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S T U D I O R U M  P R O G R E S S U S  

T h e  O x i d a t i o n  of  G l u t a t h i o n e  w i t h  F o r m i c  A c i d  
a n d  H y d r o g e n  P e r o x i d e  

There  is no c e r t a i n  knowledge  of t he  s teps  in t he  m e t a -  
bo l i sm (biological) of p e p t i d e - b o u n d  cys te ine .  I t  h a s  been  
a s sumed  for e x a m p l e  t h a t  cys te ine  sulfenic  acid,  C y S O H ,  
could r e p r e s e n t  a v e r y  labi le  i n t e r m e d i a t e  o x i d a t i o n  
s t a t e  ~-3 wh ich  d i s m u t a t e s  r ap i d l y  to  t h e  lower  a n d  h ighe r  
s ta tes ,  cys te ine  a n d  cys te ine  sulf inic acid respect ive ly .  
(A l though  cys te ine  sulfenic  acid has  no t  been  isolated,  t he  
biological  o x i d a t i o n  of cys te ine  to  t a u r i n e  ha s  to  pass  
t h r o u g h  a n  o x i d a t i o n  s t a t e  e q u i v a l e n t  to  t h a t  of t he  sul- 
fenic acid.)  R e c e n t l y  a n  i n v e s t i g a t i o n  b y  one  of us 4 of t h e  
in vitro o x i d a t i o n  of cys t ine  ha s  indeed  led to  t he  i so la t ion  
of severa l  cys t ine  sul foxides  wh ich  were  also 5 h y d r o l y z -  
able  to  cys te ine  sulf inic acid.  However ,  all of these  cys t ine  
sulfoxides  h a v e  v e r y  low solubi l i t ies  a n d  acco rd ing ly  t h e i r  
p a r t i c i p a t i o n  in a m e t a b o l i c  p a t h w a y  seems qu i t e  un-  
likely. 

T h e  ex t ens ive  l i t e r a tu re  on  cys te ine  m e t a b o l i s m  6 s 
seems to i m p l y  t h a t  knowledge  of cys te ine  m e t a b o l i s m  is 
t a n t a m o u n t  to  knowledge  of t h e  biological  m e t a b o l i s m  of 
p e p t i d e - b o u n d  cys te ine  as i t  occurs  in  enzymic  reac t ions .  
However ,  a t t e n t i o n  is called to t he  i m p r o b a b i l i t y  of t he  
occur rence  of free cys te ine  in biological  s y s t em s  a n d  t he  
f ac t  t h a t  p e p t i d e - b o u n d  cys te ine  is more  n e a r l y  g lu ta -  
th ione- l ike .  

W i t h  th i s  t h o u g h t  in  m i n d  t he  p r e s e n t  work  was ini-  
t i a t e d - t h e  e x a m i n a t i o n  of t h e  in vitro o x i d a t i o n  of a 
s imple  c y s t e i n e - c o n t a i n i n g  pep t ide ,  g l u t a t h i one .  B y  ana -  
logy to t he  cys te ine  sulfenic  acid 4, a g l u t a t h i o n e  sulfoxide,  
if i t  were to  exist ,  would  be i m p o r t a n t  as a s ign i f ican t  in- 
t e r m e d i a t e  o x i d a t i o n  s t a t e  b e t w e e n  t he  lower  th io l  on  the  
one h a n d  a n d  t he  h ighe r  sulf inic acid s t a t e  on  t he  o ther .  

I t  has  long  been  known,  t h a t  in a m i x t u r e  of cys te ine  
a n d  g l u t a t h i o n e  t he  cys te ine  is p re fe ren t i a l l y  oxidizedg.  
Th i s  preference  is n o t  exp l icab le  b y  the  di f ference in t he  
r edox  po ten t i a l s .  An  e x p l a n a t i o n  ha s  b e e n  s o u g h t  in  t he  
d i r ec t ion  of va r ious  possible  assoc ia ted  s t r u c t u r e s  of glu- 
t a t h i o n e  such  as h a v e  b e e n  p o s t u l a t e d  a n d  s u m m a r i z e d  b y  
ISHI~RWOOD 10. F o r  example ,  in t h e  c o v a l e n t l y  assoc ia ted  
th i azo l id ine  s t ruc tu re ,  I, t h e r e  is no  free S H  group  ava i l -  
able  for the  d i rec t  o x i d a t i o n  to t he  disulfide.  

