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SPECIFIC OCCURENCE OF SELENIUX IN CERTAIN ENZYMES 
AND AMINO ACID TRANSFER RIBONUCLEIC ACIDS 

THRESSA C. STADTMAN 
Laboratory of Biochemistry, National Heart, Lung and 
Blood Institute, National Institutes of Health 
Bethesda, blaryland, USA, 2 0 2 0 5 .  

Abstract Some enzymes known to contain selenium are 
enumerated. In four of them which catalyze coupled 
oxidation-reduction reactions the selenium occurs 
exclusively in the form of selenocysteine residues. 
Their structure and function are described in detail. 
Two other bacterial enzymes which contain selenium 
in the form of a labile, readily dissociable compo- 
nent are also described. 
Results on the isolation, identification and struc- 
ture determination of selenium-containing amino acid 
transfer ribonucleic acids are presented. These se- 
leno-t RNA's are shown to contain either 5-methyl- 
aminomethyl-2-selenouridine or other 2-selenouridine 
derivatives. The role of selenium in a glutamate iso- 
accepter species is discussed. 

Introduction 

The recognition of selenium as an essential micronutrient 
for animals and many bacteria dates from the 1 9 5 0 ' s  but 
identification of this element as a hiqhly specific com- 
ponent of several enzymes and amino acid transfer ribo- 
nucleic acids (tRNAs) is much more recent. The amount of 
selenium required for optimal synthesis of several known 
selenium-containing macromolecules is usually in the 0 . 7  

to 1 fiM range for bacteria and cultured mammalian cells 
whereas sulfur levels in the media normally are at least 
three orders of magnitude higher. For adult humans a 
daily intake of 1 to 3 microequivalents of selenium is 
estimated to be sufficient. In the case of bacteria, it 
has been shown experimentally that the biosynthesis of 
essential seleno-enzymes and seleno-tRNAs is unaffected 
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by wide v a r i a t i o n s  i n  s u l f u r  l e v e l s .  I n  s e v e r a l  i n s t a n -  

ces r e l a t i v e l y  c o n s t a n t  l e v e l s  of a p a r t i c u l a r  s e l e n o -  

enzyme o r  seleno-tRNA are observed  when organisms are  

c u l t i v a t e d  i n  t h e  p re sence  o f  0.1 t o  1 DM s e l e n i t e  wh i l e  
t h e  s u l f u r  i s  v a r i e d  from 0 . 5  t o  10 mM. 

I n  view of t h e  many chemica l  p r o p e r t i e s  common t o  s u l f u r  
and se l en ium,  t h e  q u e s t i o n  of t h e  p o s s i b l e  b i o l o g i c a l  

advan tages  of t h e  u s e  o f  s e l en ium i n s t e a d  o f  s u l f u r  f r e -  

q u e n t l y  i s  posed.  The f a c t  t h a t  s e l e n o l s ,  i n  c o n t r a s t  
t o  t h i o l s ,  are  l a r g e l y  i o n i z e d  a t  n e u t r a l  pH i n d i c a t e s  

t h a t  s e l e n o l s  i n  enzymes w i l l  be a n i o n i c  and t h u s  good 
n u c l e o p h i l e s .  A l s o ,  t h e  l o w e r  redox p o t e n t i a l ,  e . g .  of  
s e l e n o c y s t e i n e  as compared t o  c y s t e i n e ,  c o u l d  s e r v e  as  

an impor t an t  advantage  f o r  an enzyme c a t a l y s t  o p e r a t i v e  
a t  t h e  l o w e r  end o f  t h e  p o t e n t i a l  s k a l e .  The o c c u r r e n c e  
of se l en ium i n  s e v e r a l  enzymes from s t r i c t l y  a n a e r o b i c  

b a c t e r i a  and t h e  a p p a r e n t  l a c k  of se l en ium i n  t h e  corres 
ponding enzyme c a t a l y s t s  p r e s e n t  i n  s t r i c t l y  aerobic 

s p e c i e s ,  t e n d s  t o  s u p p o r t  t h i s  i d e a .  T o  d a t e  s i x  enzy- 
m e s  have been i d e n t i f i e d  t h a t  c o n t a i n  se l en ium e s s e n t i a l  

f o r  t h e i r  c a t a l y t i c  a c t i v i t i e s .  F i v e  of  t h e s e  enzymes 
are of b a c t e r i a l  o r i g i n ;  c l o s t r i d i a l  g l y c i n e  r e d u c t a -  
se I ,  formate dehydrogenases  from E s c h e r i c h i a  c o l i  
c e r t a i n  a n a e r o b i c  b a c t e r i a  3 - 6 ,  a hydrogenase from Me- 
thanococcus  v a n n i e l i i  7 n i c o t i n i c  a c i d  hydroxylase  from 

