were 5 x 10 M.

The i n t e r a c t i o n  o f  p o l y n u c l e o t i d e s  w i t h  daunomycin  

was a l s o  t e s t e d .  The p o l y h o m o r i b o n u c l e o t i d e s  poly  A, po ly  

C, po l y  G, po l y  I ,  and po l y  U were the ones t e s t e d .  In 

the  v i s i b l e  r e g i o n  a l l  these  p o l y n u c l e o t i d e s  induced  

s p e c t r a l  changes which were v e ry  s i m i l a r  to  those caused 

by DNA. F i g u r e  21 shows the e f f e c t  o f  po l y  G on the  dauno­

mycin spect rum.  The r e s u l t s  w i t h  the o t h e r  p o l y n u c l e o t i d e s



FIGURE 21

E f f e c t  o f  po l y  G on the v i s i b l e  spectrum of

daunomycin.  A. - x - x - x ,  daunomycin;

daunomycin + poly G; B. -  -  - daunomycin +

poly  G b e f o r e  mix ing  in a s p l i t  c e l l ;  -------------- ,

daunomycin + poly  G a f t e r  mix ing in a s p l i t  c e l l .
_ 5

Daunomycin c o n c e n t r a t i o n  was 2 . 5  x 10 M and t h a t
_ 5

o f  poly  G was 5 x 1 0  M.
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were i d e n t i c a l ,  As i s  e v i d e n t ,  t h e r e  was a r e d u c t i o n  in 

absorbance a t  475 nm w i t h  a s h i f t  in the  peak to 505 nm, 

j u s t  as was found w i t h  t he  DNA-daunomycin i n t e r a c t i o n .

B . F l uo r e s c e n c e  s t u d i e s  .

The e f f e c t  o f  p o l y n u c l e o t i d e s  on the  f l u o r e s c e n c e  

o f  daunomycin was a l s o  examined.  A g a i n ,  the  r e s u l t s  

were s i m i l a r  to those found w i t h  DNA, w i t h  a dec re ase  in  

f l u o r e s c e n c e  i n t e n s i t y  o c c u r r i n g  when p o l y n u c l e o t i d e  

was added ( f i g u r e  2 2 ) .  I t  is o f  i n t e r e s t  to note  t h a t  

t h e r e  was g r e a t e r  quenching o f  f l u o r e s c e n c e  when poly  A,  

po l y  G, or  po ly  I was added.  The e f f e c t  was l e s s  p r o ­

nounced in the pr esence  o f  poly  C or po l y  U. The f l u o r ­

escence i n t e n s i t i e s  o f  t he  complexes r e l a t i v e  to  t h a t  o f  

f r e e  daunomycin a r e  l i s t e d  in t a b l e  3.

V. S p e c t r o p h o t o m e t r i c  T i t r a t i o n s .

S p e c t r o p h o t o m e t r i c  t i t r a t i o n  s t u d i e s  were c a r r i e d  

out  in o r d e r  to d e t e r m i n e  the b i n d i n g  data  f o r  the DNA 

or  p o l y n u c l e o t i d e - d a u n o m y c i n  complex.  These were a l so  

det er mined  as a f u n c t i o n  o f  i o n i c  s t r e n g t h .

A . C a l f  thymus DNA

F i g ur e  23 shows the  b i n d i n g  i sot herms f o r  the bind  

ing of  n a t i v e  c a l f  thymus DNA a t  t h r e e  i o n i c  s t r e n q t h s  

( 0 . 0 0 5 ,  0 . 0 5 ,  0 . 5 )  to daunomycin.  The shape o f  the  curves  

c l e a r l y  i n d i c a t e d  the e x i s t e n c e  o f  two b i nd i ng  modes,  espec 

i a l l y  the  one a t  y = 0 . 0 0 5 .  There were two p o r t i o n s  o f  

the  c u r v e ,  one a t  low c and the  o t h e r  a t  high c ,  a t  which  

r i n c rease d  v e r y  r a p i d l y .  These were s e p a r a t e d  by a



FIGURE 22.

E f f e c t  o f  p o l y n u c l e o t i d e s  on the f l u o r e s c e n c e

emiss ion spectrum o f  daunomycin.  x - x - x - ,  dauno-  
_ 5

mycin ( 2 . 5  x 10 M);  x x x x ,  Dm + po l y  C; -----------,

Dm + po l y  U; ................. , Dm + po l y  A; ---------- , Dm +

po l y  I ;  --------------- , Dm + po l y  G. The p o l y n u c l e o t i d e

- 5c o n c e n t r a t i o n s  were 5 x 10 M.
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TABLE 3

FLUORESCENCE INTENSITY UF POLYNUCLEOT IDE-DAUNOMYCIN COMPLEXES

POLYNUCLEOTIDE ADDED * F . I . ( a t  555 nm)

p o l y  A 31 .1

po l y  C 4 8 . 3

po l y  G 27 . 2

po l y  I 28.  5

po l y  U 42 . 7

[ p o l y n u c l e o t i d e ]  = 5 x 10"^M 

[daunomycin]  = 2 . 5  x 10“ ^M

♦ R e l a t i v e  to t h a t  o f  f r e e  daunomyci  n , which i s  se t  equal  to 100.
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FIGURE 23.

B i nd i ng  i so t her ms  f o r  the c a l f  thymus n a t i v e  

DNA-daunomycin complex.  E f f e c t  o f  v a r y i n g  i o n i c  

s t r e n g t h .

------------------------ , y = 0 . 0 0 5 ;   , y = 0 . 0 5 ;  - x - x - x , y = 0 . 5 .
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p l a t e a u  r e g i o n  which was i n d i c a t i y e  o f  two inodes of  

binding, ,  The r  v a l u e  in t he  p l a t e a u  r e g i o n  y i e l d e d  an 

e s t i m a t e  o f  the maximum number o f  s t rong b i nd i ng  s i t e s .

As the i o n i c  s t r e n g t h  i n c r e a s e d ,  r a t  the p l a t e a u  d e ­

c rea sed .

The b i nd i ng  p l o t s  f o r  heat  ^-denatured c a l f  thymus 

DNA are  shown in f i g u r e  24.  These curves  a l s o  showed two 

d i s t i n c t  b i nd i ng  r e g i o n s  but  the  p l a t e a u ,  or t r a n s i t i o n  

between the two modes,  was more g r a d u a l .  As w i t h  n a t i v e  

DNA, when the i o n i c  s t r e n g t h  was i n cr e as e d  the  p l a t e a u  

s h i f t e d  towards a lower  r  v a l u e .

Accur at e  b i n d i n g  c o n s t a n t s  are  d i f f i c u l t  to c a l c u l a t e  

f rom the b i nd i ng  i so t her ms a l one  and,  t h e r e f o r e ,  Scatchard  

p l o t s  were c o n s t r u c t e d  in o r d e r  to o b t a i n  a s s o ca t i o n  con­

s t a n t s  f o r  the i n t e r a c t i o n .  F i g ur e  25 is  a Scatchard  p l o t  

f o r  n a t i v e  c a l f  thymus DNA a t  p = 0 . 0 0 5 .  The p l o t  is convex  

t o  the X - a x i s  wh i ch ,  as noted p r e v i o u s l y  (see Methods 

s e c t i o n )  i s  expected f o r  systems w i t h  heterogeneous b i n d i n g  

s i t e s ,  i . e .  more than one b i n d i n g  mode. The va l ues  f o r  

k,  the i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t ,  and n,  the  number 

o f  b i nd i ng  s i t e s / p h o s p h a t e ,  f o r  n a t i v e  and denatu red  c a l f  

thymus DNA, a t  t h r e e  i o n i c  s t r e n g t h s ,  a re  g iven in t a b l e  4 .  

The a s s o c i a t i o n  c o n s t a n t  f o r  n a t i v e  DNA i s  t h r e e - f o l d  g r e a t e r  

than t h a t  f o r  denatu red  DNA a t  p = 0 . 0 0 5 .  An i n c r e a s e  in  

i o n i c  s t r e n g t h  r e s u l t e d  in a decreased k f o r  n a t i v e  DNA 

w h i l e  i t  had v i r t u a l l y  no e f f e c t  on k f o r  denatured  DNA.



FIGURE 24.

Binding  i sot herms f o r  the den at ure d  c a l f  thymus 

DNA-daunomycin complex.  E f f e c t  o f  v a r y i n g  i o n i c  

s t r e n g t h .

 , y = 0 . 0 0 5 ;  ---------- , y = 0 . 0 5 ;  - x - x - x ,  y = 0 . 5 .
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FIGURE 25.

S ca tchar d  p l o t  f o r  the c a l f  thymus n a t i v e  DNA- 

daunomycin complex a t  n = 0 . 0 0 5 .  Dashed l i n e  

i s  e x t r a p o l a t i o n  o f  t he  l i n e a r  p o r t i o n  o f  the curve  

in  o r d e r  to  o b t a i n  type  I b i n d i n g  da t a  as d e s c r i b e d  

i n  Methods.
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However ,  the  number o f  b i nd i ng  s i t e s k n,  was g r e a t e r  f o r  

den at ure d  DNA except  a t  p = 0 , 5 ,  I n c r e a s i n g  the  i o n i c  

s t r e n g t h  caused a decrease  in n f o r  both types o f  DNA. I t  

should be noted t h a t  the  convex shape f o r  the  Sc a t char d  

p l o t s  were o b t a i n e d  w i t h  both n a t i v e  and de na tu re d  DNA 

a t  a l l  i o n i c  s t r e n g t h s  t e s t e d .

B. Ri b o - h o m o p o l y n u c l e o t i d e s .

B i nd i ng  i sot herms f o r  the homop o l yn uc l eo t id e s  w i t h  

daunomycin a t  v a r i o u s  i o n i c  s t r e n g t h s  are  shown in F i g u r e  

26.  At  p = 0 . 0 0 5 ,  the curves f o r  a l l  the p o l y n u c l e o t i d e s  

l acked  the  second s l ope  a t  high c and t h i s  d i f f e r e d  marked ly  

f rom DNA. In a d d i t i o n ,  as i o n i c  s t r e n g t h  was i n c r e a s e d ,  

b i n d i n g  to p o l y  U and p o l y  C d i sapp ear ed  or  became more 

d i f f i c u l t  to d e t e c t .  The change in the b i n d i n g  i sotherms  

f o r  po l y  A and poly  G in going from p = 0 . 0 0 5  to 0 . 5  i n d i ­

ca t ed  the  d r a s t i c  e f f e c t  o f  i o n i c  s t r e n g t h  on t he  p o l y n u c l e o -  

t i d e - d a u n o m y c i n  i n t e r a c t i o n .

This  was a l s o  e v i d e n t  f rom da t a  in t a b l e  4 .  At  a l l  

i o n i c  s t r e n g t h s  the v a l ues  f o r  the a s s o c i a t i o n  c o n s t a n t s  

f o r  a l l  p o l y n u c l e o t i d e s  were 1ower than those f o r  DNA.

There  d i d  not  appear  to be s i g n i f i c a n t  d i f f e r e n c e s  amongst  

t h e  a s s o c i a t i o n  c on s t a n t s  f o r  the p o l y n u c l e o t i d e s  nor  d id  

t h e  v a l ues  v a ry  w i t h  changes o f  i o n i c  s t r e n g t h .  There  

were many more b i n d i n g  s i t e s  a v a i l a b l e  w i t h  t he  p o l y n u c l e o ­

t i d e s  than w i t h  DNA a t  p = 0 . 0 0 5 .  I n c r e a se d  i o n i c  s t r e n g t h  

r e s u l t e d  in a marked r e d u c t i o n  in n.  Poly  I showed somewhat  

d i f f e r e n t  b e h a v i o r  in t h a t  i t s  k i n cr e a se d  as the  i o n i c
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FIGURE 26.

Binding i so t her ms  f o r  v a r i o u s  p o l y n u c l e o t i d e -  

daunomycin complexes.

............... , po l y  A, o - o - o - ,  po l y  A, u =

0 . 5 ;  -------- , po l y  G; x xx x ,  po l y  G, u = 0 . 5 ;  ----------- ,

po l y  C; x - x - x ,  po l y  I ;  ............., po ly  U. Unless

o t h e r w i s e  i n d i c a t e d ,  the i o n i c  s t r e n g t h  was 0 . 0 0 5 .
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TABLE 4

BINDING DATA FOR DAUNOMYCIN COMPLEXES

IONIC STRENGTH ( y ) 0. 005 0 . 0 5 0 . 5

COMPOUND

Lf)loX n k x 1 0 b n k x 105 n

C a l f  Thymus DNA, 
n a t i v e

15 . 5 .43 1 . 85 .30 3 . 5 .24

C a l f  Thymus DNA, 
denatured

5 . 8 . 51 5 . 8 .35 4 . 2 . 1 9

poly  A 2 . 7 .88 2 . 9 .25 3 . 5 .25

poly  G 4 . 8 1 .0 3 . 2 .15 1 .8 .13

poly  C 2.1 1 .1 3 . 4 .11

poly  U 5 . 5 .95

poly  I 1 .9 1 .1 10.1 .10 no b i nd i ng

k = i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t  

n = no. o f  b i n d i ng  s i t e s / p h o s p h a t e  

Based on s p e c t r o p h o t o m e t r i c  t i t r a t i o n  s t u d i e s .
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s t r e n g t h  i n c r e a s e d .  At  p = 0 . 5 ,  however ,  b i n d i n g  was 

c o m p l e t e l y  a b o l i s h e d .

A number of  p o i n t s  should be noted in r egar d  to  t a b l e  4.  

The Scatchard  p l o t s  of  the p o l y n u c l e o t i d e - d a u n o m y c i n  i n t e r ­

a c t i o n s  were convex to the x - a x i s  as were those f o r  DNA.

