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ABSTRACT 

The mo lecu la r events in c e l l s exposed to mutagenic and 

oncogenic q u i n o l i n e N-ox ides were examined by a n a l y z i n g 

s i n g l e - s t r a n d breakage of DNA. 

Secondary c u l t u r e s of embryonic Syr ian -hamste r c e l l s and a 

l i n e of BHK-21 c e l l s were used. The cho ice of n i t r o q u i n o I ine 

N-ox ides a f fo rded a s e r i e s of w a t e r - s o l u b l e chemica ls w i th th ree 

r e l a t i v e degrees of o n c o g e n i c i t y : h i gh l y oncogenic 4 - n i t r o q u i n o I ine 

1-oxide (4NQ0), weakly oncogenic 3 -me thy I -4 -n i t r oqu ino I ine 1-oxide 

(3-methyI-4NQ0), and the non-oncogenic 3 - n i t r o q u i n o I ine 1-oxide 

(3NQ0) and 8 - n i t r o q u i n o I ine 1-oxide (8NQ0). The d e t e c t i o n of 

s u b t l e a l t e r a t i o n s " in DNA sed imenta t ion v e l o c i t y was g r e a t l y 

improved by a d o u b l e - l a b e l p rocedure . C e l l s t r ea ted f o r 2 

hours wi th the v a r i o u s n i t r o q u i n o I ine N-ox ide compounds were 

14 

p r e l a b e l l e d wi th 0.05 uCi /ml C- thymid ine f o r 24 hours . Un

t r ea ted con t ro l c e l l s were l a b e l l e d wi th 0.25 uCi /ml ^H- thymid ine 

f o r 24 hours . A l i q u o t s of q u i n o l i n e N-ox ide t r e a t e d and unt reated 

c e l l s were mixed, layered on the a l k a l i n e sucrose g r a d i e n t , c e n -
14 

t r i f u g e d a t 25,000 rpm f o r 300 minu tes , and the amount of C 

( t rea ted ) and ^H(unt reated) r a d i o a c t i v i t y in each f r a c t i o n of 

the g r a d i e n t was determined. 

The a l k a l i n e sucrose g rad ien t techn ique was mod i f ied in the 

f o l l o w i n g ways: (1) a PBS c e l l suspens ion was layered d i r e c t l y 

onto a 2% sucrose s o l u t i o n o v e r l a y , on the g r a d i e n t , to reduce 

DNA-shear ing f o r c e s b e l i e v e d p r e v i o u s l y encountered w i th a 

0.5M NaOH o v e r l a y , (2) c e l l l y s i s and c e n t r i f u g a t i o n were 

c a r r i e d out a t 4° r a t h e r than room tempera ture , and (3) the 



i i 

number of c e l l s layered per g rad ien t was reduced to 12,000. 

A c o r r e l a t i o n between the degree of o n c o g e n i c i t y of n i t r o -

q u i n o l i n e N-ox ides and t h e i r c a p a c i t y to induce DNA s i n g l e - s t r a n d 

breakage was i n d i c a t e d , a l though l i m i t e d because of the low s e n s i 

t i v i t y of the sucrose g rad ien t t echn ique . S i n g l e - s t r a n d breaks of 

DNA occur red when c e l I s were t r ea ted f o r 2 hours w i th 5x10 4NQ0 

but were not d e t e c t a b l e when exposed to 4NQ0 a t a 1x10 concen t ra 

t i o n o r l e s s . However, when c e l l s were t r e a t e d wi th the weakly on 

cogen ic 3-methyI-4NQ0 (5x10 6M) or the non-oncogenic 3NQ0 and 8NQ0 

(5x10 M) the re were e i t h e r no. s i n g I e - s t r a n d breaks produced or the 

f requency was too smal l t o be r e c o g n i z e d . 

The r e p a i r of s i n g l e - s t r a n d breaks was measured by sampl ing 

4NQ0-exposed c e l l s a f t e r v a r i o u s per iods pos t - t rea tmen t and e s t i 

mating the amount'of ^ C ( t r e a t e d ) - D N A ( in percent of t o t a l 

counts) over and above the amount of "^ (un t rea ted) -DNA ( i n percent 

of t o t a l 3 H counts) o c c u r r i n g in the top ha l f of each g r a d i e n t . 
14 

S u b s t a n t i a l r e p a i r a t 24 hours was i nd i ca ted by less than 4% C-DNA 

above 3H-DNA as opposed to 29% 1 4 C-DNA above 3H-DNA a t 0 hours 

pos t - t rea tmen t i n c u b a t i o n . 

C a f f e i n e ( 1 , 3 , 7 - t r i m e t h y I x a n t h i n e ) , added a t a concen t ra t i on of 

4x10 3 M to c e l l c u l t u r e s , g r e a t l y reduced DNA s i n g l e - s t r a n d breaks 

induced by 4NQ0 (4x10~ 6 M). 

Attempts were made to c o r r e l a t e the c a p a c i t y of s y n t h e t i c 

q u i n o l i n e N-ox ides to induce DNA s i n g l e - s t r a n d breaks w i th t h e i r 

c a p a c i t y to invoke c h a r g e - t r a n s f e r complexes w i th one or more DNA 

n u c l e o t i d e s , and so t h i s study suggests approaches by which b i o l o g i c a l 

phenomena can be i n t e r p r e t e d , u l t i m a t e l y , in terms of r e l a t i v e 

e l e c t r o n charge d e n s i t i e s of mo lecu les . 
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INTRODUCTI ON 

The tremendous surge of research in mo lecu la r b i o l ogy 

f o r the past decade has not on ly prov ided some c o n c l u s i v e 

b iochemica l mechanisms f o r the mutat ion of l i v i n g c e l l s , but 

a l s o provoked eIegant t h e o r e t i c a l at tempts to e l u c i d a t e the 

25 52 64 69 

broad concept of mutat ion ' ' ' . B r i e f l y , the con ten t i on 

i s t ha t mutat ions a re changes in the h e r e d i t a r y m a t e r i a l ; and by 

convent ion inc lude a l t e r a t i o n s in chromosome number and s t r u c t u r e 
64 

as welI as 'gene o r po i n t mutat ions . Perhaps the most s i g n i f i 

cant aspec t of mutat ion r e s e a r c h , a t p resen t , i s the need to 

understand n e o p l a s t i c t r ans fo rma t i on of g e n e t i c a l l y complex 

mammalian c e l l s in o rder t o seek a s o l u t i o n to the problem of 

cance r . 

Recent in v i t r o c y t o l o g i c s t u d i e s have demonstrated muta- . 

genes is of c u l t u r e d mammalian c e l l s on exposure to X - r a d i a t i o n 
2 19 

(and u l t r a v i o l e t l i g h t ) ' and, a l s o , unscheduled D N A s y n t h e s i s 
o c c u r r i n g in mammalian c e l l s a f t e r la rge doses of X - r a y s ( i n -

6 7 47 49 

d i c a t i v e of D N A r e p a i r ' ' ' ). Fur thermore, b iochemica l 

techn iques have been used to show t ha t p o l y n u c l e o t i d e cha in breaks 

in the D N A of mammalian c e l l s can be induced by i o n i z i n g r a d i 

a t i o n and i n t r a c e l l u l a r r e j o i n i n g of such s i n g l e s t rand breaks 
34 

takes p lace dur ing incuba t ion a f t e r i r r a d i a t i o n in the same 
20 39 

manner as in microorganisms ' . It i s common knowledge tha t 

the photon energ ies of X - r a y s are a t l e a s t 6.25 ev which i s 

we l l above the chemical ( cova len t ) bond ene rg ies in the D N A 



molecu le . A l l in a l l , i t can t h e r e f o r e be proposed t h a t upon 

h igh-energy i r r a d i a t i o n of a mammalian c e l l , the DNA is in 

f a c t a t a r g e t throughout which random photon- induced bond 

c leavages can occur which r e s u l t in a c e r t a i n amount of both 

57 

s i n g l e and double s t rand breaks . Th i s DNA damage can then 

be r e p a i r e d o r lead to any of c o u n t l e s s phenotyp ic c e l l a l -
I 9 

t e r a t i o n s , i n c l u d i n g c e l l death and n e o p l a s t i c t r ans fo rma t i on 

S i m i l a r l y , c y t o l o g i c s t u d i e s have shown t ha t exposure to 

chemica ls has r e s u l t e d in mutagenesis of c u l t u r e d mammalian c e l l s 
51 

and unscheduled DNA s y n t h e s i s a f t e r exposure to mustard gas 

and methyl m e t h a n e s u I f o n a t e ' ' . B iochemica l t e c h n i q u e s , as in the 

c l a s s i c work of Brookes and L a w l e y 3 ^ , have c l a r i f i e d the mode of 

a c t i o n of such a l k y l a t i n g agents in ' showing t ha t DNA is again a 

t a r g e t , the a l k y l a t i o n of which causes s i n g l e and double s t rand 

b r e a k s 3 ^ 3^". A g a i n , i m p l i c a t i o n of DNA damage in mutagenesis i s 

ev iden t in t ha t s u b - l e t h a l DNA breaks may be i r r e p a i r a b l e and 

hence lead to permanent DNA compos i t i ona l o r s te reochemica l 

a l t e r a t i o n s ? 3 . 

The fo rego ing examples have b r i e f l y i l l u s t r a t e d the obv ious 

n e c e s s i t y of b iochemica l s t u d i e s when d e a l i n g wi th a complex and 

v a r i e d mutagenic phenomenon l i k e n e o p l a s t i c t r ans fo rma t i on wh ich , 

u l t i m a t e l y , has i t s o r i g i n s a t the mo lecu la r l e v e l . 

The mutagenic and oncogenic s y n t h e t i c q u i n o l i n e N-ox ides 

have been f i rmIy e s t a b I i s h e d among the a r ray of known carc inogens 
* The term carc inogen w i l l be used to mean any chemical which 

induces any form of neop las i a (not on ly carc inomas as the term 

c o r r e c t l y i m p l i e s ) . 



s i n c e the 1957 repo r t of the potent c a r c i n o g e n i c a c t i o n of 

44 
4 - n i t r o q u i n o I ine l - o x i d e (4NQ0) by Nakahara and co-workers 

Laboratory s t u d i e s wi th 4NQ0 (F igu re I) and i t s d e r i v a t i v e s have 

been f a c i l i t a t e d by two chemical p r o p e r t i e s of the compound. 

F i gu re I. 4 - N i t r o q u i n o I ine l - o x i d e (4NQ0) 

F i r s t , the p a r t i c u l a r h e t e r o c y c I i c s t r u c t u r e of the q u i n o l i n e s 

i s r e l a t i v e l y easy to s y n t h e s i z e by e s t a b l i s h e d r e a c t i o n s e -

24 

quences and so a wide v a r i e t y of s t r u c t u r a l analogs are r e a d 

i l y a v a i l a b l e . Second, and most impor tant , because of the h igh l y 
24 

p o l a r N-ox ide f u n c t i o n a l i t y , these compounds are a l l w a t e r - s o l u b l e ' , 

and consequen t l y , t h e i r easy a p p l i c a t i o n to t i s s u e c u l t u r e systems 

f a c i l i t a t e s rap id and r e p r o d u c i b l e c y t o l o g i c and b iochemica l 

s t u d i e s of the r o l e of these compounds in mutagenes is . 

In the past fou r teen y e a r s , a v e r i t a b l e a rsena l of b i o 

l o g i c a l a c t i v i t i e s of 4NQ0 has been c o l l e c t e d . Not on l y do these 
43 I 5 

r epo r t s i l l u s t r a t e the a b i l i t y of 4NQ0 to be oncogenic in v i v o ' 
45 54 27 41 and to t rans fo rm c e l l s in v i t r o ' , but a l s o to induce mutat ions ' 

t o i n a c t i v a t e phages' .^, to des t roy the t rans fo rm ing a c t i o n of D N A ^ ' ^ 3 , 
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68 
to e l i c i t chromosome a b e r r a t i o n s , to induce m i t o t i c i r r e g u -

40 53 l a r i t i e s , and to have c a r c i n o s t a t i c a c t i v i t y . DNA has been 

shown to be the t a r g e t of 4NQ0 in mammal ian c e l I s in v i t r o by the 

I 4 
study of Horikawa and co-workers . The techn ique of a l k a l i n e 

39 

sucrose dens i t y g rad ien t c e n t r i f u g a t i o n of mammalian DNA was 

used to show a decrease in sed imenta t ion v e l o c i t y of E h r l i c h a s c i t e s 

tumor c e l l DNA upon exposure to v a r i o u s c o n c e n t r a t i o n s of 4NQ0 

and 4-hydroxyaminoquino I ine 1-oxide (4HAQ0, a reduc t i on p r o 

duct of 4NQ0 thought to be a more potent c a r c i n o g e n " ^ ' ' ^ ) . 

Moreover, an inc rease in sed imenta t ion v e l o c i t y of the mammalian 

DNA occu r red upon incuba t ion f o r v a r i o u s pe r iods a f t e r 4NQ0 o r 

4HAQ0 t rea tment . In a d d i t i o n , unscheduled DNA s y n t h e s i s o c c u r -
I 4 

red a f t e r 4NQ0 or 4HAQ0 t reatment . It was t h e r e f o r e suggested 

t h a t 4NQ0 and 4HAQ0 cause s i n g l e s t rand breaks in E h r l i c h a s c i t e s 

tumor ce I I DNA _i_n_ v i t r o and these ce I I s a re capab I e of repa i r i ng 

t h a t damage'^. 

However, the mode of a c t i o n of 4NQ0 and i t s r e l a t e d com

pounds remained a mystery . The i nduc t i on of s i n g l e s t rand breaks 

in i s o l a t e d DNA has been shown to occur w i th 4HAQ0 wh i l e 4NQ0 o r 

4-aminoquino I ine 1-oxide (4AQ0, the noncarc inogen ic reduc t i on 

product of 4HAQ0) does not induce such a change in D N A ^ . Th i s 

b iochemica l ev idence was con fus ing as both 4HAQ0 and 4N00 cou ld 

cause DNA breaks in v i t r o , w i th 4NQ0 being more a c t i v e than 

14 
4HA00 . 

In our l a b o r a t o r i e s , 4NQ0 and i t s d e r i v a t i v e s were e x t e n -
58 59 

s i v e l y used f o r c y t o l o g i c s t u d i e s of mammalian DNA r e p a i r ' , 

w i th repeated demonst ra t ions o f • t h e cor re I a t ion between the 



degree of o n c o g e n i c i t y of the v a r i o u s d e r i v a t i v e s and t h e i r 

59 

c a p a c i t y t o evoke unscheduled DNA r e p a i r s y n t h e s i s . Second ly , 

p r o j e c t s were under way to show p o s s i b l e c o r r e l a t i o n s between 

chromosomal a b e r r a t i o n s and o n c o g e n i c i t y of 4NQ0 and i t s d e r i 

v a t i v e s . T h i r d l y , p r o j e c t s were being c a r r i e d out t o demonstrate 

mutagenesis of mammalian c e l l s a t the po in t mutat ion l e v e l , upon 

exposure to 4NQ0 and i t s d e r i v a t i v e s . In o rder t o accumulate 

f u r t h e r in fo rmat ion regard ing the k i n e t i c s of 4NQ0-induced DNA 

r e p a i r , and to pursue the i n t r i c a c i e s of the a s s o c i a t i o n be t 

ween the degree of mutagenesis ( n e o p l a s t i c t r ans fo rma t i on ) of 

mammalian c e l l s and DNA r e p a i r s y n t h e s i s , , i t became necessary 

to work a t the mo lecu la r l e v e l . T h e r e f o r e , i t was decided to 

employ the techn ique of a l k a l i n e sucrose d e n s i t y g r a d i e n t 

a n a l y s i s of mammalian D N A 3 ^ ' 3 ^ w i th a l l p o s s i b l e re f inements 
I 4 39 

of the e x i s t i n g sucrose g r a d i e n t techn ique ' . In t h i s 

way, c a r e f u l a n a l y s i s of the sed imenta t ion v e l o c i t y of mammalian 

DNA a f t e r exposure to 4NQ0 and i t s d e r i v a t i v e s , might c a s t 

some l i g h t on the p u z z l i n g mechanism by which these q u i n o l i n e 

N-ox ide compounds a l t e r the DNA, and thereby induce the 

mutagenic phenomenon of n e o p l a s t i c t r a n s f o r m a t i o n . 