10 C l o s t r i d i u m  barker i  8 '  

from c e r t a i n  p u r i n e  f e r m e n t i n g  a n a e r o b i c  b a c t e r i a .  The 

o n l y  selenoenzyme known t o  o c c u r  i n  an ima l s  i s  cj luta-  

t h i o n e  p e r o x i d a s e  
l en ium-con ta in ing  p r o t e i n s  of  u n i d e n t i f i e d  c a t a l y t i c  
f u n c t i o n  have been d e t e c t e d  and p a r t i a l l y  p u r i f i e d  f ron  
mammaliansources.  One o f  t h e s e ,  a 7 5 , 0 0 0  d a l t o n  s e l e n o -  

and 

and x a n t h i n e  dehydrogenase 

1 2 .  However, a t  l ea s t  t w o  o t h e r  se- 

p r o t e i n ,  i s  found i n  l i v e r ,  k idney  and serum I 3 , l 4 -  An- 
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OCCURENCE OF SELENIUM IN ENZYMES AND NUCLEIC ACIDS [581] / Z O l  

o t h e r  s e l e n o p r o t e i n ,  a b o u t  15,000 d a l t o n s ,  i s  p r e s e n t  i n  

spermatozoa  I 5 ' l 6  and i s  b e l i e v e d  t o  be  a f a c t o r  i n v o l v e d  

i n  se l en ium-respons ive  f e r t i l i t y  o f  domes t i c  a n i m a l s .  TWO 

a d d i t i o n a l  b a c t e r i a l  enzymes, t h i o l a s e  and B-hydroxybuty- 

ryl-CoA dehydrogenase ,  t h a t  were i s o l a t e d  by Har tmanis  and 

Sl iwkowski  f rom C l o s t r i d i u m  k l u y v e r i  , c o n t a i n  consp icu -  

ous  amounts of  s e l e n i u m  when t h e  o rqan i sm i s  c u l t u r e d  i n  

s t a n d a r d  media.  However, i n  t h e s e  p r o t e i n s ,  t h e  s e l e n i u m  

o c c u r s  as s e l e n o m e t h i o n i n e  r e s i d u e s  t h a t  a re  d i s t r i b u t e d  

randomly t h r o u g h o u t  t h e  p o l y p e p t i d e  s t r u c t u r e s  i n  p l a c e  

of  me th ion ine  " '. Althouqh t h i o l a s e  a l s o  c o n t a i n s  se- 
v e r a l  c y s t e i n e  r e s i d u e s t t h e r e  w a s  no d e t e c t a b l e  s e l e n o -  

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

because  it shows t h a t  i n  t h e  case of  c y s t e i n e  no non- 

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

whereas  random rep lacemen t  o f  me th ion ine  r e s i d u e s  by se- 
l enometh ion ine  w a s  a p p r e c i a b l e .  Whether t h e r e  i s  any 

s p e c i a l  b i o l o g i c a l  s i g n i f i c a n c e  of t h e  o c c u r r e n c e  of se- 
l enometh ion ine  i n  t h e  enzymes i s  unknown a t  p r e s e n t .  

Enzymes t h a t  c o n t a i n  se l e n o c y s t e  i n e  

Four  of t h e  s e l e n o p r o t e i n s  ment ioned above ,  e . q .  g l y c i n e  

r e d u c t a s e ,  fo rma te  dehydrogenase ,  hydrogenase  and g l u t a -  
t h i o n e  F e r o x i d a s e ,  c a t a l y z e  couF led  a x i d a t i o n - r e d u c t i o n  

r e a c t i o n s  and can  be c o n s i d e r e d  as  t y p i c a l  r edox  ca ta -  

l y s t s .  These have a l l  been shown t o  c o n t a i n  s e l e n i u m  ex-  

c l u s i v e l y  i n  t h e  form of s e l e n o c y s t e i n e  r e s i d u e s ,  and i n  

each  case t h e  s e l e n o c y s t e i n e  a p p e a r s  t o  s e r v e  a s  a ca ta -  

l y t i c a l l y  a c t i v e  redox c e n t e r .  The s e l e n o p r o t e i n  A compo 

n e n t  of t h e  c l o s t r i d i a l  q l y c i n e  r e d u c t a s e  complex w a s  

t h e  f i r s t  p r o t e i n  i n  which t h e  s e l e n i u m  w a s  i d e n t i f i e d  

as  s e l e n o c y s t e i n e  20. T h i s  s m a l l  ( 1 2  ,000 d a l t o n )  s e l e n o -  

p r o t e i n  i s  a c i d i c ,  h e a t  s t a b l e  and c o n t a i n s  g l y c o s y l  
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groups .  I n  a d d i t i o n  t o  t h e  one s e l e n o c y s t e i n e  r e s i d u e  

t h e r e  are a l s o  t w o  c y s t e i n e  r e s i d u e s  w i t h i n  t h e  poly-  

p e p t i d e  c h a i n  2 1 .  A l l  t h r e e  r e s i d u e s  are  reduced  by t h e  

d i t h i o l  t h a t  i s  employed as  e l e c t r o n  donor  f o r  t h e  i n  

v i t r o  r e a c t i o n .  Both t h e  s e l e n o l  and t h e  t w o  t h i o l  

g roups  are r a p i d l y  o x i d i z e d  upon exposure  t o  a i r .  R e -  

d u c t i o n  o f  t h e  s e l e n o p r o t e i n  a t  pH 8 w i t h  bo rohydr ide  

g e n e r a t e s  a chromophore w i t h  an e l e c t r o n i c  a b s o r p t i o n  

maximum a t  2 3 8  nm t h a t  i s  e q u i v a l e n t  t o  t h e  c o n t r i b u t i o n  

expec ted  of one i o n i z e d  s e l e n o l  group.  T h i s  chromophore 

i s  d e s t r o y e d  when oxygen i s  added and t h e  o r i g i n a l  spec-  

trum o f  t h e  p r o t e i n  i s  r e q a i n e d .  Reac t ion  of  t h e  redu-  

ced  75Se- l abe led  p r o t e i n  w i t h  a v a r i e t y  o f  a l k y l a t i n g  

a g e n t s  and i s o l a t i o n  o f  t h e  co r re spond ing  a l k y l a t e d  

