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With a v iew  o f  e l u c i d a t i n g  t he  r o l e  o f  g l u t a t h i o n e  (GSH) in  t he  
b i o c h e m i c a l  pathways o f  t he  c h r o m a t e - e x p o s u r e  r e l a t e d  c a r c i n o g e n e s i s ,  
we c a r r i e d  ou t  e l e c t r o n  s p i n  resonance (ESR) s p e c t r o s c o p i c  
i n v e s t i g a t i o n s  o f  the  chromate-GSH redox r e a c t i o n s .  The ESR 
measurements,  emp loy i ng  s p i n - t r a p s ,  p r o v i d e  e v i d e n c e  f o r  t he  
i n v o l v e m e n t  o f  the  g l u t a t h i o n e  (GS.)  r a d i c a l ,  as w e l l  as an i s o l a b l e  
C r ( V ) - g l u t a t h i o n e  i n t e r m e d i a t e .  These r e s u l t s  i n d i c a t e  a new 
mechanism f o r  the  r e d u c t i o n  o f  chromate by GSH in  i n  v i t r o  
c e l l u l a r  e n v i r o n m e n t  and he lp  unde rs tand  t he  ( u n e x p e c t e d )  i n c r e a s e  i n  
C r ( V I ) - i n d u c e d  DNA s t r a n d  breaks  a t  e l e v a t e d  GSH l e v e l s .  ~ 1988Ao~de~ic 
Press, Inc. 

We r e p o r t  here i n d i r e c t  e l e c t r o n  s p i n  resonance (ESR) e v i d e n c e  

f o r  the  i n v o l v e m e n t  o f  the  g l u t a t h i o n y l  (GS.)  r a d i c a l  and d i r e c t  

ev i dence  f o r  a Cr (V)  i n t e r m e d i a t e  i n  the  r e a c t i o n s  o f  g l u t a t h i o n e  

(GSH) w i t h  chromate f o r  the  f i r s t  t i m e .  T h i s  work was u n d e r t a k e n  t o  

c l a r i f y  the  b i o c h e m i c a l  pathway o f  the  r e d u c t i o n  o f  chromate  by GSH, 

s i n c e  t h i s  r e d u c t i o n  p rocess  i s  t h o u g h t  t o  be a c r i t i c a l  s t e p  i n  t h e  

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

f o l l o w s  f rom the  l i t e r a t u r e  r e p o r t s  which show t h a t  (a )  C r ( V I )  

compounds have been proven t o  be c a r c i n o g e n s  in  l a b o r a t o r y  a n i m a l s  as 

w e l l  as in  human s t u d i e s  2-4 ,  (b)  C r ( V I )  and no t  C r ( I I l )  compounds a re  

mutagen ic  5-7,  ( c )  C r ( V l )  and no t  C r ( I l l )  compounds can p e n e t r a t e  c e l l  

membranes 8 ,9 ,  (d)  the  f i n a l  s t a t e  o f  C r ( V l )  i n  c e l l u l a r  r e d u c t i o n s  i s  

C r ( I I l )  I ,  (e )  by i t s e l f  chromate ( o r  C r ( V I ) )  canno t  be d i r e c t l y  

mutagen ic  s i n c e  C r ( V I )  i s  known no t  t o  i n t e r a c t  w i t h  i s o l a t e d  DNA 

under  p h y s i o l o g i c a l  c o n d i t i o n s  Io ,  s u g g e s t i n g  the  s i g n i f i c a n c e  o f  

C r ( V I )  r e d u c t i o n  p r o c e s s e s .  One o f  the  ma jo r  r e d u c t a n t s  i n  c e l l u l a r  
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environments i s  thought to  be the GSH, both outs ide and ins ide  the 

c e l l s  11-Ia. Other evidence f o r  the ro le  o f  GSH in  the chromate 

t o x i c i t y  is  seen from recent s tud ies  showing t ha t  exposure of  hamster 

c e l l s  to non - tox i c  l e ve l s  of  added s e l e n i t e  increases the l eve l s  o f  