MATERIALS AND METHODS 

CeI I c u I t u r e s 

Sy r ian -hamste r embryos were c u l t i v a t e d as c e l l monolayers 

in Le igh ton tubes (wi thout c o v e r s l i p s ) in E a g l e ' s minimal 

e s s e n t i a l medium (MEM), supplemented wi th 10$ f e t a l - c a l f serum 

and \% a n t i b i o t i c ( p e n i c i l l i n , s t r e p t o m y c i n ) . The c u l t u r e s were 

incubated a t 37° and on ly the f i r s t passage was used in these 

exper imen ts . BHK-21 (c lone 13) c e l l s , an e s t a b l i s h e d l i n e of 

Sy r ian -hamste r c e l I s " ^ , were ob ta ined from Flow L a b o r a t o r i e s , 

Mary land , and c u l t i v a t e d in the same manner. S t e r i l e techn ique 

was used a t a l I t imes up to the stage of sample h a r v e s t i n g . 

Rad ioac t i ve - I abe I i n c o r p o r a t i o n 

I n i t i a l l y , c u l t u r e s c o n t a i n i n g l a b e l l e d DNA were prepared 
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in a s i m i l a r manner to t h a t of S t i c h and San in t ha t c u l t u r e s 

were incubated wi th 3 H-deoxy thymid ine ( 3 H-TdR, 17.9 Ci /mmole; 

Schwarz B i o r e s e a r c h ) , a t a f i n a l c o n c e n t r a t i o n of 10 u C i / m l , 

f o r 2 hours fo l l owed by a 4 hour i ncuba t ion in f r e s h MEM 

wi thout 3 H-TdR u n t i l a 2 hour ca rc inogen t reatment ( t o t a l 

c h a s e * : 6 hou rs ) . 

Both the c o n c e n t r a t i o n of 3 H-TdR and the pu lse t ime were 

subsequent ly mod i f ied as f o l l o w s : 4 uCi /ml f o r 2 hours and 3 

hours ; I uCi /ml f o r 2 hours and 3 hours ; and , 0.25 uCi /ml f o r 

* The term ' c h a s e ' r e f e r s to the t ime a l l o t t e d f o r i ncuba t ion 
of c e l l s , in normal MEM, a f t e r exposure to a r a d i o - i s o t o p e 
in o rde r to a l l ow r a d i o a c t i v e nuc leos ide to i nco rpo ra te as 
un i fo rm ly as p o s s i b l e in to newly syn thes i zed DNA. 



24-30 hours , 36 hours , and 48-60 hours . With the longer pu lse 

t imes the 3 H-TdR s o l u t i o n (0.25 uC i /m l ) was changed every 6 hour 

f o r the d u r a t i o n , and the chase t ime was reduced to 2-4 hours . 

The p r e f e r r e d l a b e l l i n g t ime was somewhat dependent on the du 

r a t i o n of the p a r t i c u l a r c e l l growth c y c l e . 

I 4 
C u l t u r e s c o n t a i n i n g C - l a b e l led DNA were prepared by i n -

14 14 cuba t ing the c u l t u r e s wi th C-deoxythymid ine ( C-TdR, 

57 mCi/mmole; Amersham/SearIe Co rp . ) a t a f i n a l c o n c e n t r a t i o n 
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of 0.05 uCi /ml f o r the f o l l o w i n g pu lse t i m e s : 24-30 hours 

(BHK-21 c e l l s ) and 36 hours (pr imary hamster embryo c e l l s ) . 

The chase t ime was main ta ined a t 2-4 hours . 

Chemical t reatment 

Four q u i n o l i n e N-ox ide compounds, 4 - n i t r o q u i n o I ine l - o x i d e , 

3 - n i t r o q u i n o I ine l - o x i d e , 8 - n i t r o q u i n o I ine l - o x i d e , and 3-methyI 

4 - n i t r o q u i n o I ine l - o x i d e , were used. A l l compounds, w i th the 

excep t i on of 4 - n i t r o q u i n o I ine l - o x i d e ( D a i i c h i Pure Chemica ls 

Co. L t d . , Tokyo) , were s u p p l i e d by Dr . Y . Kawazoe, Na t iona l 

Cancer Cen t re Research I n s t i t u t e , Tokyo. Known weights of the 

compounds were d i s s o l v e d in a minimum of 95% ethanol ( f i n a l 

ethanol c o n c e n t r a t i o n : 0.004$) w i th g e n t l e h e a t i n g , d i l u t e d 

s l ow ly w i th d i s t i l l e d , de i on i zed water , and s t e r i l i z e d by 

f i l t e r i n g through membrane f i l t e r s (0.22 u pore s i z e , M i l l i p o r e 

L t d . , M o n t r e a l ) . The r e s u l t i n g 10 3 molar s tock s o l u t i o n s 

(10 o r 100 ml volumes) were kept in the dark a t 4° and checked 

monthly f o r s t a b i l i t y by u l t r a - v i o l e t spec t roscopy . 



A l i q u o t s of the s tock s o l u t i o n s were d i l u t e d to the de 

s i r e d c o n c e n t r a t i o n s w i th MEM immediately p r i o r to use . Before 

incubat ion, w i th the chemical s o l u t i o n s f o r 2 hours , the c u l t u r e s 

were washed once w i th a l i q u o t s of the same chemical s o l u t i o n . 

A t the end of the 2 hour pe r iod the c u l t u r e s were washed t h r e e , 

t imes wi th MEM (no serum) and then harvested immediately o r 

r e - i ncuba ted w i th f r esh MEM f o r r e p a i r s t u d i e s . In a t y p i c a l 

r e p a i r s tudy , a 4x10 ^M 4NQ0 c o n c e n t r a t i o n was used to i n i t i a t e 

DNA damage* and then c u l t u r e s were u s u a l l y sampled a t 0, 2, 4 , 

8, 12, 16, and 24 hours a f t e r t e r m i n a t i o n of chemical t rea tment . 

The e f f e c t of the presence of c a f f e i n e ( I , 3 , 7 - t r i m e t h y I -

x a n t h i n e ; Eastman Organ ic Chemica l s , Rochester N .Y . ) on the 

f requency of DNA breaks upon exposure t o 4NQ0 was a s c e r t a i n e d 

by adding a s o l u t ion of 4x10 M c a f f e i n e and 4x10 M 4N00 in 

MEM, t o g e t h e r , to p r e l a b e l l e d BHK-21 c e l l c u l t u r e s f o r the 

usual 2 hour p e r i o d . The c e l l s were now washed and re - i ncuba ted 

in f r e s h l y prepared 4x10 3 M c a f f e i n e in MEM. Samples were 

harvested a t s i m i l a r i n t e r v a l s as in a t y p i c a l r e p a i r s tudy . 

I 4 

For a t y p i c a l d o u b l e - l a b e l a n a l y s i s , on l y the C - l a b e l l e d 

c u l t u r e was t r ea ted and these c e l l s combined w i th 3 H - l a b e l l e d 

unt reated c e l l s , from the cor respond ing con t ro l c u l t u r e , upon 
3 

h a r v e s t i n g . A cor respond ing H - l a b e l l e d con t ro l c u l t u r e was 
14 

main ta ined f o r each C - l a b e l l e d t r ea ted c u l t u r e . 

* Throughout t h i s s tudy , the terms'DNA damage', 'DNA b r e a k s ' , and 
'DNA p i e c e s ' w i l l s p e c i f i c a l l y r e f e r to low mo lecu la r weight DNA 
s i n g l e s t rands produced when doub le -s t randed DNA, " n i c k e d " by 
4NQ0 ( f o r example) , i s denatured on an a l k a l i n e sucrose dens i t y 
g r a d i e n t . The Appendix i l l u s t r a t e s t h i s concep t . 
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Sucrose dens i t y g rad ien t a n a l y s i s 

For h a r v e s t i n g , each Le igh ton tube c u l t u r e was f i r s t 

t r e a t e d wi th 0.4 ml of 0.125$ t r y p s i n in MEM at 37° f o r 3-4 

m inu tes , c e l l s gen t l y l i f t e d from the g l a s s su r f ace w i th a 

makesh i f t rubber pol iceman ( c o n s i s t i n g of a smal l p iece of 

P a r a f i l m shaped on the end of a t h i n , g l a s s r o d ) , and p i p e t 

ted up and down to d i s p e r s e aggrega tes . In the case of doub le -

14 

labe l a n a l y s i s , C - l a b e l l e d t r ea ted c u l t u r e s were combined 

w i th 3 H- Iabe I Ied c o n t r o l c u l t u r e s at t h i s p o i n t . The c e l l 

suspens ions were c e n t r i f u g e d a t IOOOxG f o r t h ree minutes and 

remain ing t r y p s i n was removed by resuspending the c e l l p e l l e t s 

in c o l d phosphate bu f fe r red s a l i n e (PBS, w i thout Ca and Mg 

s a l t s ) w i th subsequent c e n t r i f u g a t i o n . The f i n a l c e l l suspens ions , 

in c o l d PBS, were counted on a hemacytometer and then d i l u t e d to 

g i v e the a p p r o p r i a t e number of c e l l s in 0.1 ml of PBS. 

The n i t r o c e l l u l o s e c e n t r i f u g e tubes f o r the SW-40 r o t o r 

(Beckmann Inst ruments, I n c . , Pa lo A l t o , C a l i f o r n i a ) conta ined 

14.0 ml of a 10 to 30% l i n e a r sucrose dens i t y g r a d i e n t made 

up in 0.3 M NaOH, 0.01 M EDTA, and 0.5 M N a C l . P r i o r t o load ing 

the c e l l s , these g r a d i e n t s were a l lowed to s i t a t 4° f o r severa l 

hours to ensure temperature e q u i l i b r i u m . The g r a d i e n t s were 

o v e r l a i d w i th 0.8 ml of 2% sucrose in d i s t i l l e d , de i on i zed 

38 

water (approx imate ly 0.6 cm t h i c k ) on top of which was immediate

ly p laced 0.1 ml of the PBS c e l l suspens ion . 

These loaded g r a d i e n t s were s to red a t 4° f o r 16-20 hours p r i o r 

to c e n t r i f u g a t i o n to a l l ow f o r c e l l l y s i s and d e n a t u r a t i o n . 

C e n t r i f u g e tubes prepared in t h i s manner were then c e n t r i f u g e d 
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in a Beckmann model L2-65B u I t r a c e n t r i f u g e a t 25,000 rpm and 

4° f o r 300 minu tes . 

Immediately f o l l o w i n g c e n t r i f u g a t i o n approx imate ly 30-34 

sequen t i a l f r a c t i o n s of 15 drops each were c o l l e c t e d from the 

bottom of p i e r ced t ubes . 

R a d i o a c t i v i t y de te rm ina t ion 

F r a c t i o n s were p r e c i p i t a t e d w i th 5% TCA in the presence of 

c a r r i e r a lbumin (approx imate ly 50 ug/ml f i n a l c o n c e n t r a t i o n of 

p r o t e i n serum albumin) and were c o l l e c t e d on n i t r o c e l l u l o s e f i l t e r s 

( M i l l i p o r e L t d . , Mont rea l ) presoaked in 5% TCA and 10 3 M deoxy-

thym id ine . The f i l t e r s were washed th ree t imes wi th 2 ml of 

5% TCA, d r i e d , and.counted on a Packard l i q u i d s c i n t i l l a t i o n 

spect rometer (Model 3000) . 



II 

RESULTS 

I METHODOLOGICAL REFINEMENTS 

(a) Reduct ion in Number of C e l l s per G r a d i e n t . 

By p i p e t t i n g c e l l s d i r e c t l y onto a layer of 2% sucrose s o l u 

t i o n , on the a l k a l i n e sucrose grad ient . , i t was hoped t h a t the.DNA 

would be re leased gen t l y by hypoton ic b u r s t i n g of the c e l l mem

branes to g i v e la rge r p ieces of DNA than o b t a i n a b l e by p rev ious 
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techn iques . S e m i q u a n t i t a t i v e or even comparat ive a n a l y s i s of 

these l a rge r DNA molecu les seemed meaningless i f t he re were 

enough layered c e l l s t o cause e x t e n s i v e aggrega t ion of the DNA 

be fo re , d u r i n g , o r a f t e r c e n t r i f u g a t i o n . In o ther words, bands 

of r a d i o a c t i v i t y t h a t would be e s s e n t i a l l y clumps of v a s t l y 

heterogeneous DNA s t rands would be detec ted ra the r than the 

opt imal s i n g l e - s t r a n d e d , i n d i v i d u a l DNA mo lecu les . It was 

very important to know, t h e r e f o r e , any e f f e c t of ce l I numbers on 

the s i z e o f , and the s h i f t i n g of the DNA bands in the a l k a l i n e 

sucrose g r a d i e n t . 

An exper iment t o assess the r o l e of the number of c e l l s 

layered was c a r r i e d out us ing 0.1 ml a l i q u o t s of IOOXIO3, 5 0 x l 0 3 , 

2 5 x 1 0 3 , 12x10 3 , and 6 x l 0 3 BHK-21 c e l l s , p re label led w i th a 2 

hour pu lse of 10 uCi /ml 3 H-TdR fo l l owed by a 6 hour chase , and 

layered on f i v e a l k a l i n e sucrose g r a d i e n t s . 

F i gu re 2 shows the marked e f f e c t of the number of layered 

c e l l s on the sed imenta t ion p r o f i l e of Sy r i an hamster DNA (the 

q u a n t i t y of DNA present being d i r e c t l y p r o p o r t i o n a l t o the a c i d -



i n s o l u b l e deoxythymidine (TdR) r a d i o a c t i v i t y measured). With 

each a I iquot of 1000 mammal ian c e l I s cor respond ing to approx-
9 

imate ly 0.01 ug DNA , the d e n s i t y of DNA* in each g r a d i e n t 

( f i n a l volume of each : 14.3 ml) i s e s t i m a t e d , from F igu re 2(a) 

t o 2 ( e ) , a s : 0.071 ug /m l , 0.036 ug /m l , 0.018 ug /m l , 0.009 ug /m l , 

and 0.005 ug /m l . 