75Se- labe led  amino a c i d  a f t e r  a c i d  h y d r o l y s i s  or enzymic 

d i g e s t i o n  w a s  used t o  i d e n t i f y  t h e  se l en ium-con ta in ing  

moiety as  s e l e n o c y s t e i n e .  The a l k y l  d e r i v a t i v e s  i so la -  
t e d  from t h e  p r o t e i n  proved t o  be i n d i s t i n q u i s h a b l e  by 

a v a r i e t y  o f  chromatographic  and e l e c t r o p h o r e t i c  proce-  

d u r e s  from t h e  c o r r e s p o n d i n g  a l k y l  d e r i v a t i v e s  of au then-  

t i c  s e l e n o c y s t e i n e .  A number of  o t h e r  d e r i v a t i z a t i o n  

p r o c e d u r e s  commonly used  f o r  i d e n t i f i c a t i o n  of s m a l l  

amounts of  n a t u r a l l y  o c c u r r i n g  compounds w e r e  r ende red  

i m p r a c t i c a l  because  of  t h e  marked l a b i l i t y  of  s e l enocy-  

s t e i n e .  The r e a c t i o n  i n  which t h e  s e l e n o p r o t e i n  p a r t i -  

c i p a t e s  as a c a t a l y s t  i s  shown i n  e q u a t i o n  1 .  I n  t h i s  

o v e r a l l  r e a c t i o n ,  g l y c i n e  i s  r e d u c t i v e l y  deaminated t o  

acetate  and ammonia concomi tan t  w i t h  t h e  e s t e r i f i c a t i o n  

of  o r t h o p h o s p h a t e  and t h e  s y n t h e s i s  of ATP.  The enzyme 

complex t h a t  c a t a l y z e s  t h i s  r e a c t i o n  c o n s i s t s  of t h e  

s e l e n o p r o t e i n ,  a 200 ,000  d a l t o n  c a r b o n y l  group p r o t e i n  

and a t h i r d  2 5 0 , 0 0 0  d a l t o n  p r o t e i n  2 2 .  When t h e s e  t h r e e  

p u r i f i e d  p r o t e i n s  are added t o  a r e a c t i o n  m i x t u r e ,  t h e  

- 
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a c t i v e  enzyme complex i s  r e c o n s t i t u t e d ,  and t h e  reac- 

t i o n  i s  c a t a l y z e d .  

+ ADP ___+ 

2 -  
(NH2) CH2COOH + R (SH) + HP04 

S 
CH~COOH + N H ~  + + R)! + ATP ( e q .  I 

'S 

The i d e n t i t y  of  t h e  enzyme bound phospha te  ester inter- 
media t e  and t h e  p r e c i s e  ro le  o f  t h e  s e l e n o p r o t e i n  com- 
ponen t  i n  t h e  r e a c t i o n  mechanism are p a r t i c u l a r l y  i n t e r -  

e s t i n g  a s p e c t s  of t h i s  problem. 

The t w o  o t h e r  bac t e r i a l  selenoenzymes t h a t  are  known t o  
c o n t a i n  s e l e n o c y s t e i n e  are  c e r t a i n  f o r m a t e  dehydrogena-  

se s 23'24 and a hydrogenase  

organism,  M .  v a n n i e l i i .  The s e l e n i u m - c o n t a i n i n g  f o r m a t e  

dehydrogenases  are enzyme complexes made up o f  s u b u n i t s  

t h a t  c o n t a i n  i r o n - s u l f u r  c e n t e r s  and molybdenum i n  t h e  

form of  a m o l y b d o p t e r i n  c o f a c t o r  t o g e t h e r  w i t h  s e l e n o -  
p r o t e i n  s u b u n i t s .  A f o r m a t e  dehydrogenase  t h a t  i s  syn-  

t h e s i z e d  by E .  c o l i  when t h e  o rgan i sm i s  grown anae ro -  

b i c a l l y  w i t h  n i t r a t e  as  e l e c t r o n  a c c e p t o r  a l so  c o n t a i n s  

f rom a methane-producing 

- -  

L cytochrome b s u b u n i t s  . I n  t h i s  enzyme t h a t  c o u p l e s  

t o  n i t r a t e  r e d u c t a s e ,  t h e  s e l e n i u m  o c c u r s  i n  a 110,ooo 
d a l t o n  s e l e n o p r o t e i n  s u b u n i t .  A d i f f e r e n t  s e l e n o p r o t e i n  

s u b u n i t  (80,000 d a l t o n s )  i s  p r e s e n t  i n  t h e  f o r m a t e  de-  

hydrogenase  t h a t  i s  e l a b o r a t e d  when -~ E .  c o l i  i s  c u l t u r e d  