GSH as wel l  as the Cr (VI ) - induced DNA strand breaks TM , and t ha t  

such DNA strand breaks in  hepatocytes also change in  d i r e c t  

p ropor t ion  to t h e i r  GSH content  15,1s. These observat ions were 

i n t e rp re ted  as imply ing t h a t  the reduc t ion  of  chromate by GSH to some 

reac t i ve  in termediate i s  an important step in the chromate 

c a r c i n o g e n i c i t y  ~5,~B The f o l l o w i n g  reac t ion  steps were 

suggested~5,1e • 

(A) Initial step: 

CFO4 z- / = GSCFO3- (1 )  

GSH 

(B) At  h igh  GSH l e v e l s :  

GSCrO~- ~ C r ( I V )  (2 )  

GSH GSSG 

(C) At  low GSH l e v e l s :  

GSCrO3- ~ , Cr (V)  (3)  

GS- 

where GSCrO3- i s  the  g l u t a t h i o n e - c h r o m a t e - e s t e r ,  GSSG the  

g t u t a t h i o n e  d imer ,  and GS. the  g l u t a t h i o n y l  r a d i c a l .  Thus f a r ,  

however ,  in  these  r e a c t i o n s ,  the  GS- r a d i c a l  has e luded  

s p e c t r o s c o p i c  d e t e c t i o n ,  perhaps because o f  i t s  h igh  r e a c t i v i t y ,  

whereas both p o s i t i v e  17,18 as w e l l  as n e g a t i v e  11 e v i d e n c e  f o r  Cr (V)  

f o r m a t i o n  has been r e p o r t e d .  In  the p r e s e n t  u n d e r t a k i n g ,  we have used 

the  ESR s p i n - t r a p  methodo logy  t o  c i r c u m v e n t  the  a n i t i c i p a t e d  h igh  

r e a c t i v i t y  o f  GS. and f i n d  d e f i n i t i v e  e v i d e n c e  f o r  the  f o r m a t i o n  o f  

t h i s  r a d i c a l .  In  a d d i t i o n ,  we p r o v i d e  u n e q u i v o c a l  ev i dence  f o r  the  

i n v o l v e m e n t  o f  an i n t e r m e d i a t e  s p e c i e s  c o n t a i n i n g  C r ( V ) .  

~&TE~AL~._AND ME,HOPS: ESR s p e c t r a  were o b t a i n e d  a t  X-band (~9 .7  
GHz) us ing  a B ruke r  ER2OOD ESR s p e c t r o m e t e r .  The magne t i c  f i e l d  was 
c a l i b r a t e d  w i t h  a s e l f - t r a c K i n g  NMR Gaussmeter ( B r u k e r ,  Model ER035M) 
and the  microwave f r e q u e n c y  was measured w i t h  a H e w l e t t - P a c k a r d  (Model 
5340A) f r e q u e n c y  c o u n t e r .  The s p i n  p robes ,  a - ( 4 - p y r i d y l - l - o x i d e ) - N  
- t e r t - b u t y l n i t r o n e  (4-POBN) and 5 , 5 - d i m e t h y l - l - p y r r o l i n e - l - o x i d e  
(DMPO) were purchased f rom A l d r i c h ,  and used w i t h o u t  f u r t h e r  
p u r i f i c a t i o n  s i n c e  v e r y  weak or  no s p i n  adduct  s i g n a l s  were o b t a i n e d  
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from t h e  p u r c h a s e d  samp le  when used  a l o n e .  K2Cr20? was p u r c h a s e d  
f r o m  F i s h e r .  A l l  e x p e r i m e n t s  we re  done a t  room t e m p e r a t u r e ,  

RESULTS AND D I S C U S S I O N :  An a q u e o u s  s o l u t i o n  o f  0 . 1 H  s p i n  t r a p  a - ( 4 -  

p y r i d y l - l - o x i d e ) - N - t e r t - b u t y l n i t r o n e  (4 -POBN) ,  e i t h e r  w i t h  c h r o m a t e  

a l o n e  o r  GSH a l o n e ,  d i d  n o t  g i v e  a d e t e c t a b l e  ESR s p e c t r u m .  H o w e v e r ,  

when c h r o m a t e ,  GSH and 4-POBN we re  m i x e d ,  an ESR s p e c t r u m  was o b s e r v e d  