For the utmost u t i l i t y in a n a l y z i n g f o r breaks in DNA 

exposed to v a r i o u s c a r c i n o g e n i c agents i t i s d e s i r a b l e to have 

a c l e a r l y de f ined sed imenta t ion p r o f i l e of un t reated DNA. F i gu re 

2 ( f ) shows f o r comparison a t y p i c a l ' pa ren t peak' ob ta ined by 
38 

Whitmore and co-workers us ing mouse L - c e l l s . Because of the 
analogous procedure f o l l o w e d , a s i m i l a r p o s i t i o n i n g of the 

) . 
parent DNA peak wi th l i t t l e or no pel l e t t e d DNA was t h e r e f o r e 

expec ted . Hence, the on Iy sed imenta t ion p r o f i l e concu r r i ng 

w i th F i gu re 2 ( f ) i s Fgure 2 ( d ) , ob ta ined w i th 12,000 layered 

c e l I s . 

Only s l i g h t r a d i o a c t i v i t y , and no parent peak, was measured 

wi th 6,000 c e l l s l aye red . 

With 25,000 or more Iayered.ceI Is there are th ree noteworthy 

o b s e r v a t i o n s : 

(1) There i s a t rend to i n c r e a s i n g amounts of pel l e t t e d DNA 

in the lowest f r a c t i o n s . For example, t he re are 25,000 counts 

per minute (CPM) in the f i r s t ' f r a c t i o n of the g r a d i e n t in 

F igu re 2(a) w i th 100,000 c e l I s l a y e r e d . 

(2) There are two o r more peaks in the reg ion of f r a c t i o n 

5 to I 5. 

* The term 'DNA' w i l l hence r e f e r t o the DNA of mammalian c e l l s . 



F igu re 2. A l k a l i n e sucrose g r a d i e n t sed imenta t ion p r o f i l e s 

of 3H-DNA re leased from Syr ian -hamste r c e l l s . The p r o f i l e s are 

presented on the same s c a l e f o r f a c i l e comparison and hence the 

leve l of counts of the lowest sed iments , in the top l e f t p a n e l s , 

extends beyond the range of the g raphs . The c e l l s were de r i ved 

from the same c u l t u r e b o t t l e and suspended in PBS to g i v e equal 

l a y e r i n g volumes (0.1 ml) c o n t a i n i n g the v a r i o u s c e l l numbers: 

(a) 100,000 c e l I s , 

(b) 50,000 c e l I s , 

(c) 25,000 c e l I s , 

(d) 12,000 c e l I s , and 

(e) 6,000 c e l I s . 

38 
( f ) Parent peak of mouse L - c e l l DNA 
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(3) There i s a t rend to i n c r e a s i n g ove r l ap of peaks of 

r a d i o a c t i v i t y (which i s best imagined as inc reased i n t e r m i n g l i n g 

of separa te bands of DNA in the g r a d i e n t t u b e s ) . T h i s i s 

i l l u s t r a t e d by the p r o g r e s s i v e r i s e of. the t r ough , at the 

reg ion of f r a c t i o n s 4 to>6, as. layered c e l l numbers i n c r e a s e . 

(b) Reduct ion in Concen t ra t i on of R a d i o - i s o t o p e . 

It had been shown t ha t p r o l i f e r a t i n g BHK-21 c e l l s cou ld 

be k i l l e d on exposure to a 3 H-TdR c o n c e n t r a t i o n of 1 uCi /ml f o r 

29 

l ess than 48 hours . S ince i n i t i a l i so tope doses , used to labe l 

the BHK-21 c e l l s , were compara t i ve l y high (a t 10 uCi /ml 3 H-TdR 

f o r 2 hou rs ) , i t was d e s i r e d to reduce p o s s i b l e i n t e rna l c e l l 

damage due to e x c e s s i v e i so tope decay. Moreover , i t was of s p e c i a 

i n t e r e s t t o avo id DNA damage as any a l t e r a t i o n in the mo lecu la r 

s i z e cou ld p o s s i b l y be detected on the sucrose g r a d i e n t , and so 

r u i n the u t i I i t y of the techn ique as a measuring too l f o r i n 

duced DNA breakage. . 

To determine the minimum r a d i o - i s o t o p e dosage, the f o l l o w i n g 

t r i a l runs were c a r r i e d out us ing BHK-21 c e l l s : 

(a) 10 u C i / m l , 4 u C i / m l , and 1 uCi /ml 3 H-TdR, pu lsed f o r 

2 hours ; 

(b) 4 uCi /ml and 1 uCi /ml 3 H-TdR, pu lsed f o r 3 hours ; 

(c) 0.25 uCi /ml 3 H-TdR, pu lsed f o r 24 hours . 

The c r i t e r i o n f o r d e c i d i n g t ha t s u f f i c i e n t l abe l was in f a c t 

being incorpora ted was tha t bands of DNA in the sucrose g r a d i e n t 

g i v e f r a c t i o n s the peaks of which measure a t l e a s t 50 to 75 CPM, 

a f t e r l a y e r i n g 12,000, and no more than 20,000 c e l l s . The 



l i q u i d s c i n t i l l a t i o n counter g i v e s background counts in the 

neighbourhood of 25±5 CPM. 

When t r i a l s were run w i th 4 uCi /ml and 1 uCi /ml 3 H-TdR 

doses , f o r the 2 hour pu lse t ime , i t was found t h a t very l i t t l e 

r a d i o a c t i v i t y cou ld be measured. When the pu lse t ime was i n 

creased to 3 hours , a 4 uCi /ml 3 H-TdR dose gave adequate labe l 

f o r r e p r o d u c i b l e r e s u l t s wh i l e a 1 uCi /ml 3 H-TdR dose d id not . 

When the t rend of i n c r e a s i n g pu lse t ime w i th dec reas ing 

dosage was extended to t r e a t i n g the c e l l c u l t u r e s f o r 24 

hours w i th 0.25 uCi /ml 3 H-TdR, adequate label was incorpora ted 

in to BHK-21 c e l l s (wi th a genera t i on t ime of about 20 hou rs ) . 

S i m i l a r t r i a l s were c a r r i e d out on pr imary Sy r ian -hamste r 

embryo c e l l s (which have c o n s i d e r a b l y longer genera t i on t imes 

than BHK-21 c e l l s ) and i t was found t ha t adequate label was 

incorpora ted when the c u l t u r e s were pulsed f o r 36 to 40 hours 

w i th 0.25 uCi /ml 3 H-TdR. 

Carbon-14 l a b e l l i n g of BHK-21 c e l l s was accompIished by 

exposing the c u l t u r e s to 0.05 uCi /ml ^ 4 C-TdR f o r 24 h o u r s 3 ^ . 

14 

Pr imary c u l t u r e s requ i red a longer C-TdR pu lse t ime of 36 

to 40 hours . 

It i s of i n t e r e s t t o note t h a t i t was necessary to r e p l e n i s h 

the c e l l c u l t u r e s wi th f r e s h r a d i o a c t i v e medium a t 6-8 hour 

i n t e r v a l s dur ing the long pu lse t i m e s . . 

I I RELATIONSHIP OF DNA BREAKAGE TO 4NQ0 CONCENTRATION 

Before embarking on e x t e n s i v e sucrose d e n s i t y g r a d i e n t 

ana l yses of DNA from q u i n o l i n e N-oxide t r ea ted mammalian c e l l s , 



i t was r e a l i z e d t ha t the cho i ce of the c o r r e c t c o n c e n t r a t i o n 

of 4NQ0, w i th which to t r e a t the c e l l c u l t u r e s , was c r i t i c a l 

f o r two reasons . F i r s t , p r e l i m i n a r y s t u d i e s had been done 

in our l abo ra to ry to assess the t o x i c i t y of 4NQ0. T h i s was 

accompl ished by measuring the s u r v i v a l of mammalian c e l l s upon 

t reatment w i th i n c r e a s i n g doses of 4NQ0. These s t u d i e s 

showed approx imate ly 10-15$ c e l l s u r v i v a l w i th a 5x10 Si 4NQ0 

c o n c e n t r a t i o n and no s u r v i v a l when t h i s c o n c e n t r a t i o n was 
- 5 

increased to 1x10 M 4NQ0. The re fo re , i t was not f e a s i b l e 

to use c o n c e n t r a t i o n s of 4NQ0 g r e a t e r than 5x10 in o rder 

to avo id complete death of the c e l l c u l t u r e . Moreover , 

sucrose d e n s i t y g r a d i e n t a n a l y s i s of c e l l s exposed to l e tha l 

c o n c e n t r a t i o n s of 4NQ0 could p o s s i b l y measure DNA breakage 

due to enzyme d i g e s t i o n of d e a d - c e l l DNA r a t h e r than i n i t i a l , 

l i v e - c e l l DNA breakage. The second reason f o r a t a c t f u l cho i ce 

of 4NQ0 c o n c e n t r a t i o n invo lved the p o s s i b i l i t y of choos ing too 

low a c o n c e n t r a t i o n of 4NQ0 which cou ld p o s s i b l y cause too 

few DNA breaks to measure w i th the sucrose g rad ien t t echn ique . 

An exper iment was under taken, t h e r e f o r e , to a s c e r t a i n 

the r e l a t i o n s h i p between DNA breakage and 4NQ0 c o n c e n t r a t i o n 

in o rde r to f i n d a p r a c t i c a l ' c o n c e n t r a t i o n about mid-way be

tween the two ext remes. For reasons of c e l l s u r v i v a l the h ighes t 

dose of 4NQ0 used was 5x10 6 M , wi th the remaining doses t e s t 

ed dec reas ing to 1x10~ 6M, 5x10~ 7 M, and 1x10~ 8M 4NQ0. These 
14 

carbon-14 p r e l a b e l l e d c e l l c u l t u r e s ( C-TdR) were harvested 

immediately a f t e r a 2 hour chemical t reatment and each c u l t u r e 

was combined w i th t r i t i u m p r e l a b e l l e d ( 3 H-TdR) c e l l s which were 



u n t r e a t e d . F i gu re 3 shows the p r o f i l e s of the sedimented 

3H-DNA and 1 4 C - D N A . . 

There are two general obse rva t i ons to be noted from 

these p r o f i l e s . F i r s t , the amount of lower mo lecu la r weight 

14 
s i n g l e s t rands of C-DNA present in each g r a d i e n t should be 

"14 

obse rved , as r e f l e c t e d by the amount of C-DNA measured in the 

top ha l f of each g rad ien t (about f r a c t i o n s 16 or 17 to 32 -35 , 

depending on the to ta I number of f r a c t i o n s ) * . On t h i s b a s i s , 
3 14 

F igu re 3(a) shows a c l ean parent peak of H-DNA and C-DNA 
14 

w i th no sma l l e r p i eces of C-DNA e v i d e n t . F igu re 3(b) 
r e f l e c t s the r e s u l t s of exposure to the most concent ra ted 

4NQ0 dose used (5x10 6 M) and p resen ts a w e l l - d e f i n e d p r o f i l e 

14 
of sma l l e r C-DNA p ieces wel l removed from the more r a p i d l y 

3 14 sed iment ing parent H-DNA peak a t f r a c t i o n 12. Sma l le r C-DNA 

s i n g l e s t rands a re v i r t u a l l y absent from the p r o f i l e in 

—6 
F igu re 3 ( c ) , a f t e r 1x10 4NQ0 t rea tment , but a s l i g h t 

14 
reduc t i on in mo lecu la r weight of the C-DNA i s ev i den t 

14 

from the s h i f t of the parent C-DNA peak from the parent 

3H-DNA peak a t f r a c t i o n 12. Fu r the r reduc t i on of a p p l i e d 

4NQ0 c o n c e n t r a t i o n to 5x10 gave a sed imenta t ion p r o f i l e 
14 

which shows some s m a l l e r C-DNA s i n g l e s t rands p resen t , as 
dep ic ted in f r a c t i o n s 16-25 in F i gu re 3 ( d ) . There are v i r t u a l l y 

14 
no s m a l l e r C-DNA s i n g l e s t rands measured in the p r o f i l e s of 

—7 -8 
F i g u r e s 3(e) and ( f ) , a f t e r exposure to 1x10 M 4N00 and 1x10~ M 

4NQ0, r e s p e c t i v e l y . 

* Refer to the Appendix for. a c l e a r exp lana t i on of the 

s i g n i f i c a n c e of the s l ow ly sediment ing DNA s i n g l e s t r a n d s . 



F igu re 3. A l k a l i n e sucrose g rad ien t sed imenta t ion p r o f i l e s of 

3 14 
unt reated H-DNA (broken l i n e ) and t r e a t e d C-DNA ( s o l i d l i n e ) . 

14 

The c u l t u r e s c o n t a i n i n g C-DNA were exposed to a range of 4NQ0 

c o n c e n t r a t i o n s f o r 2 hours : 

(a) no t rea tment , 

(b) 5x10~ 6 M, 

(c) 1x10~ 6M, 

(d) 5 x 1 0 _ 7 M , ' 

(e) '1x10~ 7 M, and 

( f ) 1 x 1 0 _ 8 M . 
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Second, the s h i f t of the superimposed H-DNA and C-DNA ' 

parent p e a k s ' i n F i g u r e s 3(d) t o ( f ) to more r a p i d l y sed imen t ing , 

h igher mo lecu la r weight va lues i s worthy of no te . Assuming the 

3 . ' 14 
parent peak of un t reated H-DNA and of C-DNA o c c u r s , under 

these exper imenta l c o n d i t i o n s , at f r a c t i o n 12, as ev idenced by 

F i g u r e 3 ( a ) , t he re i s a d r a s t i c s h i f t of these parent peaks 

to f r a c t i o n s 5 and 7 in F i gu re 3(d) and 3 ( f ) r e s p e c t i v e l y . 

F i gu re 3(e) shows a l ess obv ious s h i f t t o f r a c t i o n 10. It 

should be noted t h a t these s h i f t s occur a f t e r t reatment w i th 

more d i l u t e 4NQ0 c o n c e n t r a t i o n s (compared t o , say , 1x10 M) and 

t h a t the superimposed parent peaks in ques t ion are sharp and 

we I I-def i ned. 

T h e r e f o r e , to insure a t l e a s t .15$ c e l l s u r v i v a l , and 

s t i l l be ab le to induce enough smal l DNA s i n g l e s t rands t o be 

14 
e a s i l y measured, as C-DNA r a d i o a c t i v i t y in the top ha l f of 

the sucrose g r a d i e n t , i t was decided to app ly 4NQ0 in c o n c e n t r a -

—6 
t i o n s of 4x10 M f o r subsequent r e p a i r s t u d i e s . 

I I I CORRELATION BETWEEN ONCOGENICITY OF QUINOLINE N-OXIDE  

COMPOUNDS AND EXTENT OF DNA BREAKAGE. 

59 

• S t i c h and San have r e c e n t l y i nd i ca ted a l i n k between 

o n c o g e n i c i t y of the s y n t h e t i c q u i n o l i n e N-ox ides and the c a p a c i t y 

of each to provoke DNA r e p a i r s y n t h e s i s , as shown by a u t o r a d i o 

g raph ic measurement of the unscheduled uptake of 3 H-TdR. To 

check the p o s s i b i l i t y of para l Iel I ing t h i s c o r r e l a t i o n a t the 

mo lecu la r l e v e l , by us ing a l k a l i n e sucrose dens i t y g r a d i e n t 



a n a l y s i s of induced DNA breakage, c e r t a i n compounds were s e l e c 

ted f o r t r i a l s on the b a s i s of t h e i r r e l a t i v e oncogenic c a p a c i t y . 