a n a e r o b i c a l l y  i n  t h e  a b s e n c e  of  n i t r a t e  2 5 .  Under t h e s e  
c o n d i t i o n s ,  r e d u c i n g  e q u i v a l e n t s  g e n e r a t e d  from f o r m a t e  

by t h e  dehydrogenase  are t r a n s f e r r e d  t o  a hydrogenase  

and molecu la r  hydrogen i s  e v o l v e d .  The se l en ium-con ta i -  

n i n g  f o r m a t e  dehydrogenase  of E .  v a n n i e l l i  c o n s i s t s  of 
a s e l e n o p r o t e i n  s u b u n i t  o f  a b o u t  110,ooo d a l t o n s  (sele- 
nium p r e s e n t  as s e l e n o c y s t e i n e )  and  a n o t h e r  t y p e  of sub-  
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u n i t  (105,000 d a l t o n s )  t h a t  c o n t a i n s  one molybdopter in  

cofactor  and t e n  i r o n - s u l f u r  c e n t e r s  6 .  C e r t a i n  c l o s t r i -  
d i a l  formate dehydrogenases  c o n t a i n  se l en ium as  se l enocy-  

s t e i n e  r e s i d u e s  and ,  i n  some cases, t u n g s t e n  r e p l a c e s  

molybdenum as  t h e  m e t a l  c o n s t i t u e n t  of  t h e  molybdopter in  
c o f a c t o r  . 
The o n l y  hydrogenase p r e s e n t l y  known t o  c o n t a i n  s e l e n i -  

2 4  

um w a s  i s o l a t e d  from - M .  v a n n i e l l i  by Yamazaki '. T h i s  
enzyme (340,000 d a l t o n s )  c o n t a i n s  f o u r  gram atoms of  

s e l en ium i n  t h e  form of s e l e n o c y s t e i n e  r e s i r l u e s  t h a t  are  

l o c a t e d  i n  f o u r  4 2 , 0 0 0  d a l t o n  s u b u n i t s .  Two o t h e r  t y p e s  
of s u b u n i t s ,  35,000 and 27,ooo, are p r e s e n t  i n  t h e  en- 

zyme. O the r  redox c e n t e r s  o f  t h i s  enzyme are t w o  gram 
atoms of n i c k e l ,  18-20 gram a t o m s  of  i r o n  as  i r o n - s u l f u r  
c e n t e r s ,  and t w o  e q u i v a l e n t s  o f  f l a v i n e  aden ine  d inuc-  
l e o t i d e  . 
I n  - M. v a n n i e l i i  t h e  fo rma te  dehydrogenase and t h e  hydro- 
qenase  are r e l a t i v e l y  n o n - s p e c i f i c  as  r e g a r d s  e l e c t r o n  

a c c e p t o r  and can  r educe  f l a v i n s  and s e v e r a l  dyes  i n  a d d i -  
t i o n  t o  t h e  n a t u r a l l y  o c c u r r i n g  8-hydroxy-5-deazaf lavin 
c o f a c t o r  which i s  abundant  i n  t h e  microorganism.  How- 

e v e r ,  t h e  d e a z a f l a v i n ,  an o b l i g a t o r y  t w o  e l e c t r o n  accep-  
t o r ,  s e r v e s  as a s p e c i f i c  s u b s t r a t e  €or  a t h i r d  enzyme, 
an 8-hydroxy-5-deazaf lavin dependent  NADP r e d u c t a -  

se 2 7 '  28. T h i s  r e d u c t a s e  u t i l i z e s  t h e  reduced  d e a z a f l a -  
v i n  as  s u b s t r a t e  f o r  g e n e r a t i o n  o f  NADPH from NADP . 
Since  - M .  v a n n i e l i i  i s  l i m i t e d  t o  t h e  u s e  o f  fo rma te  o r  

molecu la r  hydrogen as i t s  major o x i d i z a b l e  s u b s t r a t e  f o r  
growth and se l en ium o c c u r s  i n  t h e  t w o  prominent  enzymes 
t h a t  me tabo l i ze  t h e s e  s u b s t a n c e s ,  a n u t r i t i o n a l  r e q u i r e -  
ment f o r  se l en ium i s  r e a d i l y  demons t r ab le  . 
G l u t a t h i o n e  p e r o x i d a s e  which w a s  i s o l a t e d  i n  p u r e  form, 
c r y s t a l l i z e d ,  and e x t e n s i v e l y  c h a r a c t e r i z e d  30-32 p r i o r  

2 6  

+ 

4- 

29 
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OCCURENCE OF SELENIUM IN ENZYMES AND NUCLEIC ACIDS [5851/205 

t o  i t s  i d e n t i f i c a t i o n  as  a s e l e n o p r o t e i n  ' , c a t a l y z e s  

t h e  r e d u c t i o n  o f  o r g a n i c  p e r o x i d e s  and H202 u s i n a  redu-  

c e d  g l u t a t h i o n e  (GSH) as e l e c t r o n  donor  ( e q u a t i o n s  2 

and 3 ) .  