A d i s t i n c t i o n  should be made between those  spaces l e f t  

bl ank  on t a b l e  4 and the  e n t r y  o f  "no b i n d i n g "  f o r  po l y  I .  

Poly  U a t  p = 0 . 0 5  and 0 . 5  and po l y  C a t  p = 0 . 5  caused 

decreases  in the  absorbance v a l ue s  f o r  daunomycin a t  475 nm. 

On t h i s  bas is  i t  could be s t a t e d  t h a t  some b i n d i n g  did  

o cc u r .  I t  was,  however ,  not  p o s s i b l e  t o  c o n s t r u c t  p l o t s  

from which r e l i a b l e  b i nd i ng  da t a  could be e v a u l a t e d .

On the  o t h e r  hand,  the a d d i t i o n  o f  p o l y  I d i d  not  r e s u l t  

in  a decrease  in absorbance a t  475 nm and i t  was assumed,  

t h e r e f o r e ,  t h a t  no b i nd i ng  to daunomycin occur red  a t  

p = 0 . 5 .

V I . S p e c t r o f l u o r i m e t r i c  T i t r a t i o n s .

A. Deoxy- homopo lynuc leo t i des

Bi nd i ng  e q u i l i b r i a  f o r  the  p o l y n u c l e o t i d e - d a u n o m y c i n  

i n t e r a c t i o n  were a l so  s t u d i e d  by means o f  f l u o r e s c e n c e .

Th i s  was necessary  f o r  s t u d i e s  w i t h  the  homodeoxypoly-  

n u c l e o t i d e s  and p o l y n u c l e o t i d e  dup lex es  because t hese  

compounds were a v a i l a b l e  on l y  in v e ry  smal l  amounts.

Since  changes in f l u o r e s c e n c e  could be d e t e c t e d  even a t  

v e ry  low c o n c e n t r a t i o n s  of  daunomycin t h i s  t e c h n i q u e  was 

empl o y e d .

The p o l y d e o x y n u c l e o t i d e s , po l y  dA,  po ly  dG,  and p o l y  dT
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were s t u d i e d  f o r  t h e i r  i n t e r a c t i o n  w i t h  daunomycin and 

those b i n d i n g  curves  are  shown in f i g u r e  27.  Po ly  dT 

was t h e  o n l y  one which e x h i b i t e d  two c l e a r  slopes w i t h  

a p l a t e a u  between them,  thus i n d i c a t i n g  two phases in 

i t s  b i n d i n g  to  daunomycin.  Al though i t  was l es s  c l e a r  

w i t h  po l y  dG, a p l a t e a u  r e g i o n  was a p p a r e n t .  The Scatchard  

p l o t s  f o r  t h e se  compounds were convex to t he  x - a x i s  which  

conf i rmed  t h a t  t h e r e  was heterogeneous b i n d i n g .  At  h i g he r  

i o n i c  s t r e n g t h ,  i t  was not  p o s s i b l e  to o b t a i n  s u f f i c i e n t  

data  f o r  p o l y  dA and po l y  dT and,  t h e r e f o r e ,  no b i n d i n g  

curves were p l o t t e d .  However ,  t h e r e  was some quenching  

of  daunomycin f l u o r e s c e n c e  a t  555 nm. T h e r e f o r e ,  i t  c a n ­

not  be s t a t e d  t h a t  no b i n d i n g  occur red  a t  these  i o n i c  

s t r e n g t h s .

B i nd i ng  da t a  f o r  the p o l y d e o x y n u c l e o t i d e s  a r e  l i s t e d  

in  t a b l e  5.  The a s s o c i a t i o n  c on s ta n ts  f o r  po l y  dA and 

po l y  dT were s i m i l a r  to each o t h e r  and a t  p = 0 . 0 0 5  were  

Zh to 3 - f o l d  g r e a t e r  than those f o r  poly  dG.

B. P o l y n u c l e o t i d e  d u p l e x e s .

The b i n d i n g  of  the f o l l o w i n g  p o l y n u c l e o t i d e  dup lexes  

to  daunomycin was a l s o  s t u d i e d  by s p e c t r o f 1u o r i m e t r i c  

t i t r a t i o n :  1)  p o l y  r A - p o l y  r U,  a duplex  c o n s i s t i n g  o f  one

s t rand  po l y  A and the  o t h e r  po l y  U; 2)  po l y  dA -p o ly  dT,  

a dup lex  o f  one s t rand  po l y  dA and one s t ra nd  po l y  dT;

3)  po l y  ( d A - d T ) ' p o l y  ( d A - d T ) ,  a double  s t randed  polymer  

of  which each s t r a n d  is  an a l t e r n a t i n g  copolymer  o f  dA



116

FIGURE 27.

B i nd i ng  i sot herms f o r  v a r i o u s  p o l y n u c l e o t i d e -  

daunomycin complexes.

-------------- , po l y  d T ;  , p o l y  d A ;  , po l y  dG.

I o n i c  s t r e n g t h  was 0 . 0 0 5 .
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TABLE 5

BINDING DATA FOR DAUNOMYCIN COMPLEXES

IONIC STRENGTH ( y ) 0.  005 0. 05 0 . 5

COMPOUND k x 106 n k x 106 n k x l f i 6 n

C l . p e r f r i  ngens 
DNA 9.1 . 24 6 . 9 .099 3.7 .074

pol y  dA 38.  0 . 058

pol y  dG 1 2 . 6 .048 2 2 . 2 .034 13 . 6 .025

pol y  dT 33.  0 . 072

poly  r A - p o l y  rU 1 5 . 5 . 043 1 1 . 8 .034

po l y  dA’ po l y  dT 6 . 5 .053 1 3 . 9 .035 7 . 9 . 025

poly  r A * p o l y  dT 4 . 8 .094 6 . 8 .056

po l y  ( d A - d T ) - 
pol y  (dA-dT)

1 3 . 7 .155 3 . 3 .1 00

poly  dG-po ly  dC 2 9 . 2 .061 1 2 . 5 .053 11 . 6 . 050

k = i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t  

n = no.  o f  b i n d i n g  s i t e s / p h o s p h a t e  

Based on s p e c t r o f l u o r i m e t r i c  t i t r a t i o n  s t u d i e s .
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and dT; 4)  po l y  r A ' p o l y  dT,  a h y b r i d  dup lex  w i t h  one s t r a n d  

o f  po l y  A and t he  o t h e r  o f  po l y  d T : 5) po l y  dG-po ly  dC,  

a double  s t r anded  polymer  c o n s i s t i n g  of  one s t rand  poly  

dG and the o t h e r  po l y  dC. Both p o l y  ( d A - d T ) - p o l y  (dA-dT)  

and po l y  dG’ p o l y  dC can be s y n t h e s i z e d  by DNA polymerase  

and both have secondary s t r u c t u r e s  s i m i l a r  to t h a t  o f  DNA.

Bind ing  i sot herms f o r  these  compounds a t  p = 0 . 0 5  a r e  

shown in f i g u r e  28.  The two compounds w i t h  the most b i -  

phas ic  c h a r a c t e r  were poly  ( d A - d T ) - p o l y  (dA-dT)  and 

po l y  dG’ poly  dC. Poly  dA -p o ly  dT and po l y  r A - p o l y  dT 

e x h i b i t e d  p l o t s  s i m i l a r  to one a n o t h e r .  Poly  r A - p o l y  rU 

showed c u r v a t u r e  o n l y  a t  h i ghe r  daunomycin c o n c e n t r a t i o n s .

F i g u r e  29 shows the  b i n d i n g  curves  f o r  poly  dG-poly  dC 

as a f u n c t i o n  o f  i o n i c  s t r e n g t h .  The d i f f e r e n t  b i nd i ng  

r e g i o n s  were c l e a r l y  se p ar a te d  by a p l a t e a u  and these  p l o t s  

were s i m i l a r  to those found w i t h  c a l f  thymus DNA. The 

p l a t e a u s  were smooth t r a n s i t i o n s  between t he  sloped r e g i o n s  

as occur red  w i t h  den atu red  DNA r a t h e r  than the f l a t  p l a t e a u s  

found w i t h  n a t i v e  c a l f  thymus DNA.

The b i nd i ng  data  f o r  the p o l y n u c l e o t i d e  duplexes  are  

l i s t e d  in t a b l e  5.  At  a l l  i o n i c  s t r e n g h t s ,  poly  dG-poly  dC 

had the  h i g h e s t  a s s o c i a t i o n  c o n s t a n t .  At  y = 0 . 0 5 ,  poly  

dA’ p o l y  dT and poly  ( d A - d T ) - p o l y  (dA- dT)  had k va l ues  

comparable  to those f o r  po l y  d G ' p o l y  dC. As w i t h  poly  

dG, i n c r e a s i n g  the  i o n i c  s t r e n g t h  d i d  not  have an a p p re c ­

i a b l e  e f f e c t  on the k or  n v a l u es  f o r  p o l y  dG- po l y  dC 

e x p e c i a l l y  a t  y > 0 . 0 5 .



FIGURE 28.

Bi nd i ng  i sot herms f o r  va r i ou s  p o l y n u c l e o t i d e  

dup lex -daunomyc i n  complexes.

-------------- , poly  ( d A - d T ) - p o l y  ( d A - d T ) ;  ----------- , p o l y

dG- po l y  dC; x - x - x ,  po l y  r A - p o l y  d T ;   , p o l y

d A - po l y  dT; o - o - o ,  po l y  r A ' p o l y  rU.

I o n i c  s t r e n g t h  was 0 . 0 5 .
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FI GURE 2 9 .

Bi ndi ng  i so t her ms  f o r  the  p o l y  d G 'p o l y  dC-  

daunomycin complex.

-------------- , y = 0 . 0 0 5 ;   , y = 0 . 0 5 ;  y = 0 . 5 .
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The a s s o c i a t i o n  con sta nts  f o r  po l y  r A - p o l y  dT were  

lower  than those f o r  e i t h e r  poly  r A - p o l y  rU or  po l y  dA- po ly

dT a t  comparable i o n i c  s t r e n g t h s .  There were more b i n d i n g

s i t e s  a v a i l a b l e  w i t h  poly  r A - p o l y  dT than w i t h  the o t h e r  

two p o l y n u c l e o t i d e  dup le x es .

Po ly  ( d A - d T ) - p o l y  (dA-dT)  resembled DNA more c l o s e l y  

than the  o t h e r  p o l y n u c l e o t i d e s  in i t s  b eh a v i o r  w i t h  

r e s p e c t  to i o n i c  s t r e n g t h .  When the i o n i c  s t r e n g t h  was 

r a i s e d  from y = 0 . 0 5  to y = 0 . 5 ,  t h e r e  was a f o u r - f o l d  

decrease  in k. In a d d i t i o n ,  the n va l ues  were more s i m i l a r

to those  found w i t h  n a t i v e  DNA.

At  comparable  i o n i c  s t r e n g t h s ,  t he  homopolymers,  po ly  

dA, po l y  dT,  and po l y  dG had h i g he r  a s s o c i a t i o n  c o n s t a n t s  

than the  polymer  duplexes  ( t a b l e  5 ) .  In most c as es ,  the  

dup lexes  had h i gher  n va l ues  than the deoxyhomopolymers.

In a l l  c as es ,  an i n c r e a s e  in i o n i c  s t r e n g t h  caused a d e ­

c rea se  in the  n v a l u e .  This  was found to be t r u e  f o r  the  

r ibohomopolymer  s e r i e s  as w e l l .

V I I .  C l . p e r f r i n g e n s  DNA.

The i n t e r a c t i o n  o f  C l .  p e r f r i n g e n s  DNA w i t h  dauno­

mycin was a l s o  s t u d i e d  by t h i s  f l u o r e s c e n c e  method.  The 

b i n d i n g  i sot herms a r e  shown in f i q u r e  30.  At  low i o n i c  

s t r e n g t h ,  t h e  curve had the  b i p h a s i c  c h a r a c t e r  i n d i c a t i v e  

o f  two b i n d i ng  modes but  i t  was u n l i k e  those o b t a i n e d  w i t h  

c a l f  thymus DNA. At  the h i ghe r  i o n i c  s t r e n g t h s  ( i . e .  

y = 0 05 and 0 . 5 )  the  p l o t s  did not  show t h i s  b e h a v i o r .
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FIGURE 30.

B i nd i ng  i sot herms f o r  the  C l .  p e r f r i n g e n s  DNA- 

daunomycin complexes.

--------------- , u = 0 . 0 0 5 ;   , y = 0 . 0 5 ;  - x - x - x ,  y = 0 . 5 .
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From the Sc atchar d  p l o t s  ( f i g u r e  3 1 ) ,  i t  did appear  t h a t  

a t  y = 0 . 0 0 5  and 0 . 0 5 ,  t h e r e  was heterogeneous b i n d i n g  b e ­

cause o f  the c u r v a t u r e  in t he  p l o t .  Tab le  5 l i s t s  the  k 

and n va l ues  f o r  C l .  p e r f r i n g e n s  DNA e v a l u a t e d  from these  

Sc atchar d  p l o t s .  They d i f f e r e d  from those o b t a i n e d  f o r  

c a l f  thymus DNA in t h a t  the a s s o c i a t i o n  c on st an t s  i n cr e as e d  

when the i o n i c  s t r e n g t h  was r a i s e d  from y = 0 . 0 0 5  to  

y = 0 . 0 5  and t hen  decreased when i o n i c  s t r e n g t h  was f u r t h e r  

i n c r e a se d  to y = 0 . 5 .  L i k e  c a l f  thymus DNA, n decreased  

w i t h  i n cr e a se d  i o n i c  s t r e n g t h .