These compounds, t h e i r oncogenic c a p a c i t y as revea led by 

23 44 
in v i v o s t u d i e s by Nakahara and co-workers ' , and the degree 

59 
of induced DNA r e p a i r s y n t h e s i s , a re shown in Tab le 1. 

D e r i v a t i v e s Oncoqeni c i t y Repa i r Syn thes i s 

(Gra i n s / N u c I e u s ) 

3NQ0 
4NQ0 
8NQ0 

3-methyl-4NQ0 

8x10~ 6M 4x10 6 M 1x10 6 M 

none 0 0 0 
s t rong 101 66 51 

none 0 0 0 
wea k 2 1 0 

Tab le 1. C o r r e l a t i o n between o n c o g e n i c i t y of some 
q u i n o l i n e N-ox ides and DNA r e p a i r s y n t h e s i s induced 
by the compounds. 

In o rder to avo id l e tha l c o n c e n t r a t i o n s i t was decided to 

employ no h igher a concen t ra t ion than 5x10 M of any of the 

compounds. Moreover, c e l l s u r v i v a l had been a s c e r t a i n e d f o r 

q u i n o l i n e 1-oxide d e r i v a t i v e s o ther than 4NQ0, showing h igher 

c o n c e n t r a t i o n s of these compounds to be t o x i c , though u s u a l l y 

59 

l ess t o x i c than 4NQ0 

Two s e t s of exper iments were run : one, us ing 5x10 ^M 

c o n c e n t r a t i o n s of these compounds; the o t h e r , us ing 1x10 ^M 

c o n c e n t r a t i o n s . P r e l a b e l l e d BHK-21 c e l l c u l t u r e s were ex 

posed to the chemica ls f o r 2 hours before ha rves t i ng and 



immediately l a y e r i n g on a l k a l i n e sucrose g r a d i e n t s . A l though 

the r e s u l t s repor ted are f o r BHK-21 c e l l s , pr imary hamster 

embryo c e l l s showed very s i m i l a r behav iour . 

Two groups of data are dep ic ted in F igu re 4 . F i g u r e 

4(a) to 4 (c ) shows d o u b l e - l a b e l sed imenta t ion p r o f i l e s of 

14 -6 C-DNA from c e l l s exposed to 5x10 M 4NQ0, 3-methyI-4NQ0, and 

3NQ0, a long w i th 3H-DNA from unt rea ted c e l l s . F i gu re 4(d) 

and 4(e) i s i n d i c a t i v e of former sucrose g r a d i e n t ana l yses 

p r i o r t o employing the ' d o u b l e - l a b e l t e c h n i q u e ' and t h e r e f o r e 

a separa te con t ro l (F igu re 4 (d) ) i s requ i red f o r comparison 

w i th the p r o f i l e (F igu re 4 (e ) ) of 3H-DNA from c e l l s t r e a t e d wi th 

non-oncogenic 8NQ0. 

A g a i n , c e l l s t r ea ted w i th h i gh l y oncogenic 4NQ0 (5x10 ^M) 

14 

g i v e a w e l l - d e f i n e d sed imenta t ion p r o f i l e w i th abundant C-DNA 

in the top ha l f of the g r a d i e n t . On the o the r hand, c e l l s t r e a t 

ed w i th .weak ly oncogenic 3-methyI-4NQ0, and non-oncogenic 3NQ0 

and 8NQ0 e x h i b i t no measureable low mo lecu la r weight DNA r a d i o 

a c t i v i t y in the top ha l f of the g r a d i e n t s . 

A t y p i c a l s i n g l e - l a b e l exper iment i s dep ic ted in F i gu re 5. 

Unt reated c e l l s g i v e a sharp parent peak a t f r a c t i o n 17 in 

F i g u r e 5(a) and t h i s i s comparable to the p r o f i l e of 3H-DNA 

from c e l l s exposed to non-oncogenic 1x10 8NQ0 ( f i g u r e 5 ( d ) ) . 
_ g 

Treatment w i th 1x10 M 4NQ0 a n n i h i l a t e d the prominent parent 

peak a t f r a c t i o n 17 in F i gu re 5 ( b ) , caused a s h i f t to h igher 

sed imenta t ion va lues w i th the major peak a t f r a c t i o n 13, and 

induced the sed imenta t ion of some low mo lecu la r weight DNA 

r a d i o a c t i v i t y around f r a c t i o n s 22 -30 . Treatment w i th 



F igu re 4. A l k a l i n e sucrose g r a d i e n t sed imenta t ion p r o f i l e s 

of DNA exposed to h igher c o n c e n t r a t i o n s of n i t r o q u i n o I ine N-oxi 

compounds. 

F i gu re 4 ( a ) - 4 ( c ) . Sed imentat ion p r o f i l e s of un t rea ted 3H-DNA 

14 

(broken l i n e ) and t r e a t e d C-DNA ( s o l i d l i n e ) , w i th 2 hour 

t rea tments as f o l l o w s : . 

(a) 5x10~ 6M 4NQ0 

(b) 5x10~ 6M 3-methyI-4NQ0, and 

(c) 5x10~ 6M 3NQ0. 

F i gu re 4(d) and 4 ( e ) . Sed imentat ion p r o f i l e s de r i ved from a 

s i n g l e - l a b e l ( 3 H) study w i th 2 hour t rea tments as f o l l o w s : 

(d) no t rea tment , and 

(e) 5x10~ 6M 8NQ0. 





F igu re 5. A l k a l i n e sucrose g rad ien t sed imenta t ion p r o f i l e s 

of 3 H-1abeI Ied DNA exposed to lower c o n c e n t r a t i o n s of n i t r o -

q u i n o l i n e N-ox ide compounds, w i th 2 hour t rea tments as f o l l o w s 

(a) no t rea tment , 

(b) 1x10~ 6M 4NQ0, 

(c) 1x10~ 6M 3-methyI-4NQ0, 'and 

Cd) 1x10~ 6M 8NQ0. 
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1x10 M 3-methyI-4NQ0 caused a s i m i l a r smal l ' s h i f t to h igher 

sed imenta t ion va lues w i th a peak a t f r a c t i o n 14 in F i gu re 5(c) ' . 

No s i g n i f i c a n t amount of low mo lecu la r weight DNA i s suggested 

by the leve l of r a d i o a c t i v i t y in the top ha l f of the g r a d i e n t . 

I t t h e r e f o r e seems tha t the ex ten t of DNA breakage, as 

measured by t h i s a l k a l i n e sucrose dens i t y g rad ien t t echn ique , 

p a r a l l e l s the h i g h , weak, and non-oncogenic proper ty of the 

s y n t h e t i c q u i n o l i n e N-ox ides to a l i m i t e d e x t e n t . The h i g h l y 

oncogenic 4NQ0 does r e p r o d u c i b l y produce low mo lecu la r weight 

DNA when added to c e l l c u l t u r e s in doses as low as 1x10 Si. 

On the o ther hand, the weakly oncogenic 3-methyI-4NQ0 does not 

produce any s i g n i f i c a n t amount of low mo lecu la r weight DNA 

a t c o n c e n t r a t i o n s of 5x10 M o r 1x10 M, and the a l t e r a t i o n of 

the parent DNA peak to s l i g h t l y h igher mo lecu la r weight i s 

ques t i onab le and w i l l be d i scussed f u r t h e r . The non-oncogenic 

.3NQ0 and 8N00, a t c o n c e n t r a t i o n s of 1-5x10 Si, produce no 

d e t e c t a b l e low mo lecu la r weight DNA r a d i o a c t i v i t y and no change 

in the parent DNA peak. A b r i e f summary of these r e s u l t s 

appears in Tab le 2. 

Der i va t i ve Oncogen i c i ty Ex tent of DNA Breakage 

(1x10~S to 5x1 0~S 
c o n c e n t r a t i o n s ) 

4NQ0 s t rong high 

3-methyI-4NQ0 weak not measurable 

3NQ0 
8NQ0 none 

none not measurable 
not measurable 

Tab le 2 . C o r r e l a t i o n between o n c o g e n i c i t y of some s y n t h e t i c 
q u i n o l i n e N-ox ides and the ex ten t of induced DNA breakage in 
mamma Ii an ceI I s . 
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The wide v a r i a n c e of such f a c t o r s as s o l u b i l i t y , membrane 

p e r m e a b i l i t y , and t o x i c i t y , w i t h i n the c o l l e c t i o n of s y n t h e t i c 

q u i n o l i n e N -ox ides , emphasizes the l i m i t a t i o n s of these c o n c l u s i o n s . 

The p a r a l l e l between o n c o g e n i c i t y and ex ten t of DNA breakage, 

a t l e a s t f o r h i gh l y oncogenic versus weak and non-oncogenic 

compounds, w i l l be complete on l y when a l l such s y n t h e t i c 

q u i n o l i n e N-ox ides are t e s t e d . 

IV REPAIR OF 4NQ0-INDUCED DNA BREAKS. 

In view of the recen t re f inements of the a l k a l i n e sucrose 

38 

d e n s i t y g r a d i e n t techn ique , as used in these s t u d i e s , i t seemed 

probable t ha t t h i s techn ique cou ld c l e a r l y f o l l o w the k i n e t i c s 

of the r e p a i r of DNA breaks induced by the h i gh l y oncogenic 4NQ0. 

By comparing the r e l a t i v e amounts of low mo lecu la r weight 

DNA s i n g l e s t rands present in mammalian c e l l s * at v a r i o u s i n 

t e r v a l s a f t e r 4NQ0 t rea tmen t , in fo rmat ion cou ld be gained to 

help c l a r i f y a number of genera l ques t i ons concerned wi th the 

mode of a c t i o n of 4NQ0 on mammalian c e l l s , and the subsequent 

recovery of these c e l l s from the induced damage: 

(a) Does 4NQ0 induce DNA breaks dur ing the i n i t i a l a p p l i c a t i o n 

on l y (2 hours , in these expe r imen ts ) , o r does DNA breakage c o n 

t i n u e f o r some t ime a f t e r removal of the medium c o n t a i n i n g the 

4NQ0? 

(b) Do c e l l s comple te ly r e p a i r the induced DNA breakage*? 

* Re fe r t o the Appendix to i nsu re a c l e a r i n t e r p r e t a t i o n of t h i s 
concept . 



(c) Is the k i n e t i c s of the r e p a i r p r o c e s s , when measured as 

desc r ibed above, such t ha t the ra te of ' d i s a p p e a r a n c e ' of the 

smal l DNA s i n g l e s t rands i s con t inuous*? 

(d) What a re the t h e o r e t i c a l l i m i t a t i o n s of t h i s a l k a l i n e 

sucrose dens i t y g r a d i e n t a n a l y s i s w i th regard to c o n c l u s i o n s 

concern ing the mechanism of r e p a i r of 4N00-induced DNA damage? 

Two exper iments were run in which p r e l a b e l l e d BHK-21 c e l l s 

were exposed to 4x10 6 M 4NQ0 f o r 2. hours , washed t h ree t imes wi th 

MEM, and then incubated a t 37° w i th f r e s h MEM. C u l t u r e s were 

ana lyzed by the a l k a l i n e sucrose dens i t y g r a d i e n t techn ique a t 

v a r i o u s i n t e r v a l s a f t e r exposure to 4NQ0. 

Before a n a l y z i n g the r e s u l t s , i t would be advantageous 

to d i s c u s s the s i g n i f i c a n t aspec ts of sed imenta t ion p r o f i l e s 

t ha t cou ld c o n c e i v a b l y be used to ga in in fo rmat ion regard ing the 

r e p a i r of 4NQ0-induced DNA breakage. F i gu re 6 shows a schemat ic 

sed imenta t ion p r o f i l e of 4NQ0 t r ea ted DNA, ob ta ined immediately 

a f t e r exposure to the oncogen. The parent DNA peak, having the 

h igher sed imenta t ion v e l o c i t y , i s represented to the l e f t of the 

lower mo lecu la r weight DNA peak. As c u l t u r e s are incubated to 

accommodate DNA r e p a i r , a f t e r exposure to 4NQ0, the i n i t i a l la rge 

amount of s l ow l y sed iment ing DNA r a d i o a c t i v i t y in the upper ha l f 

of the g r a d i e n t * would be expected to decrease as shown; s i m u l 

t a n e o u s l y , an inc rease in the amount of DNA r a d i o a c t i v i t y in the 

parent peak, as shown in the lower ha l f of the g r a d i e n t , would be 

expec ted . 

* Refer t o the Appendix to insure a c l e a r i n t e r p r e t a t i o n of t h i s 
concept . 



F igu re 6 . Schematic sed imenta t ion p r o f i l e of 4 N Q 0 - t r e a t e d D N A 
i I Iu s t r a t i n g the t h e o r e t i c a l m o d i f i c a t i o n s of the p r o f i l e t ha t 
occur w i th r e p a i r of D N A b reaks . 



28 

T y p i c a l exper imenta l r e s u l t s are shown in F i gu re 7. In 

g e n e r a l , t he re appears to be two parent peaks of un t reated 

3H-DNA wi th an o c c a s i o n a l lack of d e f i n i t i o n o c c u r r i n g w i th 

no apparent t rend (F igu res 7 ( d ) , 7 ( f ) , 7 ( g ) ) . There i s a c o n 

s i s t e n t low leve l of 5H-DNA r a d i o a c t i v i t y in the low mo lecu la r 

weight reg ion of a l l p r o f i l e s . With regard to the parent peaks 

14 

of 4NQ0-treated C-DNA, there, i s a l s o an o c c a s i o n a l lack of 

d e f i n i t i o n o c c u r r i n g s imu l taneous l y w i th the i l l - d e f i n e d 3H-DNA 

parent peaks. The genera l lack of d e f i n i t i o n of parent DNA-

peaks does seem to p a r a l l e l , a t l e a s t in p a r t , the inc rease in 

pel l e t t e d DNA r a d i o a c t i v i t y o c c u r r i n g in the f i r s t f r a c t i o n s . 

For example, in F i g u r e s 7(c ) and 7 ( f ) , compare the r e l a t i o n s h i p 

between the amount of DNA r a d i o a c t i v i t y in the f i r s t f r a c t i o n s 

w i th t ha t in the parent peaks: the more the pel l e t t ed DNA, the 

less de f ined are the parent peaks. 

F i gu res 7 ( a ) - ( d ) , in f r a c t i o n s 17 to 34 ( app rox ima te l y ) , 

show c l e a r l y the d i f f e r e n c e between the amount of low mo lecu la r 

weight unt reated 3H-DNA r a d i o a c t i v i t y and the amount of low mole-
14 

c u l a r weight 4NQ0-treated C-DNA r a d i o a c t i v i t y . Ca re fu l s c r u 

t i n y of F i gu res 7 ( e ) - ( g ) w i l l a l s o show a d i f f e r e n c e , a l though less 

apparen t . 