2 GSH + ROOH GSSG + ROH + H20 ( e q . 2 )  

2 GSH + H202 GSSG + 2 H20 ( e q .  3 )  

T h i s  s e l e n o p r o t e i n  ( 7 6 , 0 0 0  t o  84,000 d a l t o n s ) ,  c o n s i s t i n g  

of  f o u r  i d e n t i c a l  s u b u n i t s  of 19,ooo t o  21,000 d a l t o n s ,  

i s  wide ly  d i s t r i b u t e d  i n  mammalian and a v i a n  t i s s u e s  b u t  

h a s  n o t  been r e p o r t e d  t o  o c c u r  i n  microorganisms.  Each 

s u b u n i t  o f  t h e  enzyme c o n t a i n s  one  s e l e n o c y s t e i n e  r e s i d u e  

and f o u r  c y s t e i n e  r e s i d u e s .  The s e l e n o c y s t e i n e  r e s i d u e  

i s  i n  t h e  reduced  o r  s e l e n o l  f o r m  a f t e r  r e a c t i o n  of t h e  

enzyme w i t h  i t s  r educed  s u b s t r a t e ,  GSH. The p r e c i s e  o x i -  

d a t i o n  s t a t e  of t h e  s e l e n i u m  a f t e r  r e a c t i o n  w i t h  a p e r -  

o x i d e  s u b s t r a t e  h a s  n o t  been d e t e r m i n e d .  

The comple t e  amino a c i d  sequence  of b o v i n e  g l u t a t h i o n e  

p e r o x i d a s e  w a s  r e p o r t e d  r e c e n t l y  f rom t h e  l a b o r a t o r y  of  

F lohe  3 3 .  A p o r t i o n  of  t h i s  s equence  n e a r  t h e  amino t e r -  
minus of  t h e  p o l y p e p t i d e  c h a i n  which c o n t a i n s  t h e  s e l e n o -  

c y s t e i n e  r e s i d u e  i s  shown i n  F i g u r e  1 .  There  i s  good ag-  

reement  i n  t h i s  p o r t i o n  o f  t h e  molecu le  w i t h  t h e  p a r t i a l  

sequence  of  t h e  r a t  enzyme r e p o r t e d  by T a p p e l ' s  l a b o r a -  

t o r y  3 4 .  I t  i s  i n t e r e s t i n g  t h a t  x- ray  c r y s t a l l o g r a p h i c  

a n a l y s i s  of t h e  bov ine  enzyme 35 d e t e c t e d  o n l y  one  o f  t h e  

f o u r  c y s t e i n e  r e s i d u e s  p r e s e n t  i n  e a c h  s u b u n i t  ( F i g u r e  1 )  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



2064 5861 T. C. STADTMAN 

GLUTATHIONE PEROXIDASE 

Enzyme i s  made up o f  4 i d e n t i c a l  s u b u n i t s .  S u b u n i t  M . W .  

i s  21,900 by amino a c i d  sequence  a n a l y s i s .  About 1 9 8  re- 
s i d u e s  p e r  s u b u n i t .  

Composi t ion  o f  enzyme from b o v i n e  e r y t h r o c y t e s  

( F l o h e  e t  al.) 

3 0  40 
-Ser-Leu-Arg-Gly-Lys-Val-Leu-Leu-Ile-Glu-Asn-Vai-Ala-Ser- 

4 5  5 0  

Leu SeC s-Gly-Thr-Thr-Val-Arg- -Y 

The 4 c y s t e i n e  r e s i d u e s  i n  t h e  s u b u n i t  are p r e s e n t  a t :  

Res idue  7 4  

Res idue  9 1  ( i d e n t i f i e d  as  H i s  by X-ray) 

Res idue  1 1 1  ( i d e n t i f i e d  as  M e t  by X-ray) 

Res idue  1 5 2  ( i d e n t i f i e d  as  Gln by X-ray) 

F i g u r e  - 1 

A compar ison  o f  t h e  s t r u c t u r e s  o f  t h e  f o u r  known s e l e n o -  

c y s t e i n e  c o n t a i n i n g  enzymes i s  shown i n  Table 1 .  I n  e a c h  

of  t h e s e  enzymes t h e  s e l e n o l  g r o u p  a p p a r e n t l y  s e r v e s  as 

a r edox  c e n t e r .  I n  a t  l ea s t  t w o  o f  t h e  enzymes,  t h e  se- 

l e n o p r o t e i n  component of g l y c i n e  r e d u c t a s e  and g l u t a -  

t h i o n e  p e r o x i d a s e ,  c y s t e i n e  r e s i d u e s  i n  a d d i t i o n  t o  se- 

l e n o c y s t e i n e  a re  p r e s e n t  i n  t h e  s a m e  p o l y p e p t i d e  c h a i n .  