V I I I  . Tm S t u d i e s .

A. Absorbance vs.  t e m p e r a t u r e  p r o f i l e s

A t y p i c a l  Tm p l o t  f o r  DNA ( 1 . 0  x 10“ ^M) is  shown 

in f i g u r e  32.  The a d d i t i o n  o f  daunomycin ( 1 . 0  x 10 M) 

r e s u l t e d  in an i n c r e a s e  o f  a p p r o x i m a t e l y  20° in  the Tm 

o f  the  s o l u t i o n ,  as w e l l  as an i n c r e a s e  in the  h y p er c hr o mi -  

c i t y .  The e x p e r i m e n t  shown in  f i g u r e  33 was run w i t h  a 

1 0 - f o l d  i n c r e a s e  in the  daunomycin c o n c e n t r a t i o n .  The Tm 

in t h i s  case was i nc r e a s e d  by 3 2 . 6 ° .  P r i o r  to the t e m p e r ­

a t u r e  a t  which the  h e l i x - c o i l  t r a n s i t i o n  commenced t h e r e  

was a s teady  i n c r e a s e  in absor bance .  This  occur red  only  

a t  the h i g he r  daunomycin c o n c e n t r a t i o n s  (5 x 10 “ ^M or  h i g h e r ) .  

Al though f i g u r e s  32 and 33 were o b t a i n e d  w i t h  c a l f  thymus 

DNA (%GC = 4 3 ) ,  s i m i l a r  p l o t s  were observed when e i t h e r  C K  

p e r f r i n g e n s  DNA (%GC = 32)  or  fl. l y s o d e i  k t i c u s  DNA ( %GC = 72)  

was used.



FIGURE 31 .

Scatchard  p l o t s  f o r  the  C l .  

daunomycin complex.

-------------------, y = 0 . 0U5 ;  o - o - o ,

p e r f r i n g e n s  DNA- 

y = 0 . 0 5 ;  x - x - x ,  y = 0 . 5 .
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FIGURE 32.

E f f e c t  o f  daunomycin on the m e l t i n g  curve  ( Tm) 

o f  c a l f  thymus DNA.

------------ , DNA ( 1 . 0  x 10“4M ) ; ---------, DNA ( 1 . 0  x 1 0 ‘ 4M)

+ daunomycin ( 1 . 0  x 10"®m j .
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FIGURE 33.

E f f e c t  o f  daunomycin on the m e l t i n g  curve  (Tm) 

o f  c a l f  thymus DNA.

--------------- , DNA ( 1 . 0  x I 0 " 4M);  --------- , DNA ( 1 . 0  x 1 0 ' 4M)

+ daunomycin ( 1 . 0  x 10"^M) .
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B. E f f e c t s  o f  daunomycin c o n c e n t r a t i o n

a . C a l f  thymus DNA.

T ab l e  6 l i s t s  the  Tm d a t a  f o r  the dau no my c i n -c a1f  

thymus DNA complex.  These are  g i ven  a t  t h r e e  d i f f e r e n t  

i o n i c  s t r e n g t h s .  F i gur es  34 and 35 i l l u s t r a t e  some o f  the  

r e s u l t s  g r a p h i c a l l y .  F i g ur e  34 shows the Tm o f  the com­

p l ex  ( denoted  as T^,) as a f u n c t i o n  o f  T ^ / T p ,  t he  r a t i o  of  

t he  daunomycin c o n c e n t r a t i o n  to t h a t  o f  c a l f  thymus DNA 

and f i g u r e  35 is a p l o t  o f  ATm v s .  T ^ / T p .  As i n c r e a s i n g  

amounts o f  daunomycin were added ( o v e r  a t e n - f o l d  range o f  

c o n c e n t r a t i o n )  both the T^ and ATm i n c r e a s e d .

b. C l .  p e r f r i n g e n s  DNA

T a b le  7 l i s t s  the Tm d a t a  f o r  the C l .  p e r f r i n g e n s

DNA-daunomycin complex and f i g u r e s  36 and 37 are  p l o t s  o f

T^ and ATm versus T p / T p f o r  C l .  p e r f r i n g e n s  DNA. They were  

s i m i l a r  to those  o b t a in ed  when c a l f  thymus DNA was used,  

i . e .  t h e r e  was an i n c r e a s e  in both T^ and ATm w i t h  i n c r e a s i n g  

daunomycin c o n c e n t r a t i o n .  I t  should be noted t h a t  the  Tm 

f o r  f r e e  C l .  p e r f r i n g e n s  DNA was lower  than t h a t  o f  c a l f  

thymus DNA a t  comparable i o n i c  s t r e n g t h s .  Th is  could be 

a t t r i b u t e d  to  d i f f e r e n c e s  in  GC c o n t e n t .

c . M_. 1 ysodei  k t i  cus DNA

Ta b le  8 l i s t s  the  Tm d a t a  f o r  the JL, l y s o d e i  k t i c u s -

DNA-daunomycin complex and f i g u r e  38 shows the T^ and ATm

vs.  Tp/Tp p l o t s .  As w i t h  the o t h e r  DNA's t e s t e d ,  t h e r e  was 

an i n c r e a s e  in  both the  T^ and ATm as the c o n c e n t r a t i o n  o f
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TABLE 6

Tm DATA FOR CALF THYMUS DNA-DAUNOMYCIN COMPLEX

C o n c e n t r a t i o n  of  DNA = 1 . 0  x 10~4 M

DAUNOMYCIN
CONC. [DNA] / [Dm]

T
°C

m o _ 
A C

DENATURATION
% A %

RENATURATION
% A %

u = 0 . 0 0 5

NONE 0 6 5 . 3 - 38.1 - 16.7 -

1 0" 5M 10:1 8 3 . 8 1 8 . 5 44.1 6 . 0 4 6 . 8 30.1

2 . 5  x 1 0 " 5M 4:1 90.1 2 4 . 8 43 .  5 5 . 4 8 2 . 6 6 5 . 9

5 x 1 0 " 5M 2:1 9 4 . 6 2 9 . 3 4 3 . 6 5 . 5 8 9 . 0 7 2 . 3

1 0“ 4 m 1 :1 96 . 8 31 . 5 40.1 2 . 0 9 4 . 0 77 . 3

m = 0 . 0 5

NONE 0 80.1 - 3 8 . 3 - 4 6 . 8 -

1 0 “ 5m 10:1 88 .  5 8 . 4 43 .2 4 . 9 65 . 7 1 8 . 9

2 . 5  x 1 0 " 5M 4:1 91 .8 1 1 . 7 4 5 . 7 7 . 4 8 7 . 8 4 1 . 0

5 x 1 0 " 5M 2:1 9 7 . 9 1 7 . 8 37 . 5 - 0 . 8 92 . 9 46.1

i o _4 m 1 :1 T m > 100° ; not m e a s u r a b l e

v = 0 . 5

NONE 0 94 . 9 - 37 .4 - 70.1 -

i o ' 5m 10:1 9 5 . 7 0 . 8 4 2 . 4 5 . 0 7 2 . 2 2.1

2 . 5  x 10‘ 5M 4:1 9 5 . 5 0 . 6 4 0 . 0 2 . 6 8 6 . 9 16 . 8

5 x 10 “ 5M 2:1 9 8 . 9 4 . 0 35.1 - 2 . 3 95 .7 2 5 . 6

i o " 4 m 1 :1
T m > 100° ; not m e a s u r a b l e

A l l  v a l u es  a r e  averages o f  t h r e e  s e p a r a t e  runs.
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FIGURE 34.

M e l t i n g  t e m p e r a t u r e  ( T^ )  o f  the d a u n o m y c i n - c a l f  

thymus DNA complexes as a f u n c t i o n  o f  daunomycin/  

DNA r a t i o  ( T p / T p ) .  o - o - o ,  y = 0 . 0 0 5 ;  & - Q - Q ,  

y = 0 . 0 5 ;  y = 0 . 5 .
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FIGURE 35.

Change in t he  m e l . i n g  t e m p e r a t u r e  o f  (ATm) o f  

c a l f  thymus DNA due to complex f o r m a t i o n  w i t h  dauno­

mycin as a f u n c t i o n  o f  daunomycin/DNA r a t i o  ( T p / T p ) .  

o - o - o ,  y = 0 . 0 0 5 ;  y = 0 . 0 5 ;  y = 0 . 5 .
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TABLE 7

Tm DATA FOR CL. PERFRINGENS DNA- DAUNOMYCIN COMPLEX

C o n c e n t r a t i o n  o f  DNA = 1 . 0  x 10* 4 M

DAUNOMYCIN n Tm DENATURATION RENATURATION
CONC. [ DNA ] /  [ Dm ] °c A 0 C % A% % A%

M = 0 . 0 05

NONE 0 61 .0 - 30 . 5 - 1 5 . 8 -

1 0 " 5M 10:1 81 . 9 2 0 . 9 3 9 . 9 9 .4 58.  5 42 . 7

2 . 5  x 10“ 5M 4:1 90.  3 2 9 . 3 4 2 . 7 12.2 87.1 71 .3

5 x 1 0 " 5M 2:1 92 . 6 31 .6 42 .1 11.6 82.1 66 . 3

1 0 - 4 M 1 :1 9 6 . 8 3 5 . 8 3 3 . 7 3 . 2 9 2 . 0 76 . 2

y = 0 . 0 5

NONE 0 7 2 . 2 - 2 9 . 3 - 2 6 . 9 -

1 0 " 5M 10:1 83 . 9 11 . 7 3 6 . 5 7 . 2 6 7 . 6 40 . 7

2 . 5  x 1 0 ' 5M 4:1 8 8 . 8 1 6 . 6 36 . 7 7 . 4 91 . 9 6 5 . 0

5 x 1 0 " 5M 2:1 91 . 6 1 9 . 4 32.1 2 . 8 92 .2 6 5 . 3

1 0 ' 4M 1 :1 9 5 . 6 2 3 . 4 3 0 . 6 1 .3 9 0 . 8 6 3 . 9

y = 0 . 5

NONE 0 8 8 . 7 - 3U.0 - 7 3 . 2 -

1 o‘ 5m 10:1 8 8 . 4 - 0 . 3 3 2 . 0 2 . 0 8 5 . 4 12 . 2

2 . 5  x 10“ 5M 4:1 8 9 . 7 1 .0 3 2 . 3 2 . 3 92.1 1 8 . 9

5 x 1 0 " 5M 2:1 9 3 . 2 4 . 5 2 9 . 8 - 0 . 2 9 6 . 5 2 3 . 3

i o ' 4 m 1 :1 9 5 . 4 6 . 7 2 8 . 3 -1 .7 9 9 . 0 25 . 8

A l l  v a l u es  are  averages o f  t h r e e  s e p a r a t e  runs.
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FI GURE 3 6 .

M e l t i n g  t e m p e r a t u r e  (T^,) o f  the  daunomycm-Cl  . 

p e r f r i n g e n s  DNA complexes as a f u n c t i o n  of  

daunomycin/DNA r a t i o ( T D/ T p )•

0 - 0 - 0 ,  y = 0 . 0 0 5 ;  y = 0 . 0 5 ;  y = 0 . 5 .
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FIGURE 37.

Change in the m e l t i n g  t e mp e r a t u r e  (ATm) of  C_K 

p e r f r i n g e n s  DNA due to complex f o r ma t i o n  w i t h  

daunomycin as a f u n c t i o n  o f  daunomycin/DNA r a t i o

ivy.
o - o - o ,  y = 0 . 0 0 5 ;  Q -O -Q , y = 0 . 0 5 ;  v = 0 . 5 .
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TABLE 8

Tm DATA FOR M. LYSODEIKTICUS DNA-DAUNOMYCIN COMPLEX

C o n c e n t r a t i o n  o f  DNA = 1 . 0  x 10"^M

DAUNOMYCIN
CONC. [DNA] / [Dm] °C

0
A C

DENATURATION
% A %

RENATURATION
° l A%

NONE 0 7 6 . 3 2 5 . 9 57 .6

1 0 " 5M 10:1 87 . 5 11 . 2 35 .2 9 . 3 7 3 . 6 1 6 . 0

2 . 5  x 1 0 " 5M 4:1 86 .  5 10 . 2 38 . 2 1 2 . 3 71 .5 17 . 9

5 x 10 “ 5M 2:1 91 . 7 15 . 4 37.1 1 1 . 2 7 5 . 0 17 . 4

A l l  v a l ues  a r e  ave r ages  o f  two s e p a r a t e  runs .



FIGURE 38.

I
M e l t i n g  t e m p e r a t u r e  ( Tm) o f  t he  ff. l y s o d e i  k t i c u s  

DNA-daunomycin complex,  o - o - o ;  and the  change in 

m e l t i n g  t e m p e r a t u r e  (ATm) of  M_. l y s o d e i  k t i c u s  DNA 

due to complex f o r m a t i o n  w i t h  daunomycin,  6 - ^ - 0 ,  

as a f u n c t i o n  o f  daunomyci  n/DNA (T[ ) /Tp)  r a t i o .  

I o n i c  s t r e n g t h  was 0 . 0 0 5 .
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daunomycin was i n c r e a s e d .

d. Comparisons

F i gur es  39 and 40 a r e  comparisons o f  the  t h r e e

DNA's t e s t e d .  I t  is c l e a r  t h a t  M. l y s o d e i k t i c u s  DNA was

very d i f f e r e n t  f rom the o t h e r  two.  The aT va l ues  f o r  i t sm
complex w i t h  daunomycin were much lower  than those f o r  the

o t h e r  DNA's.  Both c a l f  thymus DNA and C l .  p e r f r i n g e n s  DNA
1 0reached an i d e n t i c a l  maximum Tm o f  9 6 . 8  a t  Tg/Tp = 1 . 0 .