P r e l i m i n a r y o b s e r v a t i o n of these sequen t i a l sed imenta t ion 

p r o f i l e s t h e r e f o r e shows a t rend of dec reas ing amounts of low. 
14 

mo lecu la r weight 4NQ0-t reated C-DNA r a d i o a c t i v i t y , p rog ress ing 
from F i g u r e 7(a) to 7 ( g ) . However, the expected opposing t rend 

of i n c r e a s i n g amounts of h igh mo lecu la r weight 4NQ0-treated 

14 
C-DNA r a d i o a c t i v i t y i s not apparent . The lack of d e f i n i t i o n of 



F igu re 7. A l k a l i n e sucrose g r a d i e n t sed imenta t ion p r o f i l e s 

of un t rea ted 3H-DNA (broken l i n e ) and 4x10~6M 4NQ0-t reated 

14 

C-DNA ( s o l i d l i n e ) , a f t e r i ncuba t ion f o r the f o l l o w i n g 

pos t - t rea tment p e r i o d s : 

(a) 0 hours , 

(b) 2 hours , 

(c) 4 hours , . • • . 

(d) 8 hours 

(e) 12 hours , 

( f ) 16 hours , and 

(g) 24 hours . 





the parent peaks i s undoubtedly a prime f a c t o r in h inde r i ng the 

l a t t e r o b s e r v a t i o n . 

In o rde r to e s t a b l i s h a s e m i q u a n t i t a t i v e a n a l y s i s of t h i s 

DNA r e p a i r , the d i f f e r e n c e between the amount of s l ow ly s e d i -

14 

menting 4NQ0-treated C-DNA r a d i o a c t i v i t y and the amount of 

s l ow l y sediment ing un t rea ted 3H-DNA r a d i o a c t i v i t y was c a l c u l a t e d 

f o r the top ha l f of each g r a d i e n t . The top ha l f of each g r a d i e n t 

(which i s the r i g h t ha l f of the sed imenta t ion p r o f i l e ) was a r 

b i t r a r i l y chosen as a measuring too l because t h a t reg ion ap 

peared s u f f i c i e n t l y removed from the reg ion of the parent DNA 

peaks to assume t ha t t he re would be no s i g n i f i c a n t ove r l ap of 

h igher mo lecu la r weight sediment w i th lower mo lecu la r weight 

sed iment. 

The r e s u l t s of these computa t ions , as c a l c u l a t e d f o r the 

p r o f i l e s in F i gu re 7 , are p l o t t e d in F i gu re 8. 

The t rend to o v e r a l l dec reas ing amounts of low mo lecu la r 

weight 4NQ0-treated DNA i s c l e a r ; and, the t rend does not appear 

to be a smooth, cont inuous process but shows s l i g h t d e v i a t i o n s 

a t 4 hours and 12 hours a f t e r 4NQ0 t rea tment . Assuming tha t 

the e x i s t e n c e of low mo lecu la r weight s i n g l e - s t r a n d e d DNA, in 

q u a n t i t i e s measurable by t h i s t e c h n i q u e , i s i n d i c a t i v e of a c t i v e 

DNA r e p a i r , i t i s t h e r e f o r e ev iden t t ha t DNA r e p a i r in t h i s i n 

s tance i s p r a c t i c a l l y complete a f t e r 24 hours incuba t ion (wi th 

l e s s than 4% ^C-DNA r a d i o a c t i v i t y over and above the unt reated 

3H-DNA r a d i o a c t i v i t y in the top ha l f of the g r a d i e n t ) . 

Moreover , i t i s apparent t ha t the g ross DNA breakage, i n 

duced by 4NQ0, occurs dur ing the i n i t i a l exposure to the o n -



F igu re 8. The amount ( i n percent of t o t a l counts) of 4NQ0-treated 

14 3 C-DNA, over and above the amount of un t reated H-DNA, in the 

top ha l f of each g rad ien t of F igu re 7, i s p l o t t e d a g a i n s t the 

d u r a t i o n of pos t - t rea tmen t i n c u b a t i o n . 



Amount of C above amount of H in top 
half of gradients (in percent of total counts) 



cogen and perhaps dur ing the f i r s t 4 hours a f t e r removal of the 

4NQ0-conta in ing medium, a f t e rwh ich the p roduc t ion of low mole

c u l a r weight DNA s i n g l e s t rands appears' to dec rease . Whether 

the ac tua l event of the p roduc t ion of the DNA s i n g l e - s t r a n d 

breaks occurs as a mass ive , qu i ck process upon a p p l i c a t i o n of 

4NQ0, o r as a more or l ess cont inuous process ( fo r example, 

4 hours or more) , can on l y be specu la ted w i th the data a v a i l a b l e . 

Fu r the r such t h e o r e t i c a l l i m i t a t i o n s of the sucrose g rad ien t 

a n a l y s i s desc r ibed h e r e i n , w i th regard to c o n c l u s i o n s concern ing 

the mechanism of - r e p a i r of 4NQ0-induced DNA damage and the mode 

of a c t i o n of 4NQ0 and d e r i v a t i v e s , w i l l be d i scussed f u r t h e r . 

V EFFECT OF CAFFEINE ON 4NQ0-INDUCED DNA BREAKAGE. 

There have been a number of r epo r t s of the e f f e c t of 

c a f f e i n e on r e p a i r p rocesses in mammalian c e l l c u l t u r e s 

i n v i t r o . C a f f e i n e has been shown to i n h i b i t the r e p a i r of 

50 

UV I i gh t - i nduced l e s i o n s in mouse L - c e l l c u l t u r e s , i nc rease 

the number of X - ray induced chromosome breaks in leukocyte 
•j g 2Q 

c u l t u r e s ' , and i n h i b i t the inc rease in polymerase a c t i v i t y , 

induced by M i tomyc in -C , in leukocyte c u l t u r e s ^ . 

By t e s t i n g the e f f e c t of c a f f e i n e on the a c t i o n of 4NQ0 

on mammalian c e l l s and on the subsequent r e p a i r , i t was hoped 

t o : (a) a c q u i r e some ev idence of the mode of a c t i o n of 4NQ0, 

and (b) to ana lyze the s y n e r g i s t i c e f f e c t of c a f f e i n e and 4NQ0 

on mammalian c e l l s . Because of the r e l a t i v e success of the 

a l k a l i n e sucrose d e n s i t y g rad ien t a n a l y s i s of DNA r e p a i r i t 
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was t h e r e f o r e f e a s i b l e to use t h i s t echn ique , in a s i m i l a r manner, 

to ana lyze f o r the combined e f f e c t s of 4NQ0 p lus c a f f e i n e . 

The maximum c o n c e n t r a t i o n of c a f f e i n e tha t d id not show t o x i c 

e f f e c t s on BHK-21 c e l l c u l t u r e s was p r e v i o u s l y determined in our 

3 65 

l abo ra to ry to be 4x10 M . Exper iments were executed in which 

BHK-21 c e l l c u l t u r e s were exposed to both 4x10 3 M c a f f e i n e and 

4x10 S i 4NQ0, a f t e r which the c e l l c u l t u r e s were incubated wi th 

4x10 S i c a f f e i n e in MEM. C u l t u r e s were then ana lyzed a t t ime 

i n t e r v a l s analogous t o ; t h o s e of the r e p a i r study desc r ibed p r e 

v i o u s l y . 

There are th ree s i g n i f i c a n t f ea tu res of the sed imenta t ion 

p r o f i l e s , shown in F igu re 9, which t y p i f y the r e s u l t s o b t a i n e d . 

F i r s t , t he re i s a s u b s t a n t i a l amount of pel l e t t e d DNA 

r a d i o a c t i v i t y in the p r o f i l e of F i gu re 9(a) and v i r t u a l l y no 

pel l e t t ed DNA in the p r o f i l e of F igu re 9 ( b ) . It i s of i n t e r e s t 
• 14 

to note the ' s h o u l d e r ' of C-DNA r a d i o a c t i v i t y a t f r a c t i o n 2 

and the peak of 3H-DNA r a d i o a c t i v i t y a t f r a c t i o n 3 as these are 

sugges t i ve of the parent peak of high sed imenta t ion v e l o c i t y t ha t 

o c c u r s , f o r example, in con junc t i on wi th a s lower sediment ing 

parent peak in many of the p r o f i l e s in F i gu re 7. The p o s s i b l e 

s i g n i f i c a n c e of t h i s o b s e r v a t i o n w i l l be d i scussed f u r t h e r . 
14 

Second, t he re i s a n o t i c e a b l e s h i f t of the parent C-DNA 
peak to f r a c t i o n 13 from the parent 3H-DNA peak a t f r a c t i o n 11. 

14 
Moreover, the C-DNA peak i s c o n s i d e r a b l y broader and extends 
to the lower mo lecu la r weight reg ion of f r a c t i o n 20 in c o n t r a s t 
t o the t e rm ina t i on of the 3H-DNA peak a t f r a c t i o n 13. T h i s 

14 
s h i f t e d , broad C-DNA parent peak d isappears by 2 hours as 



F i g u r e 9. A l k a l i n e sucrose g rad ien t sed imenta t ion p r o f i l e s of 

3 14 unt reated H-DNA (broken l i n e ) and t r ea ted C-DNA ( s o l i d l i n e ) , 

w i th t rea tments as f o l l o w s : 

(a) 4x10 M 4NQ0 p lus 4x10 M c a f f e i n e , f o r 2 hours , and 

(b) t reatment as in (a) f o l l owed by 2 hours incuba t ion 

in 4x10 3 M c a f f e i n e . 





evidenced by the sharp parent DNA p r o f i l e in F i gu re 9 ( b ) . 

Hence, the s i z e of the DNA s i n g l e s t rands was apparen t l y r e 

duced a smal l amount by the combined exposure to both 4NQ0 and 

c a f f e i n e . 

T h i r d , and most prominent , i s the v i r t u a l lack of t r ea ted 

14 

C-DNA r a d i o a c t i v i t y in the upper ha l f of the grad-ients r e p r e 

sented in F igu re 9. Such a n a l y s i s f o r low mo lecu la r weight DNA 

s i n g l e s t rands in the upper ha l f of these g r a d i e n t s a l l o w s a 

meaningful comparison to be made wi th the r e s u l t s ob ta ined from 

4NQ0 t reatment a lone (shown in F igu re 7 ) . The c a l c u l a t i o n s 

t abu la ted in Tab le 3 g i v e a more q u a n t i t a t i v e s i g n i f i c a n c e to 

t h i s lack of r e l a t i v e l y low mo lecu la r weight DNA s i n g l e s t rands 

from 4 N Q 0 / c a f f e i n e - t r e a t e d c e l l s . The r a t i o of 3H-DNA (unt reated) 

14 

to C-DNA ( t r e a t e d ) , t abu la ted in Tab le 3 , shows a s t r i k i n g 

d i f f e r e n c e depending on whether or not c a f f e i n e i s present dur ing 

the 4NQ0 t rea tment . 

C a l c u l a t i o n s were not c a r r i e d out on samples taken a f t e r 

longer pe r i ods of i ncuba t ion because, on i n s p e c t i o n , the s e d i 

mentat ion p r o f i l e s were analogous to t ha t in F i gu re 9(b) w i th 
14 3 

v i r t u a l l y no C-DNA r a d i o a c t i v i t y over and above the H-DNA 
r a d i o a c t i v i t y in the low mo lecu la r weight reg ion of the p r o f i l e s . 
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To ta l r a d i o a c t i v i t y in top 
ha l f of the g rad ien t (as 
percent of t o t a l counts) 

R a t i o 

Treatment 
Pe r iod of 
I ncubat ion H-DNA 

14 C-DNA 
3 14 

H-DNA/ C-DNA 

(1) 4x10 M 

4NQ0 p lus 

4x10" 3 M 

c a f f e i n e 

(2) 4x10 M 

4NQ0 

0 hours 
( F i g . 9 (a ) ) 

2 hours 
( F i g . 9(b) ) 

0 hours 
( F i g . 7 (a ) ) 

2 hours 
( F i g . " 7 ( b ) ) 

26.3 

29.6 

24.7 

19.7 

16.9 

18.2 

35.7 

33.0 

1.1 

1.5 

0.47 

0.55 

Tab le 3 . To ta l H-DNA and C-DNA r a d i o a c t i v i t i e s (expressed as 

3 14 
a r a t i o H-DNA/ C-DNA) o c c u r r i n g in the top half , of a l k a l i n e 

sucrose dens i t y g r a d i e n t s c o n t a i n i n g : 

3 14 
. (1) unt reated H-DNA and 4 N Q 0 / c a f f e i n e - t r e a t e d C-DNA, and 

(2) un t reated 3 H-DNA-and 4NQ0-treated 1 4 C - D N A . 



DISCUSSION 

The a n a l y s i s of the e f f e c t s of ca rc inogens on mammalian 

c e l l systems has always been hampered by the inherent com

p l e x i t y of the mammalian c e l l s themse lves . It i s t h e r e f o r e 

a ra re event when a techn ique i s developed t ha t i s capab le 

of a n a l y z i n g a mo lecu la r m o d i f i c a t i o n o c c u r r i n g in a mammalian 

c e l l w i th any f a c i l i t y and reasonab le accu racy . The deve

lopment of the a l k a l i n e sucrose g rad ien t t echn ique , by 

39 
McGrath and W i l l i a m s , f o r a n a l y s i s of the mo lecu la r weight 

of mammalian c e l l DNA s i n g l e s t rands was such a ra re even t . 

38 

The m o d i f i c a t i o n s , by Whitmore and McBurney , o'f t h i s t e c h 

nique brought about re f inements t ha t cou ld p o s s i b l y i nc rease 

the o v e r a l l a p p l i c a b i l i t y of the techn ique to ana lyses of 

more s u b t l e m o d i f i c a t i o n s of the DNA ra the r than gross s t rand 

breakage. 

The aim of these m o d i f i c a t i o n s , which l a r g e l y c o n s i s t e d 

of a more gen t l e l y s i n g system (hypoton ic b u r s t i n g of c e l l s 

in a 2% sucrose s o l u t i o n o v e r l a y a t 4°) than p r e v i o u s l y 

39 

used (a IkaI i ne d i s r u p t i o n of ceI Is in an a IkaI i ne over I ay 

a t 2 5 ° ) , was to i s o l a t e l a rge r unt reated DNA molecu les and 

so make s i n g l e s t rand break assays more s e n s i t i v e . 

In t h e i r s t u d i e s , Whitmore and McBurney used t h e i r more 

s e n s i t i v e s i n g l e s t rand break assay to show, among o ther r e 

s u l t s , t h a t prolonged exposure (18 hours) of mouse L - c e l l s 

to 10 uCi /ml 3 H-TdR caused c o n s i d e r a b l e reduc t i on in the 
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sed imenta t ion v e l o c i t y of the parent DNA peak. T h i s v e r i f i e d 

our s u s p i c i o n of the p o s s i b i l i t y of measurable DNA damage o c c u r 

r i n g w i th exposure to high r a d i o - i s o t o p e ' c o n c e n t r a t i o n s , and sup

por ted our cho i ce of low r a d i o - i s o t o p e c o n c e n t r a t i o n s f o r longer 

l a b e l l i n g p e r i o d s . Moreover , i t was reasonab le to assume t ha t 

a low dose of r a d i o a c t i v e label g iven over a longer per iod of 

t ime would a l l o w more un i form labe l d i s t r i b u t i o n throughout the 

DNA mo I e c u l e . 