Thus,  it is a p y a r e n t  t h a t  s e l e n o c y s t e i n e  o c c u r s  as  a 

h i g h l y  s p e c i f i c  component o f  t h e s e  enzymes b u t  t h e  m e -  
chanism o f  i t s  i n c o r p o r a t i o n  r e n a i n s  t o  be  e s t a b l i s h e d .  
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OCCURENCE OF SELENIUM IN ENZYMES AND NUCLEIC ACIDS [587]/207 

TABLE 1 Selenium-dependent redox enzymes that contain 
selenocysteine 

1. Glycine Reductase Complex (Mr- 450,000) 
Selenoprotein component- cv12,000 Mr glycoprotein 
Contains 1 selenocysteine and 2 cysteine residues 

Two other protein components- 200,000 and 
250,000 MI 

2. Formate Dehydrogenases (Mr 300,000 - 600,000) 

Methanococcus vannielii enzyme: 

Selenoprotein component- ~llo,ooo Mr 
Se present as selenocysteine 

Molybdopterin - FeS protein component- 1 0 5 , 0 0 0  Mr 

-- 

Contains 1 Mo and 10 FeS / 1 0 5 , 0 0 0  

Two types of subunits: 6 0 , 0 0 0  and 33,000 Mr 

3 .  Hydrogenase (Mr 340,ooo) a 2 B 4 y 2  subunit composition 

D - subunit - 4 2 , 0 0 0  Mr- contains selenocysteine 
a- subun it - 5 7 , 0 0 0  Mr is dimer of 27,000 
y -subunit - 3 5 , 0 0 0  Mr 

Native protein contains per mol 

4 Se, 2 Nil 18-20 Fe and 2 FAD 

4. Glutathione peroxidase (MI- 80 ,000 :  4 qm atoms 
Se/mol) 

4 selenoprotein subunits - 20,000 Mr 
1 selenocysteine and 4 cysteine residues/subunit 
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Selenoenzymes t h a t  c o n t a i n  an u n i d e n t i f i e d  se l en ium 

moietv 

I n  c o n t r a s t  t o  t h e  enzymes t h a t  c o n t a i n  se l en ium i n  t h e  

form of  s e l e n o c y s t e i n e  r e s i d u e s  t h e r e  are t w o  b a c t e r i a l  

selenoenzymes i n  which se l en ium o c c u r s  as  a r e a d i l y  d i s -  

s o c i a b l e  component. These are n i c o t i n i c  a c i d  hydroxy- 

lase 

t h e  o v e r a l l  f e r m e n t a t i o n  of n i c o t i n i c  a c i d  t o  ammoni-a, 

p r o p i o n a t e ,  acetate  and ca rbon  d i o x i d e  by - C .  b a r k e r i  i s  

t h e  h y d r o x y l a t i o n  of t h e  s u b s t r a t e  forming  6 -oxon ico t i -  

n i c  a c i d  3 6 r 3 7 .  The enzyme ( a b o u t  300,ooo d a l t o n s )  t h a t  

c a t a l y z e s  t h e  a n a e r o b i c  h y d r o x y l a t i o n  r e a c t i o n  c o n t a i n s  

f l a v i n e  aden ine  d i n u c l e o t i d e ,  molybdenum as  rl1olybdo- 
p t e r i n  c o f a c t o r ,  numerous i r o n  s u l f i d e  c e n t e r s  and sele- 

nium i n  t h e  form of  a l a b i l e ,  r e a d i l y  d i s s o c i a b l e  compo- 

n e n t  The hydroxylase  i s  ex t r eme ly  s e n s i t i v e  t o  a l -  

k y l a t i n g  a g e n t s  and i s  immediately i n a c t i v a t e d  upon ad- 

d i t i o n  o €  an a l k y l a t i n g  a g e n t  t o  t h e  r e a c t i o n  m i x t u r e .  

When enzyme l a b e l e d  w i t h  75Se i s  i n a c t i v a t e d  by a l k y l a -  

t i o n ,  a l l  of t h e  75Se i s  found i n  a compound t h a t  i s  

e a s i l y  s e p a r a t e d  from t h e  p r o t e i n  and h a s  t h e  p r o p e r t i e s  

o f  a d i a l k y l  s e l e n i d e .  Thus,  r e a c t i o n  of  [75Se]enzYme 

w i t h  a c i d i c ,  n e u t r a l  o r  b a s i c  a l k y l a t i n g  a g e n t s  c o n v e r t s  

t h e  75Se t o  t h e  p r e d i c t e d  d i a l k y l  [ 7 5 S e l s e l e n i d e -  A 

t y p i c a l  example i s  shown i n  e q u a t i o n  4 .  

and x a n t h i n e  dehydrogenase lo. The f i r s t  s t e p  i n  

I 5  
[ Selenzyme + 2 ICH2COOH -> 

75Se(CH2COOH)2 + 2 I- ( e q .  4 )  

N o  s e l e n o c y s t e i n e  o r  se l enometh ion ine  h a s  been d e t e c t e d  

i n  t h e  n i c o t i n i c  a c i d  hydroxy lase .  When t h e  n a t i v e  a c t i -  
ve  enzyme i s  t r e a t e d  w i t h  quan id ine  h y d r o c h l o r i d e  o r  
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OCCURENCE OF SELENIUM IN ENZYMES AND NUCLEIC ACIDS [ 5 891 /209 

u r e a  under  s t r i c t l y  a n a e r o b i c  c o n d i t i o n s ,  b o t h  t h e  se- 

len ium and t h e  i n t a c t  molybdopter in  c o f a c t o r  a r e  d i s s o -  

c i a t e d  q u a n t i t a t i v e l y  from t h e  p r o t e i n .  Based on o b s e r -  