The T^ vs.  TD/Tp curves f o r  t h es e  two DNA's were very  

much a l i k e .  I t  i s  o f  i n t e r e s t  t h a t  a l t h o u gh  M. l y s o d e i k t i c u s  

DNA had a much h i g h e r  T^ ( 7 6 . 3 °  vs.  6 5 . 3 °  f o r  c a l f  thymus 

DNA and 6 1 . 0 °  f o r  C l .  p e r f r i n g e n s  DNA) in the absence o f  

daunomycin,  a t  TQ/ T p  r a t i o s  above 0 . 2 5  t he  T^ va l ues  were 

lower than t hose  o f  the o t h e r  DNA's ( f i g u r e  3 8 ) .  This  might  

i n d i c a t e  a decreased  s t a b i l i z a t i o n  e f f e c t  by daunomycin  

when i t  formed a complex w i t h  M. l y s o d e i k t i c u s  DNA.

C . E f f e c t  o f  i o n i c  s t r e n g t h

Tab les  6 - 8  and f i g u r e s  34-37  a l s o  i n d i c a t e  the e f f e c t  

of  i o n i c  s t r e n g t h  on the  Tm on the v a r i o u s  DNA's .

a . C a l f  thymus DNA.

I n c r e a s i n g  the i o n i c  s t r e n g t h  caused an i n c r e as e

in t he  Tm v a l u e  f o r  f r e e  c a l f  thymus DNA ( f r om 6 5 . 3 °  a t

u = 0 . 0 0 5  to  9 4 . 9 °  a t  y = 0 . 5 ) .  The T '  a l s o  i n cr e as e d7 m
as a f u n c t i o n  o f  i o n i c  s t r e n g t h ,  however ,  the  ATm, which 

is a measure o f  the  i nc r ease d  s t a b i l i t y  as a r e s u l t  o f  com­

p l ex  f o r m a t i o n ,  s t e a d i l y  decreased ( t a b l e  6 ) .



FIGURE 39.

I n c r e a s e  in the  m e l t i n g  t e mp e r a t u r e  (ATm) o f  

DNA due to  complex f o r m a t i o n  w i t h  daunomycin.

E f f e c t  o f  daunomycin on DNA's of  v a r y i n g  GC c o n t e n t ,  

o - o - o ,  C l .  p e r f r i n g e n s  DNA (32% GC); O -O -Q , c a l f  

thymus DNA ( 43%) ;  • - • - § ,  l y s o d e i  k t i c u s  DNA 

( 72%) .

I o n i c  s t r e n g t h  was 0 . 0 0 5 .
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FIGURE 40.

I
M e l t i n g  t e m p er a t u re s  ( T m) o f  daunomycin-DNA 

complexes as a f u n c t i o n  o f  Tp / Tp .  E f f e c t  o f  

daunomycin on DNA's o f  v a r y i n g  GC c o n t e n t ,  

o - o - o ,  C l .  p e r f r i n g e n s  DNA (32% GC);  

c a l f  thymus DNA(43%);  M_. l y s o d e i  k t i  cus DNA

(72%) .

I o n i c  s t r e n g t h  was 0 . 0 0 5 .



152.

| o °  H

80 H

70H

0.4 1.0



The e f f e c t  o f  i o n i c  s t r e n g t h  was f u r t h e r  i l l u s t r a t e d  

in  f i g u r e  34.  At T^/Tp < 0 . 2 5  t h e r e  was a sharp i n c r e a s e  

in as a f u n c t i o n  o f  TD/ T p a t  y = 0 . 0 0 5 .  However ,  at  

y = 0 . 5 ,  the  p l o t  showed no change.  F i g u r e  35 i n d i c a t e s  

t h a t  t he  ATm was lower  f o r  h i g h e r  i o n i c  s t r e n g t h s .  For 

y = 0 . 0 0 5 ,  t he  ATm i nc r e a s e d  w i t h  i n c r e a s i n g  TD/ T p u n t i l  

a p l a t e a u  was reached a t  high T g / T p .  The same appeared  

to be t r u e  a t  y = 0 . 0 5  but  a t  t he  h i g h e s t  i o n i c  s t r e n g t h ,  

0 . 5 ,  t h e r e  was no s i g n i f i c a n t  aT^ u n t i l  the h i g h e r  I D/ T p 

was r e ac hed .

b . C l .  p e r f r i n g e n s  DNA

Tab le  7 and f i g u r e s  36 and 37 show t h a t  Cl . 

p e r f r i  ngens DNA was s i m i l a r  to c a l f  thymus DNA w i t h  r e s ­

pec t  to  the e f f e c t  o f  i o n i c  s t r e n g t h .  The T^ showed 

on l y  s l i g h t  v a r i a t i o n s  a t  y = 0 . 5  w h i l e  a t  y = 0 . 0 0  5 

t h e r e  was a sharp i n c r e a s e  in up to TD/ T p = 0 . 2 5  a f t e r  

which i t  l e v e l e d  o f f  ( f i g u r e  3 6 ) .  The shape of  t he  ATm 

vs.  Tp/Tp p l o t s  were the same a t  y = 0 . 0 0 5  and 0 . 0 5  

( a l t h o u g h  t he  ATm decreased  w i t h  i n c r e a s e d  i o n i c  s t r e n g t h )  

However ,  a t  y = 0 . 5 ,  the ATm d i d  not  i n c r e a s e  u n t i l  T^/Tp

0 . 2 5  ( f i g u r e  3 7 ) .

From f i g u r e  36 i t  appears  t h a t  t h e r e  was a s i n g l e  Tm 

v a l u e  f o r  a l l  Tp/Tp > 0 . 2 5  which d i d  not  v a ry  w i t h  i o n i c  

s t r e n g t h .  Th i s  was a s i g n i f i c a n t  d i f f e r e n c e  from c a l f  

thymus DNA. A g l ance  a t  f i g u r e  34 shows t h a t  t h i s  was 

not  t he  case w i t h  c a l f  thymus DNA in t h a t  i n c r e a s i n g
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t he  i o n i c  s t r e n g t h  a t  e q u i v a l e n t  TD/ T p  r a t i o s  r e s u l t e d  in  

an i n c r e a s e  in T^.

D. R e n a t u r a t l  on

Another  measure of  t he  daunomycin e f f e c t  was the  

e x t e n t  o f  r e n a t u r a t i o n  on slow c o o l i n g .  This  can be 

measured by f o l l o w i n g  the decrease  in absorbance when 

a DNA ( o r  DNA-daunomycin) s o l u t i o n  was s l o w l y  cooled a f t e r  

i t s  i n i t i a l  h e a t i n g .  This i s  shown in f i g u r e s  32 and 33.  

For f r e e  c a l f  thymus DNA t h e r e  was a l most  no r e n a t u r a t i o n .  

However ,  the  a d d i t i o n  o f  daunomycin may have r e s u l t e d  in  

e x t e n s i v e  r e n a t u r a t i o n  (42%) .  This b e h a v i o r  was observed  

w i t h  Cl_. p e r f  r i  ngens and M. l y s o d e i  k t i  cus DNA as w e l l .

As i n d i c a t e d  i n  t a b l e s  6 - 8 ,  when more daunomycin was 

added to  a s o l u t i o n  o f  DNA t h e r e  was g r e a t e r  r e n a t u r a t i o n ,

i . e .  t he  presence o f  daunomycin a i ded  the r e n a t u r a t i o n  

p r oce ss .  As w i t h  t he  tJ, v a l u e s ,  % r e n a t u r a t i o n  i n cr e as e d  

w i t h  i n c r e a s i n g  i o n i c  s t r e n g t h  in both the presence and 

absence o f  daunomycin,  but t he  a % r e n a t u r a t i o n  decreased  

as the  i o n i c  s t r e n g t h  was i n c r e a s e d .

I X . E q u i l i b r i u m  D i a l y s i s .

In the i n i t i a l  se t  o f  e q u i l i b r i u m  d i a l y s i s  e x p e r ­

iments t he  c o n c e n t r a t i o n  o f  daunomycin was held c o n s t a n t  

a t  2 . 5  x 10"^M and t h a t  of  t h e  n u c l e i c  ac i d  was v a r i e d  

f rom 5 x 10 - 6 M to 2 . 5  x 10- 4 M. For a l l  these  s t u d i e s  as 

r  approached z e r o ,  r / c  a l so  decreased  and thus Scatchard



p l o t s  could not  be c o n s t r u c t e d .

A second s e t  o f  d i a l y s i s  exper iment s  were per formed  

in  which the  c o n c e n t r a t i o n  o f  daunomycin was v a r i e d  from 

10'^M to  5 x 10"^M and t h a t  o f  the n u c l e i c  a c i d  was held  

c o n s t a n t  a t  10"^M. These exper iments  a l s o  f a i l e d  f o r  

the  same r e a s o n ,  namely,  as r  d ec r e a s e d ,  so d id  r / c .

As d i scussed in the methods s e c t i o n  ( p . 52) the  

dat a  from e q u i l i b r i u m  d i a l y s i s  exp er iment s  were o b t a i n e d  

by measur ing absorbances o f  the s o l u t i o n s  on e i t h e r  s i de  

o f  the  d i a l y s i s  membrane. The most l i k e l y  e x p l a n a t i o n  f o r  

the f a i l u r e  of  the  exper iment s  is  t h a t  absorbance was not  

a s e n s i t i v e  enough method o f  measurement f o r  t h i s  t ype  o f  

study and thus the margin o f  e r r o r  was too l a r g e .

I t  should be noted t h a t  Zunino,  e t  a l . ( 8 6 )  have 

r e p o r t e d  b i n d i n g  data  f o r  t he  daunomyc i n-  DNA i n t e r a c t i o n  

o b t a i n e d  on t he  bas is  o f  e q u i l i b r i u m  d i a l y s i s  s t u d i e s .  

However ,  t hey  used t r i t i a t e d  daunomycin in t h e i r  e x p e r i ­

ments which is more s e n s i t i v e  to smal l  changes in concen-  

t r a i  o n .
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DISCUSSION

I .  h f f e c t  o f  Ions on the DNA-Daunomycin Complex .

A . E f f e c t  o f  Cu'l'+

The a d d i t i o n  o f  Cu++ to a s o l u t i o n  o f  daunomycin  

r e s u l t e d  in complex f o r m a t i o n  between Cu++ and daunomycin  

( f i g u r e  9 ) .  S ince  Cu++ forms complexes w i t h  many n i t r o g e n  

c o n t a i n i n g  compounds,  e . g .  n i t r o g e n  bases,  the ami no group  

on the sugar  mo i e t y  o f  daunomycin would p r o v i d e  a l i k e l y  

b i nd i ng  s i t e  f o r  Cu+ + .

The f u r t h e r  s p e c t r a l  changes which were observed  

when DNA was added to a Cu+ + -daunomvcin complex depended  

on whether  t he  added DNA was in the n a t i v e  or  de na tu re d  

s t a t e  ( f i g u r e  9) and t h i s  d i f f e r e n c e  could be t r a c e d  to  the  

way in  which Cu++ binds to DNA. I t  has been p o i n t e d  out  

by Eichhorn ( 7 4 ,  75)  t h a t  Cu++ can i n t e r a c t  w i t h  the  

phosphate groups on DNA (as Cu++ c o n c e n t r a t i o n  was i n c r e a s e d ) ,  

a l th o ug h  the  p r e f e r r e d  b i n d i n g  s i t e s  are  the n i t r o g e n  atoms 

in the  bases.  I t  appears  t h a t  w i t h  n a t i v e  DNA t he  Cu++ 

bound to  t he  phosphate groups ( s i nce  the bases were i n v o l v e d  

in  hydrogen bonding)  which was a r a t h e r  n o n - s p e c i f i c  i n t e r ­

a c t i o n  and t h i s  r e s u l t e d  in the spectrum o f  t he  type  seen 

in f i g u r e  9,  i . e .  a decrease  in absorbance a t  a l l  w ave l engt hs  

w i t h  no d i s c e r n i b l e  peaks.  On the o t h e r  hand,  w i t h  denatu red  

DNA, the  bases were a v a i l a b l e  f o r  Cu++ b i n d i ng  and the  

s p e c t r a l  e f f e c t s  were more pronounced.
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For both the Cu++-Dm and DNA-Dm complexes,  t he  maximum 

quenching o f  f l u o r e s c e n c e  occur red  between pH 6 . 5 - 6 . 8 .

This  seemed to i n d i c a t e  t h a t  whichever  group on the  dauno­

mycin mol ecu l e  was r e s p o n s i b l e  f o r  the decrease  in f l u o r ­

escence ,  i t  was s i m i l a r l y  a f f e c t e d  by the  a d d i t i o n  o f  e i t h e r  

Cu++ or  DNA, a l t h o u g h  the quenching was g r e a t e r  w i t h  DNA. 

However ,  based on the f l u o r e s c e n c e  data  which are  shown 

in  Tab le  1,  i t  appears t h a t  a d d i t i o n  o f  both Cu+ and DNA 

t o g e t h e r  r e s u l t e d  in  an even g r e a t e r  quenching e f f e c t  

than when t h e y  were added a l o n e .  This  i n d i c a t e s  t h a t  the  

Cu++ was bound to s i t e s  on the DNA or daunomycin o t h e r  

than those i n v o l v e d  in the  DNA-Dm complex.  Th is  was a l s o  

suppor ted  by the  o b s e r v a t i o n  t h a t  Cu++ d i d  not  s p l i t  t he  

Dm-DNA complex.  C o n s i d e r a t i o n  was g i ven  to the  maximum 

quenching between pH 6 . 5 - 6 . 8 .  However,  a survey  o f  t he  

pK v a l ues  f o r  the  n u c l e i c  a c i d  bases and v a r i o u s  Cu++-amine  

complexes d i d  not  i n d i c a t e  any l i k e l y  group which could  

account  f o r  the  observed maximum.