38 
On the o ther hand, Whitmore and McBurney found on ly 

s l i g h t changes in DNA sed imenta t ion p r o f i l e when the c e l l number 

4 6 

loaded p e r . g r a d i e n t was v a r i e d from 10 to 10 c e l l s . T h i s obse r 

v a t i o n apparen t l y d i s ag rees wi th our r e s u l t s but a r e , in f a c t , 

not s t r i c t l y comparable. T h i s i s because of the f a c t t h a t 
38 

Whitmore and McBurney used c e n t r i f u g e tubes designed f o r the 

SW-27 ro to r (Beckmann Instruments I nc . , Pa lo A l t o , C a l i f o r n i a ) 

and these are of about 36 ml c a p a c i t y and of l a rge r d iameter 

than our 14 ml c a p a c i t y c e n t r i f u g e tubes designed to f i t the 

SW-40 r o t o r (Beckmann Ins t ruments) . There fo re the volumes and 

r e l a t i v e d imensions of sed iment ing bands of DNA are not l i k e l y 

t o be the same in both cases and hence aggrega t ion of DNA i s 

l i k e l y to vary a c c o r d i n g l y , depending on tube d imens ions . 

Sugges t ive of increased DNA aggrega t ion wi th i n c r e a s i n g 

c e l l numbers in our study (F igu re 2) was the t rend to i n c r e a s i n g 

ove r l ap of peaks of r a d i o a c t i v i t y ( l o s s of r e s o l u t i o n ) , the 

appearance of two or more parent peaks, and the i n c r e a s i n g 

amount of pel l e t t e d DNA in the lowest f r a c t i o n s . Moreover , 

the reduc t i on of c e l l number loaded per g r a d i e n t from 12,000 



to 6,000 d id not reduce the H-DNA r a d i o a c t i v i t y in the parent 

peak (520 CPM) to h a l f , but s imply a n n i h i l a t e d the peak wi th 

s l i g h t r a d i o a c t i v i t y remain ing in t h e ' t o p ha l f of the g r a d i e n t . 

T h i s behaviour i s s t r o n g l y sugges t i ve of the need f o r s u f f i c i e n t 

q u a n t i t i e s of DNA to a t l e a s t p a r t i a l l y aggregate on the g ra^ 

d i e n t and then sediment as a c lump. 

A n a l y s i s of a l l sed imenta t ion p r o f i l e s of t h i s study has 

s t r o n g l y suggested t h a t the DNA aggregate may p lay a more i n 

vo lved r o l e in a l k a l i n e sucrose dens i t y g r a d i e n t a n a l y s i s than 

was p r e v i o u s l y thought . F i r s t l y , the i m p l i c a t i o n s of such DNA 

aggregates i s obv ious in the p roduc t ion of pel l e t t e d DNA: the 

more dense the aggrega te , the f a s t e r i t w i l l sed iment , and the 

more l i k e l y i t w i l l appear in the DNA p e l l e t . A p o s s i b l e r o l e 

of the number of c e l l s layered per g r a d i e n t in the fo rmat ion 

of aggregates i s suggested from the p r o f i l e s of F i gu re 2 as 

the l a rge r number of c e l l s g i v e g r e a t e r amounts of DNA p e l l e t s 

which i s perhaps due to the g r e a t e r amount of DNA a v a i l a b l e 

to aggregate ( i n extreme cases of la rge numbers of c e l l s 

layered per g rad ien t t h i s i s the s i t u a t i o n of ' o v e r l o a d i n g ' 

the g r a d i e n t ) . It i s important to po in t out the f a c t t h a t 

pel l e t t e d DNA i s not observed in the sed imenta t ion p r o f i l e s ob -

38 

t a i n e d by Whitmore and McBurney . The method of f r a c t i o n 

c o l l e c t i n g employed in t h e i r s t u d i e s was to c o l l e c t f r a c t i o n s 

from the top of the g r a d i e n t s wh i l e pumping 60% sucrose s o l u 

t i o n in the bottom of the g r a d i e n t s . Hence, the very bottom 

f r a c t i o n of the g r a d i e n t couId not be r o u t i n e l y detec ted 

w i thout washing the bottom of the c e n t r i f u g e tube . In t h i s 
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manner, when the bottom f r a c t i o n of the g r a d i e n t was c o l l e c t e d , 

38 

pel l e t t ed DNA r a d i o a c t i v i t y was r a r e l y found . In c o n t r a s t , the 

f r a c t i o n s were c o l l e c t e d from the bottom of the g r a d i e n t s in 

our s t u d i e s and so the bottom f r a c t i o n i s e a s i l y c o l l e c t e d f i r s t , 

and , in most c a s e s , con ta ined some pel l e t t ed DNA r a d i o a c t i v i t y . 

A l l in a l l , t h i s d i sc repancy regard ing pel l e t t ed DNA po in t s out 

the f a c t t h a t t he re may be more s e n s i t i v e t e c h n i c a l f a c t o r s 

govern ing the rep roduc ib i I i t y of t h i s sucrose g r a d i e n t techn ique 

than are i n i t i a l l y apparen t . Among these may be: s i z e of c e n 

t r i f u g e tube employed, l a y e r i n g t echn ique , f r a c t i o n c o l l e c t i n g 

t e c h n i q u e , c e l l l i n e used, and c e l l t rea tment . Moreover , t h i s 

d i sc repancy a l s o emphasizes the need f o r c a u t i o n when comparing 

sed imenta t ion p r o f i l e s ob ta ined by d i f f e r e n t workers throughout 

the I i t e r a t u r e . 

It i s p o s s i b l e t ha t the DNA aggregate might account f o r a 

number of seemingly anomalous parent peaks ob ta ined in d o u b l e - l a b e l 

exper iments where un t rea ted 3H-DNA was c e n t r i f u g e d w i th c h e m i c a l l y 

14 

t r ea ted C-DNA. F i gu re 10 c l a r i f i e s the th ree genera l types 

of p r o f i l e s f r e q u e n t l y observed and a p o s s i b l e r e l a t i o n s h i p of 

the two peaks observed i s suggested by the v e r t i c a l broken l i n e s . 

The f requent reoccur rence of the two parent peaks, e i t h e r s i n g l y 

or t o g e t h e r , may suggest t ha t the re i s a f a i r l y c o n s i s t e n t 

'geometry ' of the sed iment ing aggregate such t ha t i t s d e n s i t y 

i s e i t h e r t h a t in Type I o r t ha t in Type I I I and on l y o c -

c a s i o n a l l y in between. 

F i g u r e 3(a) i s r e p r e s e n t a t i v e of Type I. Type II i s 

repea ted ly observed to v a r i o u s degrees throughout these s t u d i e s 



F igu re 10. Three general types of sed imenta t ion p r o f i l e s are 

shown s c h e m a t i c a l l y : 

(a) Type I shows the most commonly ob ta ined parent peak po

s i t i o n . For example, Type I occurs when both unt reated 3H-DNA 

14 

( s o l i d l i n e ) and t r ea ted C-DNA (broken l i n e ) are sedimented t o 

ge the r ; o r , when any s ing Ie-1abeI Ied unt reated DNA sample i s 

sedimented. 

(b) Type II shows the second most commonly ob ta ined parent 

peak p o s i t i o n s . For example, Type II occu rs most o f t e n when h igher 
-6 14 c o n c e n t r a t i o n s of 4NQ0 (1-5x10 M) are used to t r e a t C-DNA 

3 

(broken l i n e ) which i s sedimented wi th unt reated H-DNA ( s o l i d 

I i ne ) . 

(c) Type III shows the l eas t commonly ob ta ined parent 

peak p o s i t i o n . For example, Type III occu rs most o f t en when 
—8 —7 

low c o n c e n t r a t i o n s of 4NQ0 (1x10 M to 5x10 M) a re used to 

14 

t r e a t C-DNA (broken l i n e ) which i s sedimented w i th un t rea ted 

3H-DNA (so l id I i n e ) . 
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and e s p e c i a l l y in the p r o f i l e s . o f F i gu re 7. F i n a l l y , and most 

s i g n i f i c a n t l y , Type III i s observed in F igu re 3 ( d ) - ( f ) , a f t e r 

exposure to low 4NQ0 c o n c e n t r a t i o n s , and in F igu re 4(b) a f t e r 

exposure to weakly oncogenic 3-methyI-4NQ0. It i s proposed tha t 

1 6 (52 

the 4NQ0, which i s known to bind to DNA ' , not on l y induces 

DNA breakage in h igher c o n c e n t r a t i o n s but a l s o : 

(1) a f f e c t s the t e r t i a r y , and perhaps secondary , s t r u c t u r e 

of the DNA such t ha t the d o u b l e - h e l i c a l DNA molecu les cannot 

unwind in the a l k a l i n e g r a d i e n t to the same ex ten t as t h e y can 

when not exposed to 4NQ0, r e s u l t i n g in a more r a p i d l y sed imen t ing , 

denser DNA c o n f i g u r a t i o n ; and, 

(2) enhances DNA aggrega t ion by perhaps i n t e r c a l a t i n g between 

bases on separa te mo I ecu Ies thereby b ind ing them more c l o s e l y , 

aga in r e s u l t i n g in a more r a p i d l y sed imen t ing , denser DNA c o n 

f i g u r a t i o n . The l a t t e r proposal i s supported by the o b s e r v a t i o n 

t h a t both the unt reated 3H-DNA and t r e a t e d 1 4 C-DNA occur t o 

ge the r , in a sha rp l y de f i ned parent peak, in the p r o f i l e s of 
14 

F i gu re 3 ( d ) - ( f ) a f t e r exposure of on ly the C-DNA c e l l c u l t u r e s 
to low 4NQ0-concen t ra t ions . In o the r words, the 4NQ0 ' g l u e s ' 

14 
the t r e a t e d C-DNA molecu les toge ther and then ' g l u e s ' the 
3 14 

H-DNA to the C-DNA, dur ing and/or a f t e r the 16-20 hour l y s i s 

p e r i o d , t o produce the denser aggregate of appa ren t l y h igher 

mo lecu la r we igh t . The weakly oncogenic 3-methyI-4NQ0 may cause 

s i m i l a r aggregat ion by a s i m i l a r mechanism. 
9 

El k ind and Kamper have prov ided suppor t f o r t h i s i n t e r 

p r e t a t i o n as they ob ta ined s i m i l a r s h i f t s of parent peaks to 



s l i g h t l y h igher sed imenta t ion v e l o c i t i e s w i th low X - ray doses 

(0-722 rad) on Chinese-hamster c e l l s . These au thors s t a t e t ha t 

" i t i s hard to conce ive of bond breakage lead ing to l a rge r 

sed imenta t ion v e l o c i t i e s - o r d i n a r i l y imply ing la rger mo lecu la r 

weights - un less such breaks r e s u l t in a change in conformat ion 

9 

and/or d e n s i t y " . 

T h i s apparent enhancement of DNA aggregat ion may have some 

u t i l i t y w i th regard to a l k a l i n e sucrose g r a d i e n t a n a l y s i s of 

s i n g l e s t rand breaks induced by 4NQ0. There i s an apparent 

t h resho ld dose of approx imate ly 1x10 S i 4NQ0 below which s i n g l e 

s t rand breaks are no longer c l e a r l y ev iden t w i th r e p r o d u c i b l e 

d e t e c t i o n . T h e r e f o r e , below t h i s t h resho ld c o n c e n t r a t i o n , i t i s 

p o s s i b l e in f u tu re , s t u d i e s w i th increased t e c h n i c a l competence 

and subsequent h igher r e p r o d u c i b i l i t y , to use such appa ren t , 

i nc reases in mo lecu la r weight as measuring t o o l s f o r the e f f e c t 

of low 4NQ0 c o n c e n t r a t i o n s and perhaps f o r o the r compounds of 

s i m i l a r DNA b ind ing c a p a b i l i t i e s . 

As much as t h i s apparent inc rease in DNA mo lecu la r weight 

may be e x p l o i t e d to our advantage in a n a l y z i n g f o r low concent ra 

t i o n s of DNA-binding q u i n o l i n e N-oxide compounds, the phenomenon 

in a l l p r o b a b i l i t y , f o r c e s severe d isadvantages on f u t u r e semi 

q u a n t i t a t i v e ana l yses of the r e p a i r of 4NQ0-induced DNA breakage 

T h i s i s because of the f a c t t h a t , t h e s t rong b ind ing o f , say 4NQ0 

to DNA w i l l p o s s i b l y in t roduce anomalous sed imenta t ion p r o f i l e s 

of s o - c a l l e d ' r e p a i r e d ' DNA making i t d i f f i c u l t t o a s c e r t a i n , 

w i th any reasonab le a c c u r a c y , when the DNA has been repa i r ed to 
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i t s o r i g i naI s t a t e . 

Whether .or not the s e n s i t i v i t y of t h i s techn ique i s s u f f i c i e n t 

t o p i c k up DNA breaks induced by weakly oncogenic or non-oncogenic 

q u i n o l i n e N-ox ide compounds, on ly l im i t ed c o n c l u s i o n s can be 

drawn from any observed c o r r e l a t i o n between f requency of DNA 

breakage and o n c o g e n i c i t y . It i s very doubt fu l t ha t any of 

these compounds have i d e n t i c a l c e l l membrane p e r m e a b i l i t i e s or 

s o l u b i l i t i e s in aqueous media and so , on t h i s b a s i s a l o n e , one 

cannot draw d e t a i l e d c o r r e l a t i o n s between chemical s t r u c t u r e 

of the ca rc inogens and ex ten t of DNA damage. Such c o n c l u s i o n s 

can on l y be drawn wi th c a r e f u l r e s e r v a t i o n . Moreover , the 

c o r r e l a t i o n between o n c o g e n i c i t y of any compounds and f requency 

of DNA breakage, i s s e v e r l y hampered by the ques t i onab le e x t r a 

p o l a t i o n of j_n_ v i t r o data to _in_ v ivo systems and v i c e v e r s a . 

The re fo re i t can , at bes t , be sa id t ha t h i gh l y oncogenic 

4NQ0 does r e a d i l y induce DNA breakage i n v i t r o , weakly onco

gen ic 3-methyI-4NQ0 does so i n c o n s i s t e n t l y , non-oncogenic 3NQ0 

and 8NQ0 do no t , and the i m p l i c a t i o n s of t h i s c o r r e l a t i o n are 

merely sugges t i ve of the p o s s i b l e r o l e of DNA breakage in 

n e o p l a s t i c t r a n s f o r m a t i o n . 

The ac tua l mechanism by which 4NQ0 induces breaks in 

mammalian DNA i s of prime c o n s i d e r a t i o n before any m e c h a n i s t i c 

c o n c l u s i o n s can be drawn regard ing the a l k a l i n e sucrose g rad ien t 

a n a l y s i s of the r e p a i r of 4NQ0-induced DNA s i n g l e s t rand b reaks . 

The f o l l o w i n g ques t i ons can be r a i s e d concern ing t h i s 

phenomenon of 4NQ0-induced DNA breaks and the r e p a i r of these 

b reaks : 

* Refer to the Appendix to insure a c l e a r i n t e r p r e t a t i o n of 
t h i s d i s c u s s i o n . 



(1) Once the DNA s i n g l e s t rands a r e - e x c i s e d , do they : 

(a) r e j o i n on l y a f t e r a l l g ross DNA s i n g l e s t rand breakage is 

comple te ; o r , (b) r e j o i n s imu l taneous l y w i th c o n t i n u i n g DNA 

breakage? 