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

t r i p l e t s )  and t h a t  o f  C r ( V )  1 7 , 1 s ,  t h e  b r o a d  peak a t  g = 1 .995  ( F i g .  1 

a - c ) .  A b o u t  t e n  m i n u t e s  l a t e r ,  when t h e  s i g n a l  f r o m  C r ( V )  had d e c a y e d ,  

a c l e a r  s p e c t r u m  (g = 2 , 0 0 6 1 ) ,  c o n s i s t i n g  o f  o n l y  d o u b l e t s  o f  t r i p l e t s  

was o b t a i n e d  ( F i g . 1  f ) .  T h i s  s p e c t r u m  i s  a s s i g n e d  t o  t h e  4-POBN-GS 

a d d u c t  by i t s  s t r o n g  s i m i l a r i t y  t o  t h e  s p e c t r u m  r e p o r t e d  e a r l i e r  lg f o r  

t h e  same a d d u c t .  The a n a l y s i s  o f  t h e  s p e c t r u m  i n  F i g .  1 f gave  t h e  

n i t r o g e n  h y p e r f i n e  c o u p l i n g  aN = 15 .0  G and p r o t o n  h y p e r f i n e  c o u p l i n g  

aH = 2 . 3  G, w h i c h  compare  w e l l  w i t h  t h o s e  (aN = 1 5 . 1 3  G and aH = 

2 . 3 2  G) r e p o r t e d  e a r l i e r  19. 

A d d i t i o n a l  s u p p o r t  f o r  t h i s  i d e n t i f i c a t i o n  was seen f r o m  ESR 

s p e c t r a  u s i n g  5 , 5 - d i m e t h y l - l - p y r r o l i n e - l - o x i d e  (DHPO).  The s p e c t r u m  

o b t a i n e d ,  F i g .  2 a, i s  c o m p o s i t e  o f  t h a t  o f  t h e  s p i n  a d d u c t ,  a 1 : 2 : 2 : 1  

q u a r t e t ,  and t h a t  o f  C r ( V ) ,  as e v i d e n c e d  by t h e  b r o a d  peak a t  g = 

1 . 9 9 5 .  The a n a l y s i s  o f  t h e  ESR s p i n  a d d u c t  s p e c t r u m  gave  aN : 15 .2  G 

and aH = 15 .9  G. These  v a l u e s  a r e  v e r y  s i m i l a r  t o  t h o s e  (aN = 1 5 . 4  G 

and aH : 16 .2  G) r e p o r t e d  z ° , 2 1  e a r l i e r  f o r  t h e  DHPO-GS s p i n  a d d u c t .  

The s p i n  a d d u c t  s p e c t r u m  shows r a p i d  decay  e s s e n t i a l l y  as 

d e c r i b e d  2 ° , 2 1  p r e v i o u s l y .  

An i m p o r t a n t  o b s e r v a t i o n  i n  t h e  s p i n - t r a p  s t u d i e s  was t h a t  an 

i n c r e a s e  i n  t h e  amoun t  o f  GSH c a u s e d  an i n c r e a s e  i n  t h e  s p i n  a d d u c t  

ESR s i g n a l  u n t i l  t h e  i n t e n s i t y  l e v e l e d  o f f  a t  a m o l a r  r a t i o  o f  a b o u t  

f i f t e e n  t o  one o f  GSH t o  K2Cr207 ( F i g ,  1 a - c ) .  No s p i n  a d d u c t  

ESR s i g n a l  was d e t e c t e d  f o r  t h e  m o l a r  r a t i o  o f  l e s s  t h a n  one 

( F i g ,  1 e ) .  T h i s  o b s e r v a t i o n  i s  i n  c o n t r a d i c t i o n  t o  t h e  s t e p s  (B)  

and (C)  as o u t l i n e d  i n  e q u a t i o n s  ( 2 )  and ( 3 )  a b o v e .  