v a t i o n s  t h a t  t h e  se l en ium and t h e  molybdopter in  c o f a c t o r  
t h e n  c o m i g r a t e  d u r i n g  m o l e c u l a r  s i e v e  chromatoaraphy,  it 

h a s  been s u g g e s t e d  by Di lwor th  39  t h a t  t h e  se l en ium might  

be p r e s e n t  i n  t h e  c o f a c t o r  a s  an  e x t e r n a l  l i q a n d  t o  t h e  

molybdenum. For  example,  i n  t h e  n i c o t i n i c  a c i d  hydroxy- 

l ase  c o f a c t o r  s e l en ium might  o c c u r  i n  p l a c e  of t h e  

"cyan ide  l a b i l e  s u l f u r  atom" p r e s e n t  i n  t h e  molybdopte- 

r i n  c o f a c t o r  o f  x a n t h i n e  c x i d a s e  40. I n  any e v e n t  it i s  

c lear  t h a t  t h e  s e l e n i u m  i n  n i c o t i n i c  a c i d  hydroxy lase  

i s  r e a d i l y  a l k y l a b l e  and i n  t h e  p r e s e n c e  of  e x c e s s  a l k y -  

l a t i n g  a g e n t  i s  e l i m i n a t e d  as  a d i a l k y l  s e l e n i d e .  

Se len ium-con ta in ing  amino a c i d  t r a n s f e r  r i b o n u c l e i c  

a c i d s  ( t R N A s )  

Recent  s t u d i e s  i n  o u r  l a b o r a t o r y  have d e a l t  e x t e n s i v e l y  

w i t h  a n o t h e r  t y p e  o f  n a t u r a l l y  o c c u r r i n g  macromolecule  

t h a t  c o n t a i n s  se l en ium.  Amino a c i d  t r a n s f e r  r i b o n u c l e i c  

a c i d s  ( t R N A s )  a r e  a c l a s s  o f  n u c l e i c  a c i d s  t h a t  d e l i v e r  

a c t i v a t e d  amino a c i d s  ( i n  es te r  l i n k a g e  t o  a n  a d e n o s i n e  

r e s i d u e  a t  t h e  3 ' - t e r m i n u s  o f  t h e  p o l y n u c l e o t i d e  c h a i n )  

t o  t h e  s i t e  of  p r o t e i n  s y n t h e s i s .  I n s t e a d ,  of  o n l y  2 0  

d i f f e r e n t  s p e c i e s  of  t h e s e  m o l e c u l e s ,  one f o r  e a c h  of  

t h e  amino a c i d s  commonly found i n  p r o t e i n s ,  t h e r e  a re  
a c t u a l l y  more t h a n  5 0 .  T h i s  means t h a t  € o r  s o m e  of t h e  

amino a c i d s  t h e r e  may be 3 o r  4 i s o a c c e p t o r  t R N A  spe-  

c i e s .  These d i f f e r  main ly  i n  t h e  p r e s e n c e  of  one o r  

more mod i f i ed  b a s e s  which a p p a r e n t l y  c o n f e r  a d d i t i o n a l  

s p e c i f i c i t y  a s  r e g a r d s  r e g u l a t o r y  roles .  For  example,  

a mod i f i ed  b a s e  o c c u r r i n g  i n  t h e  f i r s t  p o s i t i o n  o f  t h e  

a n t i c o d o n  r e g i o n  can  r e g u l a t e  b a s e  p a i r i n g  i n t e r a c t i o n s  
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necessary for codon interaction. Additionally, in many 
bacterial tRNAs the 8th nucleoside from the 5'-end of 
the molecule is a sulfur modified uridine, 4-thiouridine. 
The specific function of this thionucleoside is unknown. 

Selenium occurs as a specific component of a few tRNA 
species in E .  coli and some anaerobic bacteria that we 
have studied 41-44. The amount of selenium in the tRNA 
population is largely independent of the S to Se ratio 
in the culture media in which the bacteria are grown 
and thus its incorporation is highly specific. The 
most abundant source of seleno-tRNAs (15-20% of the to- 
tal population are modified) that we have found is the 
methane-producing organism that contains the two pro- 
minent selenoenzymes discussed above 44. Whether this 
is more than mere coincidence is not known. 
The marked affinity of selenium compounds for mercury 
was exploited in many experiments to achieve enrichment 
of the selenium-containing tRNA species present in the 
total tRNA populations 4 3 .  For this purpose organomer- 
cury affinity chromatographic procedures were employed. 
Purification of individual seleno-tRNA species was ac- 
complished by reversed phase high pressure liquid chro- 

matography. Enzymic digestion of the total 75Se-labeled 
tRNA population from E .  coli and HPLC analysis of the 
resulting nucleoside mixture showed the presence of a 
single radioactive nucleoside 4 5 .  From the electronic 
absorption properties of this isolated nucleoside to- 
gether with its elution position just after a known sul- 
fur modified nucleoside (5-methylaminomethyl-2-thiouri- 
dine) present in E. coli, it was surmised that the se- 
lenonucleoside might be the corresponding 2-selenouri- 
dine. Accordingly, authentic 5-methylaminomethyl-2-se- 
lenouridine was synthesized Sy Dr. Lin Tsai 45 usinu a 
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OCCURENCE OF SELENIUM IN ENZYMES AND NUCLEIC ACIDS [591] /2ll  

procedure analoqous to that employed previously for the 
prepara.tion of the sulfur nucleoside 4 6 .  A starting mate- 
rial for preparation of the selenouridine was the light 
sensitive and unstable selenourea. The authentic 5-methyl- 
aminomethyl-2-selenouridine and the 5Se-labeled nuc leo- 

side isolated from the tRNAs were indistinguishable chro- 
matographically and spectrally and gave rise to identi- 
cal acid decomposition products 45. Thus, it is quite cer- 
tain that the natural compound is indeed 5-methylaminome- 
thyl-2-selenouridine. Two anaerobic bacteria, - C. sticklan- 