(2) Are these DNA s i n g l e s t rand breaks produced by a 

r a p i d spontaneous chemical r e a c t i o n between 4NQ0 and DNA, such " 

t h a t the DNA r e p a i r samples ( taken up t o 24 hours a f t e r 4NQ0 

exposure) s imply measure the k i n e t i c s of r e j o i n i n g of the 

broken DNA s i n g l e s t rands u n t i l the broken s i n g l e s t rands . 

a re too few to be measured by the sucrose g r a d i e n t techn ique? 

(3) Are these smal l DNA s i n g l e s t rands produced by an 

e x c i s i o n process mediated by one o r more endonucI eases and/or 

exonuc leases which. perhaps f u n c t i o n by d e t e c t i n g DNA a l t e r a t i o n s 

r e s u l t i n g from the b ind ing of 4NQ0 and then removing these 

a l t e r a t i o n s ? 

F i r s t l y , the ques t i on of whether the r e j o i n i n g of the 

DNA s i n g l e s t rand s c i s s i o n s occurs (a) a f t e r the p roduc t ion of 

the s c i s s i o n s , or (b) s imu l taneous l y w i th the p roduc t ion of 

the s c i s s i o n s , cou ld be answered by a c a r e f u l c o r r e l a t i o n of 

a u t o r a d i o g r a p h i c r e s u l t s of unscheduled uptake of 3 H-TdR 

( i nco rpo ra ted in to new DNA s i n g l e s t rand p o r t i o n s used t o 

' p a t c h ' the DNA b r e a k s ) , w i th a l k a l i n e sucrose dens i t y g rad ien t 

r e s u l t s of the p roduc t ion of low mo lecu la r weight DNA s i n g l e 

s t r a n d s . Samples f o r each a n a l y s i s would be taken a t the same 

t ime i n t e r v a l s f o l l o w i n g exposure to 4NQ0. P r e l i m i n a r y 

o b s e r v a t i o n s i n d i c a t e t ha t t he re i s d e f i n i t e l y an ove r l ap of 

the e x c i s i o n and r e j o i n i n g p rocesses a s , f o r example, t he re 
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3, 
i s c o n s i d e r a b l e unscheduled uptake of H-TdR 2 hours a f t e r 4NQ0 

29 30 

treatment ' ( r e j o i n i n g or 'patching' in p r o g r e s s ) , and 

con s i d e r a b l e low mo I ecu Iar-weight DNA'single strands present 

at 2 hours and even moreso at 4 hours ( e x c i s i o n of DNA s i n g l e 

strands in progress; see Figure 8 ) . However, only c a r e f u l , 

r e f i n e d experimentation w i l l v e r i f y t h i s observation and 

perhaps even semiquantify the ' k i n e t i c s . of these processes. 

The reduction in the frequency of 4N00-induced DNA breaks 

t h a t occurred when 4x10 3M c a f f e i n e was added to the c u l t u r e 

medium with 4NQ0 gave some suggestions, although i n d i r e c t and 

s p e c u l a t i v e , as to how the 4NQ0 could p o s s i b l y be breaking the 

DNA. These suggestions were a r r i v e d at by f i r s t compiling 

probable modes.of a c t i o n of c a f f e i n e as used in these s t u d i e s . 

C a f f e i n e (1,3,7-trimethyIxanthine; note Figure 11) i s 

Figure 11. C a f f e i n e ( 1 , 3 , 7 - t r i m e t h y I x a n t h i n e ) , a purine analog. 

assumed to be s t e r i c a l l y incapable of i n c o r p o r a t i o n i n t o DNA as 

a purine analog in most mammalian c e l l s y s t e m s ^ A l t h o u g h 

there are no c l e a r c u t r e s u l t s demonstrating the mutagenic e f f e c t s 

o CH3 

CH3 
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of c a f f e i n e on mammals, the s y n e r g i s t i c e f f e c t of c a f f e i n e and 

U V - l i g h t was shown to produce more mutat ions than UV-I ight a lone 

when c a f f e i n e was added to b a c t e r i a l c u l t u r e s immediately a f t e r 

UV t r e a t m e n t 3 ^ ' T h e f a c t t ha t c a f f e i n e may i n h i b i t the r e p a i r 

process was supported by research showing tha t c a f f e i n e d i r e c t l y 

8 i 3 37 51 

a f f e c t s the enzymes, of b a c t e r i a , t ha t are r e s p o n s i b l e f o r r e p a i r ' ' ' 

Moreover, and of the utmost s i g n i f i c a n c e , the c a f f e i n e e f f e c t on 

the r e p a i r p rocesses of b a c t e r i a was a l s o found in mammalian c e l l 

c u l t u r e s , as c a f f e i n e was found to i n h i b i t the r e p a i r of U V - l i g h t 
50 

induced l e s i o n s in mouse L - c e l l s . Fur thermore, p o s s i b l e enzyme 

i n h i b i t i o n was suggested by the f a c t t ha t c a f f e i n e was ab le to 

i n h i b i t the inc rease in polymerase a c t i v i t y , induced by 

M i tomyc in -C , in leukocyte c u l t u r e s ^ . 

T h e r e f o r e , a p o s s i b l e mechanism of the c a f f e i n e - i n d u c e d 

reduc t ion in DNA s i n g l e s t rand b reaks , in these s t u d i e s , cou ld 

be t ha t the c a f f e i n e i s b l ock i ng the a c t i o n of enzymes which are 

des t ined to remove p o r t i o n s of DNA tha t were in some way a l t e r e d 

by the 4NQ0. Perhaps c a f f e i n e , being a pu r ine a n a l o g , i s b l o c k 

ing the a c t i v e s i t e ( s ) of the enzyme(s) i n v o l v e d . 

A l t e r n a t i v e l y , c a f f e i n e may in some way be competing w i th 

4NQ0 fo r b ind ing s i t e s on the DNA and hence b lock the a c t i o n of 

4NQ0 in t ha t manner. A d d i t i o n a l exper iments to assess the 

r o l e of the t ime of a p p l i c a t i o n of c a f f e i n e in c o n j u n c t i o n w i th 

4NQO w i l l c a s t some l i g h t on t h i s i n t e r p r e t a t i o n of the r e s u l t s . 

However, i t i s of i n t e r e s t to pursue the former sugges t ion 

t ha t nuc lease enzymes are requ i red to mediate 4N00-induced DNA 

s i n g l e s t rand breaks as i t i s f e l t t ha t t h i s approach g i v e s the 
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most i n fo rma t i ve mo lecu la r leve l exp l ana t i on of the mode of a c t i o n 

of 4NQ0 (and d e r i v a t i v e s ) , as wel l as t y i n g in nea t l y w i th p rev ious 

s t u d i e s . Moreover , Ikegami and co-workers add suppor t t o the 

involvement of enzymes in media t ing 4NQ0-induced DNA breaks : 

" In the case of 4NQ0, the p o s s i b i l i t y of enzymat ic removal of 

n u c l e o t i d e s mod i f ied by q u i n o l i n e d e r i v a t i v e s cannot be ru led 

o u t " 1 6 . 

It i s we l l e s t a b l i s h e d , by b iochemica l s t u d i e s , t h a t 4N00 b inds 

16 21 

to DNA in v i v o and most ly to the pur ine bases . Karreman was 

the f i r s t to develop a theory of the mode of b ind ing by a n a l y z i n g 

the r e l a t i v e TT e l e c t r o n d e n s i t i e s on each of the atoms of 4NQ0 and 

of the DNA bases. T h i s was done by Hiickel mo lecu la r o r b i t a l (HMO) 

computat ions and showed t ha t the g r e a t e s t TT e l e c t r o n d e n s i t i e s 

(symbol ized as 6 - ) , on 4NQ0, occur red on the oxygen atoms of the 

n i t r o and N-ox ide f u n c t i o n a l i t i e s as shown in F igu re 12: 

\ 
F igu re 12. The oxygen atoms of 4NQ0 have the g r e a t e s t TT e l e c t r o n 
d e n s i t y (6-) of a l l the atoms in the mo lecu le . 

S i m i l a r l y , Karreman showed t ha t the tautomer of adenine con ta i ns 

two n i t r ogen atoms tha t lack c o n s i d e r a b l e TT e l e c t r o n d e n s i t y 

( t he re fo re symbol ized as 6+) r e l a t i v e to the o the r atoms in the 



molecule as shown in F igu re 13: 

Adenine Tautomer of Adenine 

F i gu re 13. The N-1 and N-9 n i t r ogen atoms of the tautomer of 
adenine have the l e a s t ir e l e c t r o n d e n s i t y (6+) of a l l atoms 
i n the mo I ecu Ie. 

The 6- oxygen atoms of 4NQ0 and the <5+ n i t r ogen atoms of the 

tautomer of adenine are the same d i s t a n c e apar t and so 

Karreman proposed t ha t a c h a r g e - t r a n s f e r complex between the 4NQ0 

molecu le and the tautomer of adenine may occur as shown in 

F i g u r e 14: '> 

H 

4NQ0 Tautomer of Adenine 

F i gu re 14. Schematic r e p r e s e n t a t i o n of the c h a r g e - t r a n s f e r 
complex between 4NQ0 and the tautomer of adenine as proposed 
by K a r r e m a n ^ , 



Figure 15. 4NQ0 induces the formation of the tautomer of 

adenine and thereby d i s rupt s the interstrand H-bonding. 



sugar 

sugar 
Thym i ne Aden i ne 

(a).Normal i n t e r s t r a n d H-bonding between thymine 
and aden ine . 

sugar 
Thymine Tautomer of Adenine 

(complexed to 4NQ0, 
not shown) 

(b) 4NQ0-d isrupted H-bonding. 
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The r e p r e s e n t a t i o n in F i gu re 14 can be somewhat m i s l ead ing as to 

the probable in v i v o s te reochemis t r y of t h i s complex. S ince 

both of the complexing molecu les are f l a t and r i g i d , i t i s l i k e l y 

t ha t they are ab le to approach each o the r f a i r l y c l o s e , one on 

top of the o t h e r , w i th l i t t l e s t e r i c h ind rance . 

Karreman's proposal was t h a t the s t a b i l i t y of t h i s complex 

would be such t ha t the presence of 4NQ0 would enhance the 

fo rmat ion of the o the rw ise e l e c t r o n i c a l l y uns tab le tautomer of 

aden ine . Th i s abnormal e l e c t r o n i c c o n f i g u r a t i o n of adenine 

would a l t e r the e l e c t r o n i c d e n s i t i e s r e s p o n s i b l e f o r the normal 

i n t e r s t r a n d hydrogen bonding to thymine. By s tudy ing a s i m i l a r 

H-bonding s i t u a t i o n w i th c y t o s i n e , r a the r than thymine, i t can 

be seen why Karreman u l t i m a t e l y proposed t h a t the genera t i on of 

the adenine tautomer a t the t ime of DNA r e p l i c a t i o n would cause 

the b i o s y n t h e s i s of a c y t o s i n e oppos i t e the adenine and so a 

po in t mutat ion would o c c u r . 

T h i s idea of po in t mutat ion i nduc t i on by 4NQ0 prov ided a 

mechanism f o r .spontaneous mutagenesis as o r i g i n a l l y put f o r t h 

21 

by Watson and C r i c k in 1953 , but r e a l l y f a i l e d to e x p l a i n 

the mode of DNA breakage by 4NQ0 and : p o s s i b l y s i m i l a r d e r i v a t i v e s . 

F i gu re 15 i l l u s t r a t e s the a n n i h i l a t i o n of the i n t e r s t r a n d hydro

gen bonds between adenine (complexed w i th 4NQ0) and thymine. The 

subsequent l oca l dena tu ra t i on of DNA, caused by 4NQ0, and the 

probable s te reochemica l a l t e r a t i o n in the sugar-phosphate 

back-bone of the DNA h e l i x , a re s c h e m a t i c a l l y i l l u s t r a t e d in 

F i gu re 16: 
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DoubIe-heI i caI 
DNA molecu Ie 

F i gu re 16. A schemat ic r e p r e s e n t a t i o n of the genera t ion of a 
l oca l dena tu ra t i on by 4NQ0. 

It can t h e r e f o r e be proposed t ha t the mammalian c e l l r e p a i r 

enzymes de tec t the loca l d e n a t u r a t i o n . b y ' r e a d i n g ' : 

(a) the a l t e r e d DNA sugar-phosphate back-bone c o n f i g u r a t i o n , or 

(b) the l oca l d e n a t u r a t i o n , w i th regard to H-bond d i s r u p t i o n , or 

(c) the 4NQ0-adenine compI ex , or 

(d) any comb ina t i on , or a l l , of the above. 

The nuc lease enzymes, by removing the a l t e r e d n u c l e o t i d e s of 

DNA, thereby produce abundant s i n g l e s t rand breaks in the DNA 

molecu le which r e s u l t s in low mo lecu la r weight DNA s i n g l e s t r a n d s , 

which are produced and measured upon dena tu ra t i on and sed imenta t ion 

on the a l k a l i n e sucrose g r a d i e n t . One can f u r t h e r hypo thes ize 

t ha t a polymerase enzyme and a I igase enzyme may be requ i red to 

r e p l a c e the damaged n u c l e o t i d e s removed in t h i s manner. 

With t h i s p o s s i b l e mode of DNA breakage by 4NQ0, and s i m i l a r 

q u i n o l i n e N-oxide compounds f o r t ha t mat te r , i t seems l i k e l y 

t ha t the ac tua l DNA s i n g l e s t rand breakage would occur most ly 
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dur ing the i n i t i a l a p p l i c a t i o n of 4NQ0 and perhaps in l e s s e r amounts 

as the number of such 4NQ0-bound DNA n u c l e o t i d e s decreases th rough

out the incuba t ion p e r i o d . N e v e r t h e l e s s , the k i n e t i c s of the 

proposed enzymat ic e x c i s i o n of DNA s i n g l e s t rands would l i k e l y 

be compl i ca ted by the e x i s t e n c e of r e s i d u a l poo ls of 4N00, or 

one or more of i t s a c t i v e me tabo l i t es ( f o r example, 4HAQ0), 

w i th i n the ceI I. 

Another s i m i l a r model of the i n t e r a c t i o n of 4NQ0 wi th DNA 

48 
was r e c e n t l y proposed by Paul and co-workers . Th i s t h e o r e t i c a l 

21 

model was de r i ved in a manner, s i m i l a r to t ha t of Karreman , in 

which extended Huckel mo lecu la r o r b i t a l (EHMO) computat ions were 

performed on both c a r c i n o g e n i c and noncarc inogen ic 4 - n i t r o q u i n o I ine 

1-oxides and r e l a t e d compounds. A model of c h a r g e - t r a n s f e r 

complex fo rmat ion between deoxyguanosine in DNA and 4NQ0 was 

c o n s t r u c t e d , based upon mo I ecu Iar o r b i t a I r e s u l t s and s t e r i c 
48 

f a c t o r s . Th i s model i s shown in F igu re 17. P a u l ' s model 

a l lowed the p r e d i c t i o n of the q u a l i t a t i v e c a r c i n o g e n i c i t y of 

26 d e r i v a t i v e s of 4NQ0 and i t was found tha t a l l c o r r e l a t i o n s 

between mo lecu la r o r b i t a l p r o p e r t i e s and c a r c i n o g e n i c i t y were 

mod i f i ed by one or more of the f o l l o w i n g s t r u c t u r a l f a c t o r s : 

(a) the absence of a 4 - n i t r o group, 

(b) the absence of a 1-oxide group, and 

(c) the presence of bu lky s u b s t i t u e n t s in p o s i t i o n 2 o r 3 

of the q u i n o l i n e r i n g . 