B . E f f e c t  o f  Mg++

Mg++ induced s p e c t r a l  e f f e c t s  in the range o f  

53 0 -6 0 0  nm which were s i m i l a r  to those observed w i t h  Cu+ + . 

However ,  these  changes occ ur re d  in both the presence or  

absence o f  DNA ( f i g u r e  1 6 ) .  Th is  i n d i c a t e d  a gradual  

r e l e a s e  o f  DNA from i t s  complex w i t h  daunomycin w i t h  t he  

f o r m a t i o n  o f  a Mg+ + -Dm complex i n s t e a d .  I t  would appear  

t h a t  Mg++ had a p r e f e r r e d  b i n d i ng  w i t h  some s i t e s  on
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daunomycin,  most p o s s i b l y  the  oxygen atoms,  which r e s u l t e d  

i n  the i n a b i l i t y  o f  daunomycin to remain complexed to DNA. 

This  was suppor ted by t he  f l u o r e s c e n c e  data  ( T a b l e  1)  which  

showed t h a t  the  a d d i t i o n  o f  Mg++ to  a DNA-Dm complex r e s u l t e d  

in  enhanced f l u o r e s c e n c e ,  presumably  by r e l e a s i n g  DNA f rom 

the  complex.  However ,  the  f l u o r e s c e n c e  i n t e n s i t y  in the  

presence o f  DNA was l o w e r  than in i t s  absence and so t h e r e  

was s t i l l  some degree o f  DNA b i n d i n g .  This was e v i d e n t  

even below pH 5 . 8  a t  which Mg++ d i d  not  a f f e c t  the  v i s i b l e  

spectrum of  the DNA-Dm complex.

C. Comparison o f  the Cu**  and Mg++ e f f e c t s .

Al though both Cu++ and Mg++ induced s i m i l a r  s p e c t r a l  

e f f e c t s  t h e r e  were some i m p o r t a n t  d i f f e r e n c e s  w i t h  r egar d  

to  c o n c e n t r a t i o n ,  pH, and the  s t a t e  o f  the  DNA ( i . e . ,  n a t i v e  

or  d e n a t u r e d ) .  The c o n c e n t r a t i o n  necessary  to e l i c i t  t hese  

s p e c t r a l  changes was t h r e e  o r de r s  o f  magni tude g r e a t e r  

f o r  Mg++ than f o r  Cu++ (0 .1M vs .  1 x 10_4M).  The pH a t  

which the s p e c t r a l  changes took p l ace  was d i f f e r e n t ,  o c c u r r i n g  

a t  pH 7 . 8  w i t h  Mg++ but  a t  pH 5 . 2  w i t h  Cu+ + . At  pH 5 . 2 ,

Mg++ e x h i b i t e d  no e f f e c t  a t  a l l  on the DNA-Dm spectrum and 

i t  was assummed, t h e r e f o r e ,  t h a t  no b i nd i ng  occur red  a t  

t h i s  pH. Mg++ showed these  changes in the  presence o f  

both n a t i v e  or  d en a t u r e d  DNA. Cu+ + , on the o t h e r  hand,  

e x h i b i t e d  i t s  e f f e c t  o n l y  when denatu red  DNA was used.  In  

a d d i t i o n ,  Mg++ caused the  r e l e a s e  o f  DNA from i t s  complex  

w i t h  daunomycin u n l i k e  Cu++ which a l lowed  the DNA to remain
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complexed t o  daunomycin and formed what  could be termed  

a t e r n a r y  complex.

L) . B ind ing  s i t e s f o r  Cu++ and Mg**

I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  both Mg++ and Cu++ were  

bound to daunomycin and DNA but  the b i n d i n g  occur red  a t  

d i f f e r e n t  s i t e s .  Mg++ could be bound to the  oxygen o f  the  

keto or  hydroxyl  groups in  the chromophore whereas Cu++ 

would most l i k e l y  be bound to t h e  amino group on the sugar  

m o i e t y .  Mg++ b i nd i ng  w i t h  the  chromophore would make 

i n t e r c a l a t i o n  w i t h  DNA s t e r i c a l l y  u n l i k e l y  because o f  

the  e x t r a  b u l k i n e s s  of  the  p l a n a r  chromophore.  Wi th Cu+ + , 

however ,  t h e  b i n d i n g  which would occur  a t  the  sugar  r e s i ­

due would not  exc lud e  i n t e r c a l a t i o n  a l t h o u gh  i t  might  

r e s u l t  in reduced b i nd i ng  to DNA. Mg++ not  o n l y  caused a 

dec re ase  in  f l u o r e s c e n c e  i n t e n s i t y  f o r  daunomycin but  a l s o  

r e s u l t e d  i n  an a l t e r e d  emiss ion spectrum ( f i g u r e 2 U ) .  Cu++ 

did not  cause such a change.  S i nce  the  chromophore p o r t i o n  

of  daunomycin i s  what  g i ves  r i s e  to t he  f l u o r e s c e n c e  spect rum,  

t h i s  f u r n i s h e s  a d d i t i o n a l  ev i den ce  f o r  Mg++ b i n d i n g  to the  

chromophore as opposed to  Cu++ b i n d i n g  to the  sugar  m o i e t y .

Th i s  p o i n t s  t o  the dual  e f f e c t s  t h a t  ions seem to i n ­

duce on t he  DNA-Dm i n t e r a c t i o n .  They can bind to  e i t h e r  

the  DNA or  daunomycin,  or  both .  Depending on t he  b i nd i ng  

p r e f e r e n c e  o f  the i o n ,  t h i s  can r e s u l t  in a l t e r a t i o n  o f  t he  

complex or  i t s  s p l i t t i n g .  Below pH 5 . 8 ,  even though Mg++ 

can no l o n g e r  bind to daunomycin i t  can s t i l l  be bound to
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the  phosphate groups on DNA. I f ,  as suggested by C a l e n d i ,  

e t  a 1 . ( 1 9 ) ,  daunomycin does indeed bind to phosphate in 

addit ion to b i n d i ng  by i n t e r c a l a t i o n ,  t h e r e  would be 

c o m p e t i t i o n  between Mg++ and daunomycin f o r  these  phosphate  

s i t e s  and t h i s  would r e s u l t  in reduced b i n d i n g  o f  daunomcyin  

to DNA.

I t  i s  o f  i n t e r e s t  to note  t h a t  Cu++ showed a p r e f e r e n c e  

f o r  the  den atu red  DNA-Dm complex as opposed to the n a t i v e  DNA 

complex.  Th is  was s i m i l a r  to  t h a t  which was found w i t h  

t he  ac t i nomyc i n- DNA complex ( 8 3 ) .  However ,  w i t h  a c t i n o -  

mycin-DNA,  the  a d d i t i o n  o f  Cu++ caused a r e t u r n  o f  the  

spectrum to t h a t  o f  f r e e  a c t i n o m y c i n  whereas w i t h  Dm-DNA,

Cu++ indueed a d d i t i o n a l  s p e c t r a l  changes.  S i m i l a r  s p e c t r a l  

e f f e c t s  were found f o r  Ag+ and Hg++ ( 8 4 ) ,  both of  whicn  

bind to the  DNA bases ( 6 5 ) .  The a d d i t i o n  o f  Ag+ r e s u l t e d  

in  the  r e l e a s e  o f  e i t h e r  a c t i n o m y c i n  or  daunomycin from 

t h e i r  complexes w i t h  DNA. Hg+ + , however ,  caused t h e  r e ­

l e a s e  o f  a c t i no m y c i n  but  had no e f f e c t  on the  daunomycin  

complex.  Rusconi  ( 8 4 )  took t h i s  as ev i dence  f o r  d i f f e r e n t  

b i n d i n g  s i t e s  on DNA f o r  a c t i n o m y c i n  and daunomycin.  The 

r e s u l t s  p r ese nt ed  here f o r  Cu+ + , in c o n j u n c t i o n  w i t h  the  

s t u d i e s  on a c t i n o m y c i n  ( 8 3 ) ,  tend to s u b s t a n t i a t e  t h i s  

c o n c l u s i o n .  I f  both daunomycin and a c t i no m c y i n  bind to 

DNA by i n t e r c a l a t i o n ,  as i n d i c a t e d  by v a r i o u s  s t u d i e s  ( 5 0 ,

63 ,  86 )  Hg++ and Cu++ should have a f f e c t e d  t h e i r  complexes  

w i t h  DNA s i m i l a r l y .  In as much as t h i s  was not  t he  case ,  

i t  would i n d i c a t e  t h a t  in a d d i t i o n  to the  i n s e r t i o n  of  the
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the  p l a n a r  p o r t i o n  o f  these  a n t i b i o t i c s  between the base 

p a i r s ,  o t h e r  p o r t i o n s  o f  the mol ecu l e  were a l s o  i n v o l v e d  

in  b i n d i n g  to t he  DNA and t h a t  t h i s  a d d i t i o n a l  b i n d i n g  was 

e s s e n t i a l  f o r  t he  complex.  In the  a c t i n o m y c i n  m o l e c u l e ,  

the  p e p t i d e  l a c t o n e s  were undoubted l y  i n v o l v e d  and;  the  

e s s e n t i a l  group in  daunomycin was the amino group on the  

sugar  r e s i d u e .

11. B i nd i ng  o f  N u c l e i c  Acid Un i t s  and P o l y n u c l e o t i d e s  

to  Daunomycin.

No b i n d i n g  to daunomycin was observed f o r  n u c l e i c  

ac i d  bases,  n u c l e o s i d e s ,  and n u c l e o t i d e s .  There  have 

been p r ev i o u s  r e p o r t s  t h a t  daunomycin bound to  p u r i n e  mono­

n u c l e o t i d e s  ( 1 9 ,  8 5 ) .  In t h i s  s t u d y ,  no such i n t e r a c t i o n  

was found.  In the  work by C a l e n d i ,  e t  a l .  ( 1 9 )  the  molar  

r a t i o  o f  p u r i n e  to  daunomycin was a p p r o x i m a t e l y  4 0 0 : 1 .  Th is  

undoubt ed l y  accounts  f o r  t he  d i s p a r i t y  in r e s u l t s .

I t  should be noted t h a t  pur ines  e x h i b i t  ex t e n s i v e  

s e l f - a s s o c i a t i o n  in aqueous s o l v e n t s  and t h i s  was shown 

to occur  in  the  form o f  v e r t i c a l  s t a c k i n g  ( 9 6 ) .  At  the  

high c o n c e n t r a t i o n s  o f  p ur i nes  employed in t he  p r ev i ou s  

s t u d i e s  i t  i s  l i k e l y  t h a t  daunomycin b i n d i n g  was o c c u r r i n g  

to  v e r t i c a l l y  s t ack ed  p u r i n e s  r a t h e r  than to i n d i v i d u a l  

p u r i n e  m o n o n u c l e o t i d e s .  In t h i s  sense,  t he  b i n d i n g  observed  

here to p o l y n u c l e o t i d e s  can be s i m i l a r  t o  t h a t  found w i t h  

high c o n c e n t r a t i o n s  o f  mononuc l eo t i des .

G r e a t e r  quenching o f  f l u o r e s c e n c e  was observed w i t h
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t he  p u r i n e  p o l y n u c l e o t i d e s  than w i t h  the p y r i m i d i n e  p o l y ­

n u c l e o t i d e s  and t h i s  may a l so  be due to more e x t e n s i v e  

s t a c k i n g  i n t e r a c t i o n s  f o r  p u r i n es  as opposed to p y r i m i d i n e s .  

Thi s  can r e s u l t  in more s t a b l e  s t r u c t u r e s  f o r  daunomycin  

i n t e r c a l a t i o n  and thus r e s u l t  in g r e a t e r  quenchi ng .  One 

would expect  t he  i n t r i n s i c  a s s o c i a t i o n  c on s ta n ts  f o r  the  

b i n d i n g  o f  the v a r i o u s  p o l y n u c l e o t i d e s  to r e f l e e t  t h i s  

d i f f e r e n c e  between p u r i n e s  and p y r i m i d i n e s  but  t hey  d i d  n o t .

111 S p e c t r o p h o t o m e t r i c  T i t r a t i o n s .

A . P o ly n u c le o t i d e - d a u no m yc  in i n t e r a c t  i o n .

The va l ues  f o r  the a s s o c i a t i o n  c o n s t a n t s  ( k )  f o r  

t he  v a r i o u s  p o l y n u c l e o t i d e s  i n d i c a t e d  t h a t  t h e r e  was no 

base p r e f e r e n c e  f o r  t he  p o l y n u c l e o t i d e - d a u n o m y c i n  i n t e r a c t i o n  

s i n c e  a l l  the k v a l ues  were comparable  ( T a b l e  4 ) .  In a d d i ­

t i o n ,  these  v a l ues  d i d  not  v a r y  w i t h  changes in i o n i c  s t r e n g t h .  