F i g ,  1 and F i g .  2 a - b  p r o v i d e  d i r e c t  e v i d e n c e  f o r  t h e  f o r m a t i o n  

o f  a f a i r l y  l o n g - l i v e d  C r ( V )  i n t e r m e d i a t e  whe t h e  m o l a r  r a t i o s  o f  GSH 

t o  K2Cr207 a r e  h i g h e r  t h a n  one .  I n  a g r e e m e n t  w i t h  e a r l i e r  

s t u d i e s  17 ,1B ,  d i f f e r e n t  k i n d s  o f  C r ( V )  c o m p l e x  a r e  f o r m e d  d e p e n d i n g  
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on t h e  r e a c t i o n  c o n d i t i o n s  ( F i g .  1 a - d ) .  We w e r e  a b l e  t o  i s o l a t e  t h e  

9 = 1 . 9 9 5  s p e c i e s  w i t h  a y i e l d  o f  a b o u t  50 p e r c e n t .  A t y p i c a l  ESR 

s p e c t r u m  f o r  t h e  p o w d e r  i s  s h o w n  i n  F i g .  2 c .  The  m e a s u r e d  g - v a l u e s  

a r e  g ,  = 2 . 0 0 7  a n d  9z = 1 . 9 8 9 ,  w i t h  l i t t l e  v a r i a t i o n  w i t h  t e m p e r a t u r e  

f r o m  115 K t o  310 K. T h e s e  v a l u e s  a r e  t y p i c a l  o f  C r ( V )  s o l i d s  2 z .  When 

t h e  i s o l a t e d  C r ( V )  i n t e r m e d i a t e  was  r e d i s s o ] v e d  i n  w a t e r ,  i t s  ESR 

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

2 0 G  
i i 

~ H  

Cr (v) 

~g=1.995  

Cr(V) 
'g=1.985 

e ~  

gtl =2.007 

I 2 0 G  I 
~ H  

® 

~g=1 .995  

~ g ± =  1 . 9 8 9  

/ 
F i g .  1. ESR s p e c t r a  r e c o r d e d  2 m i n u t e s  a f t e r  m i x i n g  a 0 .015  M 

s o l u t i o n  o f  K2Cr207 w i t h  t h e  f o l l o w i n g  c o n c e n t r a t i o n s  o f  GSH: 
( a )  0 .375  M, ( b )  0 . 1 5  M, ( c )  0 .075  M, ( d )  0 . 0 3  M, ( e )  0 .0075  
M. The s p e c t r u m  i n  ( f ) ,  c o r r e s p o n d i n g  t o  [GSH] = 0 .575  M, was 
t a k e n  a f t e r  10 m i n u t e s  o f  t h e  m i x i n g ,  i n  o r d e r  t o  o b t a i n  t h e  
s p i n  a d d u c t  s i g n a l  f r e e  o f  t h e  C r ( V )  s i g n a l s .  The 
c o n c e n t r a t i o n  o f  s p i n  t r a p  used ,  4-POBN, was 0 . 1 M .  

F i g .  2. ESR s p e c t r a  o f  c h r o m a t e - g l u t a t h i o n e  m i x t u r e s :  [K2CrzO~]  = 
0 .015  M; [ g l u t a t h i o n e ]  = 0 .375  M; [DMPO] = 0.1 M; ( a )  pH = 7 . 2 ;  
( b )  pH = 4 . 0  M, r e c o r d e d  2 m i n u t e s  a~t~er m i x i n g .  ( c )  ESR 
s p e c t r u m  o f  an i s o l a t e d  C r (V )  c o m p l e x . ' T . h e  a s t r i s k s  i n d i c a t e  
m i n o r  C r ( V )  s p e c i e s .  
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Us ing the  i s o l a t e d  Cr (V)  complex ,  as we] ]  as K3Cr08, a 

known Cr (V)  compound 22, i t  was found t h a t  the  Cr (V)  i n t e r m e d i a t e  a l s o  

s e r v e s  as an o x i d a n t  f o r  the  f o r m a t i o n  o f  GS-, a r e s u l t  no t  d i s c u s s e d  

in  any o f  the  e a r l i e r  s t u d i e s  o f  the  chromate-GSH r e a c t i o n  ~ ,B-18.  We 

thus  sugges t  the  f o l l o w i n g  a l t e r n a t i v e  mechanisms f o r  t he  chromate  

r e d u c t i o n :  

(A) At  h igh  GSH l e v e l s :  

C r ( V I ) ( G S ) - - ~ C r ( V ) G S  (4 )  

GSH GS. 