45 and M. vannielli 4 4 ,  contain the same selenonucleo- dii 
side in their tRNAs. Additional, chromatographically di- 
stinct, 2-selenouridines also occur in the tRNAs of these 
microorganisms 

A pure glutamate specific seleno-tRNA ( ~ e l e n o - t R N A ~ ~ ~ )  
that was isolated from C. sticklandii 4 3  was digested to 
the nucleoside level and analyzed by HPLC 45,47. A single 
radioactive nucleoside was detected in the mixture and 

this was shown to be identical with 5-methylaminomethyl- 
2-selenouridine. The amount of this seleno-nucleoside 
present is equivalent to one mol per mol of the tRNA . 
Partial sequence analysis of the pure seleno-tRNAGIU car- 
ried out by Dr. Wei-Mei Chinq 4 8  showed that the 2-sele- 
nonucleoside is located in the first position of the an- 
ticodon region. The analogous sulfur modified nucleoside, 
5-methylaminomethyl-2-thio-uridine, occupies the same 
position in a glutamate tRNA species from E. coli. Exten- 
sive homology between the structures of these two gluta- 
mate specific tRNAs was demonstrated. The biological ef- 

fects of sulfur and selenium substitutions for oxygen in 
the 2-position of the uridine in the anticodon of the 
tRNAs would be expected to progressively weaken hydrogen 

- - 

44,45 

Glu 
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bonding to the cognate base in the glutamate codon and 
thus achieve some type of requlatory effect. 

The seleno-tRNA from - C .  sticklandii contains one equi- 
valent per mol of the common sulfur modified nucleoside, 
4-thiouridine, in addition to the 2-selenouridine in the 
anticodon 45. Although a purified enzyme system from - E .  

coli can modify a specific uridine residue of tRNA at the 

4-position with selenium instead of sulfur if cysteine 
is replaced with an equivalent concentration of seleno- 
cysteine as donor 4 9 r 5 0 ,  we have never detected 4-sele- 
nouridine in any of the numerous bacterial tRNA popula- 
tions examined. Presumably the in vivo concentration of 
selenocysteine required for this substitution to be achie- 
ved would be toxic and thus is never reached. In contrast, 
the 2-selenocridine derivatives found in the tRNAs are 
synthesized when the available selenium is orders of mag- 
nitude lower in concentration than sulfur. 
Initial observations that there seemed to be a correla- 
tion between the spontaneous loss of selenium from pure 
s e 1 e no - t RNA G1u and a decrease in the ability of the 
tRNA to be acylated with its cognate amino acid 43, led 
to the discovery that the selenonucleoside in the anti- 
codon portion of the molecule is essential for the enzy- 
mic esterification of the 3'-adenosine moiety of the 
tRNA with glutamate. Deliberate removal of selenium by 
treatment with base or wjth cyanoqen bromide completely 
destroys the biological activity of the tRNA as a glu- 
tamate acceptor 47. When the intact seleno-tRNA G1u from 
- C. sticklandii is esterified with glutamate and added 
to an in vitro protein synthesis system derived from 
wheat germ, it serves as an effective qlutamate donor 

4 7  and thus exhibits the expected biological activity . 

-- 
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I n  a d d i t i o n  t o  q u e s t i o n s  c o n c e r n i n g  t h e  more p r e c i s e  

r o l e s  o r  r e g u l a t o r y  f u n c t i o n s  of t h e  s e l e n i u m  modi f i ed  

t R N A s ,  p r e s e n t  s t u d i e s  have  as  t h e i r  a i m  t h e  e l u c i d a t i o n  
of  t h e  mechanism whereby se l en ium i s  s p e c i f i c a l l y  i n t r o -  

duced i n t o  a p r e c u r s o r  t R N A  molecule. A s  y e t ,  t h e  che -  

mica l  n a t u r e  of  - the immediate s e l e n i u m  donor  i s  unknown, 

a l t h o u g h  i n  t h e  case of t h e  a n a e r o b i c  b a c t e r i a ,  s e l e n i d e  

formed by r e d u c t i o n  of  added s e l e n i t e  i s  a v a i l a b l e .  I n  

-- E .  - c o l i  where s u l f u r  mod i f i ed  and s e l e n i u m  modi f i ed  i s o -  

a c c e p t i n g  t R N A  s p e c i e s  c o e x i s t  4 1 ,  t h e  mechanism by which 

t h e  normal r a t i o  of t h e s e  s p e c i e s  i s  m a i n t a i n e d  i s  of 

p a r t i c u l a r  i n t e r e s t .  
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