The one e x c e p t i o n  to t h i s  was poly  I .  S a rk a r  and Yang ( 9 9 )  

found t h a t ,  a t  low i o n i c  s t r e n g t h ,  Poly I had v e r y  l i t t l e  

o r g a n i z e d  s t r u c t u r e .  On the o t h e r  hand,  a t  e l e v a t e d  i o n i c  

s t r e n g t h s ,  Rich ( 1 0 0 )  demonst ra t ed  t h a t  t h i s  p o l y n u c l e o t i d e  

forms a unique t r i p l e - s t r a n d e d  m o l ecu l e .  These s t u d i e s  

i n d i c a t e d  t h a t  t h e r e  was a gradual  o r g a n i z a t i o n  o f  s t r u c t u r e  

as the  i o n i c  s t r e n g t h  was i n c r e a s e d .  I t  appears  t h a t  a t  

t he  low i o n i c  s t r e n g t h  po l y  I  e x h i b i t e d  a lower  l e v e l  o f  

b i n d i n g  because of  l a c k  o f  o r g a n i z e d  s t r u c t u r e  but  as t he  

i o n i c  s t r e n g t h  was i n c r e a s e d  the  secondary s t r u c t u r e  formed  

and so s t r o n g e r  b i n d i n g  was a b l e  t o  occur .  When t he  t r i p l e -
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s t randed  h e l i x  was formed a t  p = 0 . 5 ,  however ,  b i n d i n g  

d i s ap p ea r ed  because i t  was s t e r i c a l l y  i m p o s s i b l e  f o r  dauno­

mycin to i n t e r c a l a t e  i n t o  such a s t r u c t u r e .  War ing ( 4 7 )  

observed s i m i l a r  b e h a v i o r  f o r  the b i nd i ng  o f  e t h i d i u m  b r o ­

mide to poly  I and Lerman ( 2 5 )  was unable  to  d e t e c t  any 

b i n d i n g  between 9 - a m i n o a c r i d i n e  and po l y  A-2  poly  U which  

was a l s o  a t r i p i e - s t r a n d e d  s t r u c t u r e .

B. DNA-daunomycin i n t e r a c t i o n

An i n t e r c a l a t i v e  mode o f  b i nd i ng  was i n d i c a t e d  

by the  b i n d i n g  i sot herms and b i n d i n g  p a r a m e t e r s ,  k and n,  

c a l c u l a t e d  f o r  the daunomycin-DNA i n t e r a c t i o n .  The e x i s t e n c e  

o f  two d i s t i n c t  b i n d i ng  processes ( f i g u r e  23 and 2 4 ) ,  one 

a t  low v a l ues  of  c and a no t h e r  a t  h igh v a l ue s  o f  c ,  was 

s i m i l a r  to what  has been found w i t h  the a c r i d i n e  dyes ( 3 0 ) .

I t  would appear  t h a t  a q u a l i t a t i v e  o b s e r v a t i o n  may be 

made based on the s l opes  f o r  the  second b i n d i n g  process a t  

high v a l ues  o f  c.  F i r s t l y ,  f o r  n a t i v e  DNA, as the i o n i c  

s t r e n g t h  was i n cr e a se d  t h i s  p o r t i o n  of  the i so t her m d e ­

c r e a s e d ,  p o i n t i n g  to  a decreased  c o n t r i b u t i o n  by e l e c t r o s t a t i c  

b i n d i n g  a t  the  h i g h e r  i o n i c  s t r e n g t h ;  t h i s  was to be e xp e c t e d .  

Se cond l y ,  t h e  secondary b i n d i n g  was a much more promi nent  

f e a t u r e  o f  t he  den at ure d  DNA i so t her ms  ( f i g u r e  24)  i n d i c a t i n g  

a g r e a t e r  i mp or tance  f o r  e l e c t r o s t a t i c  b i n d i n g  f o r  t he  complex  

o f  den at ure d  DNA w i t h  daunomycin.  Th is  is not  meant  to m i n i ­

mize the  s i g n i f i c a n c e  o f  such b i n d i n g  f o r  the  n a t i v e  DNA 

complex.  The decrease  in the  a s s o c i a t i o n  c o n s t a n t  f o r  n a t i v e
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UNA ( t a b l e  4 ) ,  when the i o n i c  s t r e n g t h  was i n c r e a s e d ,  i n d i ­

ca t ed  t h a t  e l e c t r o s t a t i c  f o r c e s  d i d  indeed p l a y  a r o l e  in 

the  b i nd i ng  o f  n a t i v e  DNA t o  daunomycin.

There were more b i nd i ng  s i t e s  a v a i l a b l e  f o r  daunomycin  

b i n d i ng  in i t s  i n t e r a c t i o n  w i t h  den at ure d  DNA than w i th  

n a t i v e  DNA as i n d i c a t e d  by t h e i r  r e s p e c t i v e  n va lues  ( t a b l e

4 ) .  This  was in agreement  w i t h  o t h e r  s t u d i e s  on the a c r i d i n e -  

DNA i n t e r a c t i o n  ( 2 6 , 2 7 ) .  Drummond, e t  a l .  ( 2 6 )  a t t r i b u t e d  

t h i s  i n c r e a s e  to the  r e l a t i v e  l ac k  o f  s t e r i c  h i ndrance  in 

den at ur ed  DNA, which is  a more open s t r u c t u r e .  This  would 

remove some o f  the  geomet r ic  c o n s t r a i n t s  imposed by a double  

h e l i c a l  s t r u c t u r e  but  the l ack  of  such a s t r u c t u r e  would not  

pr e c l u d e  b i n d i n g  by i n t e r c a l a t i o n .  The dec re ase  in the number  

of  b i n d i n g  s i t e s  which was observed f o r  both n a t i v e  and de ­

na t ur e d  DNA as the i o n i c  s t r e n g t h  was i n c r e a s e d  could a l s o  be 

the  r e s u l t  o f  a more open s t r u c t u r e ,  s i n c e ,  a t  low i o n i c  

s t r e n g t h ,  t h e r e  i s  g r e a t e r  r e p u l s i o n  between the phosphate  

g r o u p s .

C. Compari  son o f  t he  DNA and p o l y n u c l e o t i d e  compl exes .

The Scatchard  p l o t s  f o r  both DNA and the p o l y n u c l e o ­

t i d e s  were convex to the x - a x i s  i n d i c a t i n g  t he  e x i s t e n c e  o f  

heterogeneous b i nd i ng  s i t e s .  I t  would be expected t h a t  a t  

high i o n i c  s t r e n g t h ,  e l e c t r o s t a t i c  b i nd i ng  should be e f f e c t ­

i v e l y  a bo l i s h e d  l eav ing homogeneous b i n d i n g  s i t e s .  For  

the  p o l y n u c l e o t i d e s ,  where o n l y  one b i n d i n g  process
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was i n d i c a t e d ,  the  Scatchard  p l o t s  should t h e r e f o r e  have 

y i e l d e d  a s t r a i g h t  l i n e .  Peacocke noted s i m i l a r  r e s u l t s  

in  h is  s t u d i e s  w i t h  a c r i d i n e s  ( 3 0 ) .  He a t t r i b u t e d  t h i s  

i n h e r e n t  h e t e r o g e n e i t y  to a cont inuous  change in k as more 

dye became bound as a r e s u l t  o f  a l t e r a t i o n s  in the  s t r u c t u r e  

o f  the  n u c l e i c  a c i d .  A s i m i l a r  process may be t a k i n g  p l ace  

in t h i s  s t u d y .

Another  d i f f e r e n c e  between DNA and the r i b o p o l y n u c l e o -  

t i d e s  was in the number o f  s i t e s  a v a i l a b l e  f o r  daunomycin  

b i n d i n g .  There  were more s i t e s  a v a i l a b l e  in the  p o l y ­

n u c l e o t i d e s  and,  in f a c t , n  exceeded the  maximum a l l o w a b l e  

v a l u e  f o r  an i n t e r c a l a t i o n  process.  The i n s e r t i o n  o f  one 

daunomycin mol ecu l e  between two base p a i r s  should exc lude  

b i n d i n g  a t  the  a d j a c e n t  base p a i r s  due to t he  d i s t o r t i o n  

o f  the  h e l i x  which occurs w i t h  i n t e r c a l a t i o n .  Co ns eq u en t ly ,  

on l y  one m ol ecu l e  can i n t e r c a l a t e  f o r  eve r y  two base p a i r s  

and the  maximum n v a l ue  should be 0 . 2 5 .  LePecq and P a o l e t t i  

( 5 3 )  c a l c u l a t e d  t h a t  i n t e r c a l a t i o n  should occur  o n l y  once 

in  eve ry  f o u r  base p a i r s .  Thus,  the high n v a l ues  ach ieved  

w i t h  the p o l y n u c l e o t i d e s  suggested t h a t  a l a r g e  degree  of  

the  b i n d i n g  was a r e s u l t  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  f o r  

which t h e r e  i s  e s s e n t i a l l y  no l i m i t .  ( I t  has o f t e n  been 

assumed t h a t  the  l i m i t  f o r  t h i s  type o f  b i nd i ng  i s  1 . 0 ,  but  

i f  a g g r e g a t i o n  of  dye mol ecu l es  can occur  on the DNA mol e­

c u l e ,  which is  e s s e n t i a l l y  a su r face  phenomenon, t h i s  v a l ue  

can be h i g h e r .  Peacocke and S k e r r e t t  ( 2 3 )  r e p o r t e d  va lues
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g r e a t e r  than 1.0  w i t h  p r o f l a v i n e ) .  Th is  was v e r i f i e d  

by the  l a r g e  decrease  in n which occur red  when the  i o n i c  

s t r e n g t h  was r a i s e d .  There  were fewer  s i t e s  a t  t h e  h i gher  

i o n i c  s t r e n g t h s  because o f  the e x c l u s i o n  o f  many o f  the 

e l e c t r o s t a t i c  i n t e r a c t i o n s  in t h i s  e n v i r o nm en t .  In f a c t ,  

a t  p = 0 . 0 5  and 0 . 5 ,  the n v a l ues  were lower  f o r  t h e  r i b o -  

p o l y n u c l e o t i d e s  t han  f o r  DNA. Th i s  showed t he  g r e a t e r  

r e l a t i v e  i mpor tance  f o r  t h e  i n t e r c a l a t i o n  process f o r  DNA 

v i s  a v i s  t he  p o l y n u c l e o t i d e s .

The secondary s t r u c t u r e  of  the  n u c l e i c  a c i d  was,  

t h e r e f o r e ,  o f  p r i ma ry  i mpor tance  and governed the  t ype  and 

e x t e n t  o f  i n t e r a c t i o n  daunomycin had w i t h  the DNA or  

p o l y n u c l e o t i d e .  Th i s  was f u r t h e r  i l l u s t r a t e d  by the  f a c t  

t h a t  the a s s o c i a t i o n  c o n s t a n t  f o r  n a t i v e  DNA was s i g n i f i c a n t l y  

h i g h e r  a t  p = 0 . 0 0 5  than those o f  e i t h e r  denatured  DNA or  

the p o l y r i b o n u c l e o t i d e s .  This  demonst ra ted  t h a t  a d o u b l e ­

h e l i c a l  s t r u c t u r e  was necessary  f o r  t ype  I b i nd i ng  and 

t h a t  s i n g l e  s t randed s t r u c t u r e s ,  a l th o ug h  t hey  can e x h i b i t  

t ype  I b i n d i n g ,  w i l l  have d i m i n i s h e d  i n t e r a c t i o n .  Zun ino ,  

e t  a l . ( 8 6 )  reached the same c o n c l u s i o n  based on s i m i l a r  d a t a  

f o r  the  DNA-Dm i n t e r a c t i o n .

I V .  S p e c t r o f 1 u o r i m e t r i c  T i t r a t i o n s .

A. B i nd i ng  o f  r i b o -  v s .  d e o x y - r i b o p o l y m e r  duplexes  

to daunomyci n .

The impor tance o f  the sugar  r e s i d u e  o f  t he  n u c l e i c  

ac i d  f o r  t he  i n t e r a c t i o n  w i t h  daunomycin was e v a l u a t e d  by
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comparing poly  r A - p o l y  r l l ,  po l y  dA -po ly  dT,  and po l y  r A - p o l y  

dT.  I t  should be noted t h a t  except  f o r  a 5 -methy l  group,  

u r a c i l  and thymine are  s t r u c t u r a l l y  s i m i l a r  and so any 

d i f f e r e n c e s  amongst these compounds should be due to the  

d i f f e r e n c e s  in t h e i r  sugar  m o i e t i e s .  In a study o f  the  

r e l a t i v e  s t a b i l i t i e s  o f  d e o x y r i b o -  vs.  r i b o -  homopolymer-  

d up l e x e s ,  Chamber la in  ( 1 0 3 )  found t h a t  the  hybr i d  duplexes  

had Tm v a l ues  i n t e r m e d i a t e  between those f o r  the r i b o p o l y m e r  

and the d e o x y r i b o p o l y m e r . However ,  the a s s o c i a t i o n  con­

s t a n t s  f o r  poly r A - p o l y  dT were lower  than those f o r  the  

o t h e r  two.  The f i n d i n g  here  then was r a t h e r  s u r p r i s i n g .  

Perhaps,  even though the h y b r i d  mo l ecu l es  s t r u c t u r e  is 

s t a b l e  i t  may be somewhat a l t e r e d  owing to the d i f f e r e n c e s  

between t he  sugar r e s i d u e s  in  t he  two s t r a n d s .  Th i s  could  

account  f o r  a weaker  i n t e r a c t i o n .  There were more b i n d i n g  

s i t e s  a v a i l a b l e  w i t h  po l y  r A - p o l y  dT and t h i s  could i n d i c a t e  

a more open s t r u c t u r e  as was the case w i t h  denatu red  DNA. 

Denatured DNA a l s o  e x h i b i t e d  a weaker  b i nd i ng  r e l a t i v e  to  

n a t i v e  DNA but p r o v i d ed  more s i t e s  f o r  daunomycin b i n d i n g .