Any of the th ree f a c t o r s r e s u l t e d in e i t h e r n o n c a r c i n o g e n i c i t y 

o r reduced c a r c i n o g e n i c i t y . It i s i n t e r e s t i n g to note t h a t 

these r e s u l t s a re c o n s i s t e n t w i th the c o r r e l a t i o n s between 
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F igu re 17. The pos tu la ted complex, between 4N00 and deoxyguanosine, 
by Paul and c o - w o r k e r s ^ . 

chemical s t r u c t u r e and ex ten t of DNA r e p a i r i nduc t i on by these 

59 

4NQ0 d e r i v a t i v e s , as found by S t i c h and San . Moreover , w i th 

the necessary r e s e r v a t i o n s in mind, the r e s u l t s ob ta ined from 

the comparat ive a n a l y s i s of the DNA breakage induced by 4NQ0, 

3-methyI-4NQ0, 3NQ0, 8NQ0, as determined in these a l k a l i n e 

sucrose dens i t y g r a d i e n t s t u d i e s , a l s o p a r a l l e l l e d the above 

EHMO c a l c u l a t i o n r e s u l t s . 

Of s i g n i f i c a n c e to the proposed mode of enzyme-mediated, 

4NQ0- induced, DNA breakage i s the f a c t t ha t the c h a r g e - t r a n s f e r 

complex proposed by Paul and co-workers cou ld a l s o cause a 

l oca l dena tu ra t i on of the DNA h e l i x and hence the r e p a i r 

enzymes (nuc leases) may be evoked to remove the a l t e r e d 

p o r t i o n s of the DNA mo lecu le . A l l in a l l , the c h a r g e - t r a n s f e r 
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complexes proposed by Kar reman^ and Paul and c o - w o r k e r s 4 8 

may be on ly r e p r e s e n t a t i v e o f a spectrum of v a r i o u s 4NQ0-DNA 

c h a r g e - t r a n s f e r complex p o s s i b i l i t i e s - a l l of which may p r o 

voke enzyme-mediated removal of the a l t e r e d DNA n u c l e o t i d e s . 

A prime c r i t i c i s m of t h i s proposed enzyme-mediated, 

4NQ0-induced breakage is t ha t a me tabo l i c reduc t i on product of 

22 61 
4NQ0, 4HAQ0, may in f a c t be the proximal ca rc inogen ' 

It has. been demonstrated t h a t 4HAQ0 c o v a l e n t l y bonds w i th DNA 

60 

and apparen t l y causes s i n g l e - s t r a n d s c i s s i o n s of DNA 

However, the concept t ha t the c a r c i n o g e n i c 4HAQ0 and r e l a t e d 

compounds i n t e r a c t w i th DNA by a mechanism o the r than cova len t 

bond fo rmat ion can be supported by severa l s t u d i e s . F i r s t l y , 

s p e c t r o p h o t o m e t r y s t u d i e s have demonstrated t ha t 4HAQ0 i n t e r a c t s 
26 

w i th DNA in a manner s i m i I a r to 4NQ0 and probably i n v o l v i n g 
46 

an n ir* i n t e r a c t i o n . F igu re 18 shows such an involvement 

of the nonbonding e l e c t r o n s of the oxygen of the hydroxyamino 

group. Note t h a t the e l e c t r o n s are dep ic ted as being donated to 

the <5+ n i t r ogen of the TT* e l e c t r o n system of the tautomer of adenine 

(hence the term n -*• TT* i n t e r a c t i o n ) . Fur thermore, the donat ion of 

the non-bonding e l e c t r o n p a i r of the oxygen cou ld c o n t r i b u t e to 

the s t a b i l i t y of the tautomer of aden ine . A g a i n , t h i s 

e l e c t r o n i c a l t e r a t i o n of the adenine TT e l e c t r o n system, i n 

duced by 4HAQ0 in t h i s c a s e , would probably be s u f f i c i e n t 

t o a n n i h i l a t e the i n t e r s t r a n d H-bonding to thymine. A g a i n , 

the r e p a i r enzymes may be imp l i ca ted in removing the a l t e r e d 
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F igu re 18. The involvement of 4HAQ0 in a c h a r g e - t r a n s f e r complex 
w i th the tautomer of aden ine . 

DNA f ragment . 

Second ly , 4HAQ0, l i k e 4NQ0, has been shown to bind s p e c i 

f i c a l l y w i th the p u r i n e s , both a t the nuc leos ide and polymer 

26 

l e v e l s , and has a l s o been shown to r e s u l t in p a r a l l e l base 

p lanes 

The fo rego ing ev idence suggests a s i m i l a r i t y in the i n t e r 

a c t i o n of 4HAQ0 and 4NQ0 wi th DNA. The proximal ca rc inogen 

does not , in f a c t , seve re l y hamper the concept of enzyme 

involvement in the i nduc t i on of DNA s i n g l e s t rand breaks 

upon exposure to 4NQ0 and d e r i v a t i v e s . 
People w i th the homozygous r e c e s s i v e g e n e t i c d i s e a s e , 

Xeroderma pigmentosum (XP) have a very high inc idence of 
5 

s k i n cancer . It has been shown t ha t XP f i b r o b l a s t s do not 

r e l e a s e UV-induced thymine dimers from DNA and so do not r e -

4 

p a i r photochemical damage . It t h e r e f o r e seems t ha t the XP 

f i b r o b l a s t s lack an endonuclease enzyme which i s the probable 



means by which the a l t e r e d DNA is removed, before the p o s s i b l e 

l i g a s e involvement in the r e p a i r p rocess . In our l a b o r a t o r y , 

S t i c h and San have r e c e n t l y shown t h a t , u n l i k e normal s k i n 

f i b r o b l a s t s , XP f i b r o b l a s t s e x h i b i t very reduced unscheduled 

uptake of 3 H-TdR a f t e r 4NQ0 t reatment and a f t e r U V - l i g h t 

t rea tment . T h i s suggests t ha t an endonuclease enzyme, 

4 

s i m i l a r to t ha t invo lved in removing thymine dimers , may 

be requ i red to remove 4NQ0-a l te red DNA s u b u n i t s . 

Unscheduled uptake, of 3 H-TdR, as a.measure of DNA r e p a i r , 

i s o b v i o u s l y dependent on the l i g a s e a c t i v i t y in r e j o i n i n g 

the ' n i c k s ' in the DNA s t r a n d s , and so i t may be argued t ha t 

XP f i b r o b l a s t s show abnormal ly reduced l i g a s e a c t i v i t y in the 

presence of 4NQ0 (a l though XP f i b r o b l a s t s are capable of 
4 

r e p a i r i n g X - ray induced DNA b reaks , which r equ i r es a l i g a s e ). 

A l k a l i n e sucrose dens i t y g r a d i e n t a n a l y s i s of XP f i b r o b l a s t DNA, 

a f t e r exposure to 4NQ0 and d e r i v a t i v e s , would d i r e c t l y t e s t the 

hypo thes is t ha t XP f i b r o b l a s t s lack endonuclease a c t i v i t y , 

r e g a r d l e s s of l i g a s e a c t i v i t y . Moreover , the i m p l i c a t i o n of 

enzyme involvement in removing 4NQ0-induced DNA a l t e r a t i o n s 

of any mammalian c e l l would be s u b s t a n t i a t e d . 

It appears t ha t the a l k a l i n e sucrose g r a d i e n t d e t e c t i o n of 

s i n g l e s t rand breaks has p a r a l l e l l e d c y t o l o g i c s t u d i e s , such as 
58 59 

those of S t i c h and San ' , w i th regard to the mode of a c t i o n of 
q u i n o l i n e N -ox i des . A l though t h i s new b iochemica l techn ique 

58 59 

l acks such s e n s i t i v i t y as shown by au to rad iog raph i c methods ' 

in r e p r o d u c i b l y d e t e c t i n g DNA breaks induced by s o - c a l l e d weak 

oncogens, i t s u t i l i t y i s c e r t a i n l y commendable. S tud ies l i k e 

those d e s c r i b e d , combined w i th the proposed s t u d i e s on XP 



f i b r o b l a s t s , w i l l perhaps broaden the o v e r a l l concept of 

chemical c a r c i n o g e n e s i s to inc lude the r o l e of nuc lea r r e p a i r 

enzymes in p reven t ing chemical a l t e r a t i o n s of DNA, such as 

those suggested f o r 4NQ0-treated DNA. 

Attempts at c o r r e l a t i n g b i o l o g i c a l a c t i v i t i e s w i th s p e c i f 

chemical a l t e r a t i o n s , even down to the e l e c t r o n i c leve l of 

c h a r g e - t r a n s f e r r e a c t i o n s , w i l l u l t i m a t e l y develop a s p e c i f i c 

mo I ecu Iar-1 eve I i n t e r p r e t a t i o n of the mutagenic phenomenon 

of n e o p l a s t i c t r a n s f o r m a t i o n . 



SUMMARY 

The aim of t h i s study has been to revea l the mode of a c t i o n 

of the mutagenic and oncogenic 4 - n i t r o q u i n o I ine 1-oxide and i t s 

weakly or non-oncogenic d e r i v a t i v e s . The main t e c h n i c a l c o n s i 

d e r a t i o n s , r e s u l t s , and c o n c l u s i o n s are s h o r t l y summarized below: 

1. The optimum l a b e l l i n g c o n d i t i o n s fo r BHK-21 c e l l s were: 

0.05 uCi /ml 1 4 C - T d R and 0.25 uCi /ml 3 H-TdR fo r 24 hours . When 

d i p l o i d hamster embryonic c e l l s were used the l a b e l l i n g t ime 

was increased to 36-40 hours . 

2. The m o d i f i c a t i o n s of the a l k a l i n e sucrose g rad ien t techn ique 

were: (1) l a y e r i n g the c e l l suspens ion d i r e c t l y onto a 2% sucrose 

o v e r l a y ; and, (2) a l l o w i n g c e l l l y s i s and c e n t r i f u g a t i o n to occur 

a t 4° r a t h e r than room tempera ture . 

3. With the ab'ove t e c h n i c a l m o d i f i c a t i o n s , the opt imal number 

of c e l l s layered per g r a d i e n t was found to be 12,000. 

4. A c o n c e n t r a t i o n of 5x10 ^M 4NQ0 was found "to g i ve the most 

r e p r o d u c i b l y detec ted DNA s i n g l e - s t r a n d b reaks . 

5. A l i m i t e d c o r r e l a t i o n between the degree of o n c o g e n i c i t y of 

s y n t h e t i c q u i n o l i n e N-ox ides and t h e i r c a p a c i t y t o induce DNA 

s i n g l e - s t r a n d breaks was found. H igh ly oncogenic 4NQ0 r e a d i l y 

induced DNA s i n g l e - s t r a n d breaks whereas weakly oncogenic 

3-methyI-4NQ0 or non-oncogenic 3NQ0 and 8NQ0 d id not (w i t h i n the 

l i m i t s of d e t e c t i o n by t h i s sucrose g r a d i e n t t e c h n i q u e ) . 

6. A s i g n i f i c a n t degree of r e p a i r of 4NQ0-induced DNA s i n g l e -

s t rand breaks was found w i th r e p a i r a lmost complete a t 24 hours . 

7. DNA aggregat ion may be o c c u r r i n g in high p ropo r t i ons on the 



sucrose g r a d i e n t s as evidenced by: (1) f r e q u e n t l y o c c u r r i n g p e l -

l e t t e d DNA; and, (2) f requent occur rence of 2 parent peaks. 

8. 4NQ0, known to bind to DNA, may be i n t e r c a l a t i n g between 

bases of ad jacen t DNA s t rands and/or a f f e c t i n g the t e r t i a r y 

s t r u c t u r e of DNA, thereby enhancing DNA aggregat ion on the 

g r a d i e n t . T h i s may, in f u t u r e , be e x p l o i t e d in d e t e c t i n g very 

low c o n c e n t r a t i o n s of 4NQ0. 

—3 —6 
9. A 4x10 M c o n c e n t r a t i o n of c a f f e i n e , p resent w i th 4x10 M 

4NQ0, was found to v a s t l y reduce the ex ten t of DNA s i n g l e - s t r a n d 

breakage. Th i s suggested t ha t e i t h e r : (1) the c a f f e i n e was 

competing f avo rab l y w i th 4NQ0 fo r DNA b ind ing s i t e s , or (2) the 

c a f f e i n e was reduc ing nuc lease enzyme a c t i v i t y which may be i n 

vo lved in removing 4NQ0-induced DNA a l t e r a t i o n s . 

' 10. Karreman had shown t h a t the e l e c t r o n d e n s i t i e s of the i n 

d i v i d u a l atoms of 4NQ0 and adenine favored a c h a r g e - t r a n s f e r 

complex between the two mo lecu les . 

11. T h i s would s t a b i l i z e the tautomer of adenine wh ich , i t i s 

proposed, would a n n i h i l a t e the i n t e r s t r a n d H-bonding to thymine. 

Such a l oca l dena tu ra t i on may be d e t e c t e d , and the a l t e r e d fragment 

removed, by a nuc lease enzyme(s) . 

12. The proposed proximate c a r c i n o g e n , 4HAQ0, cou ld i n t e r a c t in a 

s i m i l a r c h a r g e - t r a n s f e r complex except t ha t an n — - I T * i n t e r a c t i o n 

would be invo lved as we l l as a T T — * - T T * i n t e r a c t i o n as in the 4NQ0-

adenine c h a r g e - t r a n s f e r complex. 

13. Recent au to rad i og raph i c s t u d i e s of DNA r e p a i r in Xeroderma 

pigmentosum (XP) c e l l s have shown v a s t l y reduced unscheduled up

take of 3 H-TdR, f o l l o w i n g exposure to 4NQ0, which imp l i es t ha t 



4NQ0 may r e q u i r e an endonuclease enzyme to mediate DNA breaks by 

removing 4NQ0-a l tered n u c l e o t i d e s . 

14. 4NQ0 can be t e n t a t i v e l y c a t e g o r i z e d w i th U V - l i g h t as mutagen 

agents r e q u i r i n g an endonuclease enzyme to remove the damaged DNA 

n u c l e o t i d e s . T h i s i s con t ras ted w i th agents such as X - r a y s and 

N-mustards which spontaneous ly break DNA even in XP c e l l s . 

15. 4NQ0 may cause n e o p l a s t i c t r ans fo rma t i on because o f : 

(1) a l t e r i n g a- n u c l e o t i d e such as adenos ine , w i thout removal 

of the a l t e r a t i o n , and /or (2) caus ing too many breaks of the 

DNA s i n g l e s t rands making r e p a i r imposs ib le or i n c o r r e c t . 
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A Schematic Represen ta t i on of the 4NQO-induct ion of DNA Breaks , 

Subsequent R e p a i r , and A l k a l i n e Sucrose Grad ien t A n a l y s i s of 

the Phenomenon: 
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