, Cr (V)  (GS)2 (5)  Cr(V)GS / ~  

GSH 

Cr(V)(GS)z // ,Cr(III)GS (6) 

GSH 

2GS" , GSSG (7)  

(B) At  low GSH ] e v e ] s :  

C r ( V I ) G S - - ~ C r ( I V )  (8 )  

GSH GSSG 

C r ( I V )  + C r ( V I ) ~ ; ~ 2 C r ( I I I ) G S  (9 )  

6GSH 2GSSG 

The above r e s u l t s  a l s o  he ]p  u n d e r s t a n d  t he  r e c e n t  r e p o r t s  15,1~ 

t h a t  i n c r e a s e d  l e v e l s  o f  GSH in  t he  c e ] ] s  r e s u l t  in  i n c r e a s e d  DNA 

damage by C r ( V I ) .  In  the  c e l l u l a r  e n v i r o n m e n t  t he  c o n c e n t r a t i o n  o f  

GSH i s  much h i g h e r  than t h a t  o f  C r ( V I )  10. Now t h i s  s t u d y  shows 

t h a t  t he  s i m u l t a n e o u s  f o r m a t i o n  o f  GS- and Cr (V )  t a k e s  p ]ace  o n l y  

a t  h i g h e r  ] e v e ] s  o f  GSH r e ] a t i v e  t o  C r ( V I ) .  I t  t h u s  appears  t h a t  

i n c r e a s e d  C r ( V I ) - i n d u c e d  DNA s t r a n d  b reaks  noted a t  h i g h e r  GSH 

] e v e ] s  a re  r e l a t e d  t o  the  s i m u ] t a n e o u s  f o r m a t i o n  o f  the  GS. r a d i c a ] s  

and Cr (V )  i n t e r m e d i a t e s .  

I n  c o n c l u s i o n ,  t h i s  work shows t h a t  both  a ] o n g - ] i v e d ,  

i s o ] a b ] e ,  Cr (V)  i n t e r m e d i a t e ,  and the  GS. r a d i c a ]  a re  formed in  t he  

r e a c t i o n  between chromate  and GSH, bu t  o n l y  a t  h igh  ] e v e ] s  o f  GSH 

r e ] a t i v e  t o  chromate  i o n s ,  i n  d i s a g r e e m e n t  w i t h  an e a r ] l e t  p roposed 

mechanism 1 5 , ~ .  Thus, a new mechanism has been sugges ted ,  wh ich  a ] s o  

p r o v i d e s  a p ] a u s i b ] e  e x p ] a n a t i o n  f o r  t he  r e c e n t  ( u n e x p e c t e d )  r e p o r t  

o f  an i n c r e a s e  i n  C r ( V I ) - i n d u c e d  DNA s t r a n d  b reaks  a t  i n c r e a s e d  GSH 

l e v e l s .  Our success  in  i s o ] a t i n g  t he  Cr (V )  comp]ex opens up t he  
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p o s s i b i l i t y  o f  c a r r y i n g  ou t  a d e t a i l e d  s i n g l e  c r y s t a l  c h a r a c t e r i z a t i o n  

o f  Cr (V) - (GSH)n  c o m p l e x a t i o n ,  which may p r o v i d e  c l u e s  as t o  the  

mechanism o f  the  chromate r e d u c t i o n  by c e l l u l a r  t h i o l s .  A l so  a 

methodo logy  f o r  combat ing  c h r o m a t e - r e l a t e d  c a r c i n o g e n e s i s  may be 

a v a i l a b l e  as a r e s u l t s  o f  t hese  i n v e s t i g a t i o n s .  
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