Poly r A - p o l y  rU and p o l y  d A- p o l y  dT were ve r y  s i m i l a r  

to  each o t h e r  a t  y = 0 . 0 5 .  However ,  a t  y = 0 . 0 0 5 ,  the  

r ibohomopolymer  p a i r  had a k v a l u e  t w i ce  t h a t  f o r  po ly  dA-  

po l y  dT. C h a m b e r l a i n ' s  s t udy  f o u nd ,  based on Tm v a l u e s ,  t h a t  

i n  a l l  cases RNA homopolymer p a i r s  were more s t a b l e  than the  

c or r es pond i ng  DNA homopolymer p a i r s .  Schmechel and C ro t h e r s  

( 4 4 )  found t h a t  p o l y  r A - p o l y  rU had an a s s o c i a t i o n  c o n s t a n t
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s i m i l a r  to t h a t  f o r  DNA in i t s  i n t e r a c t i o n  w i t h  p r o f l a v i n e .

My s t u d i e s  i n d i c a t e  t h a t  po l y  r A - p o l y  rU has a very  s t a b l e  

s t r u c t u r e  and under  many c o n d i t i o n s  w i l l  be more s t a b l e  

than t he  c o r r e s pond i ng  DNA homopolymer d up l e x .  I t  should  

be noted t h a t  a t  e l e v a t e d  i o n i c  s t r e n g t h  the dup lex  can 

add a n o t h e r  s t r a nd  o f  po l y  U and become a t r i p l e  s t r anded  

s t r u c t u r e  and t h e r e f o r e  u n d e s i r a b l e  f o r  purposes o f  com­

p a r i s o n  ( 1 0 4 ) .  For t h i s  r e as on ,  a l l  e x p e r im e n t s  w i t h  

pol y  r A - p o l y  rU were per formed a t  p s 0 . 0 5 .

B. Base p r e f e r e n c e  f o r  the b i nd i ng  o f  p o l y n u c l e o ­

t i d e s  to daunomycin.

Of t hose  s y n t h e t i c  double s t r anded  p o l y n u c l e o t i d e s  

which were s t u d i e d ,  po l y  dG-po ly  dC had the h i g h e s t  a s s o c i a t i o n  

c o n s t a n t .  Po ly  dG-po ly  dC has a very  s t a b l e  d o u b l e - h e l i c a l  

s t r u c t u r e ,  c l o s e l y  r es e mb l in g  t h a t  o f  n a t i v e  DNA. I t  has 

an e x c e p t i o n a l l y  high Tm even a t  low i o n i c  s t r e n g t h s ( 1 0 1 )  a t  

u = 1 x 10"3 Tm = 9 0 ° ) .  Since  poly  dG- po l y  dC has such a 

s t a b l e  s t r u c t u r e ,  i t  was not  s u r p r i s i n g  t h a t  daunomycin  

formed i t s  s t r o n g e s t  complexes w i t h  t h i s  compound as com­

pared to o t h e r  double  s t randed  p o l y n u c l e o t i d e s  s t u d i e d  ( t a b l e

5 ) .  The n v a l ue s  f o r  t h i s  p o l y n u c l e o t i d e  dup lex  showed m i n i ­

mal v a r i a t i o n  w i t h  i o n i c  s t r e n g t h  and t h i s  aga in  might  be 

a t t r i b u t e d  to  i t s  h i g h l y  s t a b l e  s t r u c t u r e ,  even a t  low 

i o n i c  s t r e n g t h .

The o b s e r v a t i o n  t h a t  po l y  dG-poly  dC had c o n s i s t e n t l y  

h i g h e r  k v a l ues  than those o f  the p o l y n u c l e o t i d e  dup lexes  

c o n s i s t i n g  o f  AT base p a i r s  could be i n t e r p r e t e d  as a p r e -



169.

er ence  f o r  GC base p a i r s  as the daunomycin b i n d i n g  s i t e s .

I t  seems much more r e a s o n a b l e ,  however ,  to a t t r i b u t e  the  

i n c r e as e d  b i nd i ng  s t r e n g t h  o f  po l y  dG-po ly  dC to i t s  

v e r y  s t a b l e  secondary s t r u c t u r e ,  a s t r u c t u r e  v e ry  s i m i l a r  

to  t h a t  o f  n a t i v e  DNA. Po ly  („dA-dT) • po ly  (dA- dT)  a l so  

possesses D N A- l i k e  s t r u c t u r e  ( 1 0 2 )  and indeed was found to  

have an a s s o c i a t i o n  c o n s t a n t  comparable  to t h a t  f o r  po ly  

dG- po l y  dC, a t  p = 0 . 0 5 .  I t , h o w e v e r ,  was more s e n s i t i v e  

to changes in i o n i c  s t r e n g t h  and in t h i s  sense was d i f f e r ­

en t  f rom poly  dG-po ly  dC.

C. C r i t e r i a  f o r  f o r m a t i o n  o f  t ype  I c ompl ex .

Both the  s p e c t r o p h o t o m e t r i c  and s p e c t r o f 1u o r i m e t r i c  

t i t r a t i o n  s t u d i e s  i n d i c a t e d  t h a t ,  r a t h e r  than a base p r e ­

f e r e n c e  or  s e l e c t i v i t y  f o r  a p a r t i c u l a r  sugar  mo i e t y  ( r i b o s e  

vs.  d e o x y r i b o s e ) ,  the ma j or  c r i t e r i o n  in d e t e r m i n i n g  the  

t y p e  and e x t e n t  o f  b i n d i n g  o f  daunomycin to a n u c l e i c  ac id  

was t he  secondary s t r u c t u r e  of  the l a t t e r .  Throughout  these  

s t u d i e s ,  those n u c l e i c  a c i d s  w i t h  the most s t a b l e  secondary  

s t r u c t u r e s  showed the g r e a t e s t  i n t e r a c t i o n  w i t h  daunomycin.

Th i s  was c o n s i s t e n t  w i t h  an i n t e r c a l a t i o n  model which r e q u i r e s  

a s t a b l e  double  s t r anded  h e l i c a l  s t r u c t u r e  f o r  maximum b i n d i n g .

The b i nd i ng  data  o b t a i n e d  by s p e c t r o f 1u o r i m e t r i c  t i t r a ­

t i o n  could not  be compared to those  o b t a i n e d  by absorbance .

The dye c o n c e n t r a t i o n  used in the  f l u o r e s c e n c e  s t u d i e s  was 

1 x 1 0 " 6M as compared to  2 . 5  x 1 0 “ ^M in the absorbance  

e x p e r i m e n t s .  As a r e s u l t ,  the v a l u es  f o r  c ,  c o n c e n t r a t i o n
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of  f r e e  dye,  were much lower  w i t h  the  fo r mer  which of  

n e c e s s i t y  changed the e x t e n t  o f  the  i n t e r a c t i o n .  At  the  

low va l ues  o f  c o b t a i n e d  by t h i s  method,  t h e r e  should be 

v e r y  l i t t l e ,  i f  any,  t ype  I I  i n t e r a c t i o n  between daunomycin 

and t he  n u c l e i c  a c i d .  The Sc a t char d  p l o t s  and some o f  

the  b i nd i ng  i sot herms ( f i g u r e s  28 and 2 9 ) ,  however ,  d id  

i n d i c a t e  two d i s t i n c t  b i n d i n g  p r oce sses .  This  tended to 

v e r i f y  the  p o i n t  made e a r l i e r  about  the  v a l ue  f o r  the ass oc ­

i a t i o n  c on s t a n t  v a r y i n g  as more daunomycin became bound 

thus r e s u l t i n g  in  an i n h e r e n t  h e t e r o g e n e i t y .

V . Tm S t u d i e s .

A. B i pha s i c  m e l t i n g  p r o f i l e s .

F i gur es  32 and 33 show t he  Tm p l o t s  f o r  t he  c a l f

thymus-DNA-Dm complexes a t  T q/ T p = 0.1 and Tg/Tp = 1 . 0 ,

r e s p e c t i v e l y .  Two c h a r a c t e r i s t i c s  o f  these  curves should

be not ed .  At  Tg/Tp > 0 . 5  ( f i g u r e  3 3 ) ,  a b i p h a s i c  c h a r a c t e r

to the Tm curves was obs er ved .  DNA a l one  a t  a l l  i o n i c

s t r e n g t h s  showed n e a r l y  no change in absorbance u n t i l

the  Tm t r a n s i t i o n  was r ea c he d .  In a d d i t i o n ,  the  w i d t h

o f  t he  T t r a n s i t i o n ,  i . e .  the  number o f  degrees over  m
which the  t r a n s i t i o n  o c c u r r e d ,  was ve r y  broad a t  low 

T g / T p ,  o c c u r r i n g  over  a range o f  ^ 3 5 ° ,  whereas the  t r a n s i ­

t i o n  a t  the h i g h e r  Tg/Tp r a t i o  took p l ace  in % 8 ° .  The 

i n c r e a s e  in absorbance f o r  t he  DNA-Dm complex could be 

i n t e r p r e t e d  as an i n i t i a l  d e s t a b i l i z a t i o n  o f  the  DNA h e l i x  

a t  p r e - m e l t i n g  t e m p e r a t u r e s  but  the o v e r a l l  e f f e c t  o f  the
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b i n d i n g  was s t i l l  s t a b i l i z a t i o n  as ev i denced by an i n c r e a s e
I

in  Tm a t  these  h i g h e r  r a t i o s .  K l e i r iw ac h t e r  and co - wo r ke r s  

( 3 8 )  found a s i m i l a r  be h av i or  w i t h  a c r i d i n e  orange and p r o f l a v ­

i n e  a t  high v a l ues  o f  r .  They e x p l a i n e d  t h i s  as being due 

to a decrease  in r  in the p r e - m e l t i n g  range which r e s u l t e d  

in  a r e l e a s e  o f  t he  more weakly  bound dye.  A s i m i l a r  process  

was p r o ba b ly  o c c u r r i n g  in  these  s t u d i e s .

K l e i n w a c h t e r  e t  a l . ( 3 8 )  a l so  noted a d i f f e r e n c e  in  

the sharpness o f  the  h e l i x - c o i l  t r a n s i t i o n  a t  low and high  

v a l ue s  o f  r .  Th i s  appeared to be a r e s u l t  o f  h e t e r o g e n e i t y  

between the v a r i o u s  base p a i r s  in the  DNA a t  low r  v a l u e s .

In t h i s  range o n l y  a few dye mol ecu l es  a r e  i n t e r c a l a t e d  

and those  base p a i r s  a d j a c e n t  to i n t e r a c a l a t e d  dye mo l ecu l es  

would be more s t a b l e  than those which w e r e n ' t .  Thus the  

m e l t i n g  would occur  over  a wide range o f  t e m p e r a t u r e .  How­

e v e r ,  a t  h igh T0/ T p , when DNA is  s a t u r a t e d  w i t h  dye ,  the  

h et e r oge ne i ty  would d i s a p p e a r  and,  in f a c t ,  the base p a i r s  

would be more s i m i l a r  to each o t h e r  than t hey  would be in 

f r e e  DNA s i nce  the  b i n d i n g  o f  dye mi n i mi zes  the  s t a b i l i t y  

d i f f e r e n c e s  between AT and GC base p a i r s .

B. R e n a t u r a t i  o n .

Another  p r o p e r t y  o f  the daunomycin-DNA i n t e r a c t i o n  

was the a p p a r e n t  i n c r e a s e  in the e x t e n t  o f  r e n a t u r a t i o n  on slow 

c o o l i n g  as t he  c o n c e n t r a t i o n  of  daunomycin in the complex  

was i nc r e a s e d  ( t a b l e s  6 - 8 ) .  The two s t r a nd s  o f  DNA had 

an i nc r e a s e d  p r o b a b i l i t y  o f  r e j o i n i n g  p r o p e r l y  because



1 72 .

the daunomycin was ho l d i ng  them in p r o x i m i t y  to each o t h e r .  

Al though d e n a t u r a t i o n , un wi n d i n g ,  and s t ra nd  s e p a r a t i o n ,  

did t ake  p l ace  in the presence of  daunomycin,  i t  i s  l i k e l y  

t h a t  a t  those  p o i n t s  a long t he  DNA m o l ecu l e  where daunomycin  

was bound complete  s e p a r a t i o n  did not  occ ur .  The h e l i x  thus  

had a g r e a t e r  o p p o r t u n i t y  to r e f o r m .

C. S t a b i l i z a t i o n  due to AT base c o n t e n t .

I t  should be noted here t h a t  t h e r e  was a d i f f e r e n c e  

in t he  r e n a t u r a t i o n  b e n a v i o r  between the DNA's o f  v a r y i n g  

GC c o n t e n t .  A comparison o f  the % r e n a t u r a t i o n  v a l ues  in 

the presence o f  daunomycin a t  e q u i v a l e n t  Tp/Tp r a t i o s  and 

i o n i c  s t r e n g t h  showed t h a t  the  v a l ues  were h i gher  f o r  

c a l f  thymus DNA ( t a b l e  6) than f o r  M. l y s od e i  k t i  cus DNA 

( t a b l e  8 ) .  The va l ues  f o r  C l .  p e r f r i n g e n s  DNA were even 

h i g h e r  ( t a b l e  7 ) .  Th is  was e s p e c i a l l y  t r u e  a t  low T q/ T p 

r a t i o s .  Th i s  i n d i c a t e d  t h a t  daunomycin a ided the r e n a t u r ­

a t i o n  of  C l .  p e r f r i n g e n s  DNA to a g r e a t e r  e x t e n t  than the  

o t h e r s  and t h i s  was even more s t r i k i n g  in view o f  the  

f a c t  t h a t  t h i s  DNA had l es s  o f  a tendency to r e n a t u r e  than  

the o t h e r  DNA's when in the f r e e  s t a t e .  The p a t t e r n  toward  

i n c r ease d  r e n a t u r a t i o n  f o l l o w s  the r e l a t i v e  AT c o n t e n t  o f  

the  DNA's,  i . e .  M. l y s o d e i k t i c u s  DNA (28%) > c a l f  thymus 

DNA (57%)> C l .  p e r f r i n g e n s  DNA (68%) .  Th is  could i n d i c a t e  

t h a t  in t he  b i nd i ng  o f  daunomycin to  DNA t h e r e  was a p r e ­

f e r e n c e  f o r  AT p a i r s .  Since a DNA w i t h  more AT s i t e s  would 

have a g r e a t e r  amount o f  daunomycin bound,  i t  f o l l o w s  t h a t
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t h e r e  would be a g r e a t e r  degree o f  r e n a t u r a t i o n .  This  

would be the s i t u a t i o n  p a r t i c u l a r l y  a t  low Tp/Tp r a t i o s  

where t he  DNA was not  y e t  s a t u r a t e d  w i t h  daunomycin and i t  

was bound p r e f e r e n t i a l l y  to those s i t e s  f o r  which i t  had 

the g r e a t e s t  a f f i n i t y .

A f u r t h e r  comparison on the  bas is  o f  AT c o n t e n t  was 

shown i n  f i g u r e s  39 and 40 .  The p l o t  o f  ATm vs .  Tp/Tp is  

h y p e r b o l i c  f o r  the t h r e e  DNA's as is  t h a t  f o r  T^ vs .  Tp / Tp .  

The ATm va l ues  were h i g he r  f o r  C K  p e r f r i n g e n s  DNA than 

the o t h e r s ,  t h e  t r e n d  be ing v e ry  s i m i l a r  to t h a t  d e s c r i b e d  

above w i t h  r e n a t u r a t i o n .  As the  %AT in a DNA d e c re a se d ,  

the ATm and t h e  i n i t i a l  s l ope  o f  the p l o t  both decreased  

and t h i s  aga in  i m p l i e d  a g r e a t e r  s t a b i l i z a t i o n  e f f e c t  f o r  

a DNA w i t h  a h i g h e r  AT base c o n t e n t .  However,  f i g u r e  40 

i n d i c a t e s  t h a t  t h i s  was not  the  case.  At  Tp/Tp > 0 . 2 5
I

the Tm va l ues  f o r  C l .  p e r f r i n g e n s  DNA and c a l f  thymus 

DNA were a lmost  i d e n t i c a l .  This  i n d i c a t e d  t h a t  a t  e q u i v a ­

l e n t  daunomycin c o n c e n t r a t i o n s  the  h e l i x  s t a b i l i t y  was the  

same in  both DNA's.  I t  thus seemed p o s s i b l e  t h a t  i nc r e a s e d  

s t a b i l i z a t i o n ,  as m a n i f e s t e d  by a h i ghe r  ATm, f o r  C l .  p e r ­

f r i n g e n s  DNA was the  r e s u l t  o f  l owe r  s t a b i l i t y  o f  the f r e e  

DNA ( s i n c e  C l .  p e r f r i  ngens DNA has a lower  %GC i t  i s  l e s s  

s t a b l e  as a t t e s t e d  to by i t s  lower  Tm in the f r e e  s t a t e ) .

A g r e a t e r  ATm may n o t ,  t h e r e f o r e ,  r e f l e c t  an i nc r e a s e d  

a f f i n i t y  f o r  AT base p a i r s .  A s i m i l a r  e x p l a n a t i o n  could  

be proposed f o r  the r e n a t u r a t i o n  phenomenon as w e l l .
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D. E f f e c t  o f  i r , ; . i c  s t r e n g t h  on and ATm.

Another  f e a t u r e  common to both DNA's was the  i n c r e a s e

in and a dec re ase  in ATm when the i o n i c  s t r e n g t h  was r a i s e d .

At p = 0 . 5  and Tp/Tp < 0 . 2 5 ,  the ATm f o r  both c a l f  thymus and

Cl .  p e r f r i n g e n s  DNA was e s s e n t i a l l y  z e r o .  Chambron,  e t  a l .

( 3 6 )  s t u d i e d  t he  e f f e c t  o f  i o n i c  s t r e n g t h  on the Tm o f  the

p r o f  1avine-DNA complex.  They measured the d i f f e r e n c e  between

the t e m p e r a t u r e  a t  which p r o f l a v i n e  was d i s s o c i a t e d  f rom the

complex and t he  T o f  f r e e  DNA. This  v a l ue  was e s s e n t i a l l ym
a ATm. The r e s u l t s  found in t h i s  study were in agreement  

w i t h  Chambron e t  a l . ;  a t  h igh i o n i c  s t r e n g t h  (> 0 . 5 )  ATm = 0.

At  f i r s t  g l a n c e ,  one i s  tempted to conclude t h a t  a t  h i g he r  

i o n i c  s t r e n g t h s  the complex was l ess  s t a b l e  and,  t h e r e f o r e ,

The ATm d e c re a se d .  The i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t s  f o r  

DNA did  indeed dec re ase  as the i o n i c  s t r e n g t h  was i n c r e a s e d .  

However ,  Chambron,  e t  a l .  ( 3 6 )  have po i n t ed  out  t h a t  a good 

deal  o f  t he  s t a b i l i z a t i o n  due to p r o f l a v i n e  b i n d i n g  was the  

r e s u l t  o f  an e l e c t r o s t a t i c  e f f e c t .  I f  t h i s  were indeed the  

case ,  then i t  i s  easy to see how an i n c r e a s e  in i o n i c  s t r e n g t h  

can r e s u l t  in d e s t a b i l i z a t i o n .  I t  is c l e a r ,  however ,  t h a t ,  

i f  a n y t h i n g ,  i n c r e a s i n g  i o n i c  s t r e n g t h  should s t a b i l i z e  the  

h e l i x ,  as ev i denced by a h i g h e r  Tm f o r  f r e e  DNA a t  e l e v a t e d  

i o n i c  s t r e n g t h .  Based on t h i s ,  an o th e r  p o s s i b l e  e x p l a n a t i o n  

i s  t h a t  s i nce  f r e e  DNA was a l r e a d y  more s t a b l e  a t  the  h i gher  

i o n i c  s t r e n g t h  the  e x t r a  s t a b i l i t y  to be ga ined by daunomycin  

b i n d i n g  was not  so g r e a t .
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In  l i n e  w i t h  t h i s ,  a g l ance  a t  the va l ues  f o r  

C l . p e r f r i n g e n s  DNA-Dm complexes a t  a l l  i o n i c  s t r e n g t h s  

i s  i n f o r m a t i v e  ( t a b l e  7 ) .  Al though t he  ATm decreased w i th  

i n c r e a s i n g  i o n i c  s t r e n g t h ,  t he  Tm v a l u e s ,  a t  c o n s t a n t  Tg/Tp  

r a t i o s ,  ( T 0/ T p > 0 . 2 )  were e s s e n t i a l l y  the same a t  a l l  i o n i c  

s t r e n g t h s  ( f i g u r e  3 6 ) .  Th is  i n d i c a t e d  t h a t  t h e r e  was a 

maximum s t a b i l i t y  which cou ld  be a t t a i n e d  and t h i s  was not  

dependent  on i o n i c  s t r e n g t h .  Thus,  t h e r e  was no decrease  

i n  the s t a b i l i t y  o f  the  complex a t  e l e v a t e d  i o n i c  s t r e n g t h s .  

Th i s  b eh a v i o r  was not  found w i t h  c a l f  thymus DNA ( t a b l e  6 

and f i g u r e  3 4 ) .  Th is  i n d i c a t e d  t h a t ,  f o r  c a l f  thymus DNA, 

s t a b i l i t y  cou ld  be enhanced even a t  h i gher  i o n i c  s t r e n g t h s  

and t h i s  might  be a f u n c t i o n  of  the  base c o n t e n t  o f  t he  DNA 

( c a l f  thymus DNA having a h i g he r  %GC). Th is  would mean t h a t  

t h e  ATm decrease  was indeed an i n d i c a t i o n  o f  a decrease  in 

s t a b i l i t y  o f  the  complex.  On the o t h e r  hand,  the v a l ue s  f o r  

T̂ , a t  t he  h i g h e r  i o n i c  s t r e n g t h s  were above 100°  f o r  Tg/Tp  

> 0 . 5 .  and i t  is p o s s i b l e  t h a t  t h e r e  was a maximum T^ a t  the  

h i g h e r  i o n i c  s t r e n g t h s  which were not  measurable  by the t e c h ­

niques used.  U n f o r t u n a t e l y ,  the  exper iment s  w i t h  M.

1y s o d e i k t i c u s  DNA were l i m i t e d  to low i o n i c  s t r e n g t h  and 

thus t he  p o s s i b i l i t y  o f  GC dependence could not  be c l e a r l y  

a s c e r t a i n e d .

E. Tm s t a b i l i z a t i o n  i s  r e s u l t  o f  i n t e r c a l a t i o n .

The Tm o f  a DNA s o l u t i o n  i n c r e a s e d  as more dauno­

mycin was added but e v e n t u a l l y  reached a p l a t e a u .  For c a l f
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thymus DNA a t  p = 0 . 0 0 5  and p = 0 . 0 5 ,  the  p l a t e a u s  in 

the  vs.  T^/Tp p l o t s  ( f i g u r e  34)  occ ur re d  a t  an r  v a l u e  

c o r r e spond i ng  to 0 . 4 2  and 0 . 3 ,  r e s p e c t i v e l y .  Th is  was 

the  same as the  n v a l ues  o b t a i n e d  by s p e c t r a l  t i t r a t i o n s .

This  n v a l u e  i s  the  maximum number o f  b i n d i n g  s i t e s  f o r  type  

I ,  or  i n t e r c a l a t i v e ,  b i n d i n g .  A s i m i l a r  c o r r e l a t i o n  can 

be made f o r  Cl_. p e r f r i n g e n s  DNA ( f i g u r e  36)  a t  p = 0.0U5  

and w i t h  less c e r t a i n t y  a t  p = 0 . 0 5 ,  the  n va l ues  in t h i s  

case being 0 . 2 4  and 0 . 1 ,  r e s p e c t i v e l y .  The cor respondence  

between the r  f rom Tm da t a  and the r  f rom s p e c t r a l  t i t r a ­

t i o n s  i n d i c a t e d  t h a t  the  s t a b i 1 i z a t i o n  induced by dauno­

myci n ,  as ev i denced by the i n c r e a s e  in Tm, was due m a i n ly  

to b i n d i n g  by i n t e r c a l a t i o n  s i nce  the  s t a b i l i z a t i o n  l e v e l e d  

o f f  a t  t he  p o i n t  a t  which type  I b i n d i n g  s i t e s  had become 

s a t u r a t e d .  The same b e h a v i o r  was noted f o r  a c r i d i n e  dyes 

and a s i m i l a r  e x p l a n a t i o n  was proposed by Jordan ( 3 9 ) .

Thus,  much o f  the Tm r e s u l t s  p r es e n t e d  here  are  in 

accord w i t h  an i n t e r c a l a t i v e  mode o f  b i n d i n g  f o r  daunomycin 

to DNA. S i m i l a r  c o n c l u s i o n s  were drawn by v a r i o u s  workers  

con cer n i ng  the b i n d i n g  o f  a c r i d i n e  dyes to  DNA, based on 

m e l t i n g  s t u d i e s  ( 3 6 , 3 7 , 3 8 ) .  Tubbs,  and co - wo r ke r s  ( 4 2 ) ,  

on t he  bas is  o f  f l u o r e s c e n c e  s t u d i e s ,  concluded t h a t  t h e r e  

was a p r e f e r e n c e  f o r  AT base p a i r s  in the  b i nd i ng  o f  a c r i -  

f l a v i n e  w i t h  DNA a l t h o u gh  t h i s  was m o d i f i e d  s ub se que nt ly  ( 9 7 ) .  

Gersh and Jordan ( 9 8 )  c a l c u l a t e d  t h a t  an i n t e r c a l a t e d  p r o ­

f l a v i n e  should have a g r e a t e r  s t a b i l i z a t i o n  e f f e c t  on AT
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p a i r s  r e l a t i v e  to  GC p a i r s .  I t  i s  c l e a r  f rom the many 

i n v e s t i g a t i o n s  d e s c r i b e d  in the i n t r o d u c t i o n  t h a t  the  

b i nd i ng  o f  a c r i d i n e  dyes occurs by means o f  i n t e r c a l a t i o n .

I f  the same is true f o r  daunomycin,  as appeared to be the  

case based on the p r e s e n t  s t u d i e s ,  then i t  i s  not s u r p r i s i n g  

to f i n d  s i m i l a r  b eh a v i o r  f o r  daunomycin and a c r i d i n e s  in 

terms o f  base p r e f e r e n c e .  I ndeed ,  the  r e s u l t s  o b t a i n e d  

by K 1 e i n w a c h t e r , e t  a l .  ( 3 8 )  w i t h  p r o f l a v i n e  and a c r i d i n e  

orange were a lmost  i d e n t i c a l  to those pr esented  here f o r  

daunomycin.  They p o i n t  o u t ,  however ,  t h a t  in a scheme f o r  

i n t e r c a l a t i o n  the b i n d i n g  o f  dye to  DNA proceeds in a random 

manner and thus the  p r o b a b i l i t y  f o r  i n t e r c a l a t i o n  i n t o  s i t e s  

a d j a c e n t  to e i t h e r  GC or  AT base p a i r s  should be e q u a l .  

T h e r e f o r e ,  t h e r e  should not  be any p r e f e r e n c e  f o r  AT p a i r s .  

Once random i n t e r c a l a t i o n  has o c c u r r e d ,  however ,  i t  i s  

l i k e l y  t h a t  AT p a i r s  ga i n  more s t a b i l i z a t i o n  from t h i s  

process than do GC p a i r s .
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