NH2 HO S-CH2 

HOOC-CH Ctt 2 CH2-C.~NHJCH CONH-CH2-COOH 
I 

The  m e c h a n i s m  of associa t ion,  especia l ly  c o v a l e n t  associa-  
t ion  as p o s t u l a t e d  in g l u t a t h i one ,  I, shou ld  be equa l ly  
r e l e v a n t  to  all c y s t e i n e - c o n t a i n i n g  pep t ide s  a n d  p ro te ins ,  
as long as the  cys te ine  a m i n o  g roup  is p r e s en t  as a n  a m i d e  
group.  Accordingly ,  in vitro o x i d a t i o n  of g l u t a t h i o n e  pre-  
sents  a more  useful  mode l  t h a n  cys te ine  w i t h  w h i c h  to 
assess t he  biological  m e t a b o l i s m  of p e p t i d e - b o u n d  cys- 
teine.  W e  wish  to  r e p o r t  here  e x p e r i m e n t a l  ev idence  t h a t  
such  cova l en t  s t r u c t u r e s  indeed  exist .  Th i s  m a y  be  s h o w n  
b y  c o m p a r i n g  a p p r o p r i a t e  phys i ca l  a n d  chemica l  p roper -  
t ies  of t he  fol lowing c o m m e r c i a l  c o m p o u n d s :  G l u t a t h i o n e  
( reagent  grade),  ' ox id ized '  g l u t a t h i o n e  ( p u r p o r t e d l y  g lu ta -  
t h i o n e  disulfide) a n d  S-ace ty l  g l u t a t h i one .  

I n  add i t i on  some new d e r i v a t i v e s  h a v e  been  p r e p a r e d  
a n d  i so la ted :  G l u t a t h i o n e  d ihydrosu l fox ide ,  g l u t a t h i o n e  
sulfoxide,  N - a c e t y l - g l u t a t h i o n e  a n d  a c o m p o u n d  w h i c h  is 
iden t i f i ed  as an  in t r a -  a n d  i n t e r m o l e c u l a r l y  assoc ia ted  
g lu t a th ione .  

T h e  r e d u c t i o n  of the  sulfoxide in a desa l t e r  a n d  t he  be-  
h a v i o r  aga ins t  2 , 6 -d i ch lo ropheno l indopheno l  a n d  t he  ni- 

t r op rus s ide  r eac t i on  h a v e  he lped  to e s t ab l i sh  t he  p roof  of 
t he  i d e n t i t y  a n d  p r o p e r t y  of the  new c o m p o u n d s .  

The  I R - s p e c t r a  (Figure)  of t he  c o m p o u n d s  h a v e  been  
p a r t i c u l a r l y  he lpfu l  in  c o n f i r m a t i o n  of t h e  new c o m p o u n d s  
n o t  p rev ious ly  i so la ted  such  as t h e  g l u t a t h i o n e  d i h y d r o -  
sul foxide c o n t a i n i n g  t he  cha rac t e r i s t i c  9.6 Vt sulfoxide 
b a n d .  T h e  I R - s p e c t r a  h a v e  also been  useful  in  d i s t ingu i sh-  
ing t he  ex is tence  of t he  sub t l e  cova l en t  a ssoc ia t ion  pos tu -  
l a t ed  b y  ISHERWOOD 10 of t he  t y p e  I b y  t he  p resence  or  
d i s a p p e a r a n c e  of t he  s h a r p  a n d  unequ ivoca l  S H b a n d  
nea r  4 ~x a n d  the  c o n c o m i t a n t  a p p e a r a n c e  of the  C - S  l ink-  
age i nd i ca t ed  b y  t he  a p p e a r a n c e  of t he  C - S  b a n d  nea r  
15 y. 11) n .  

Glutathione dihydrosul/oxide I I .  C o m p o u n d  I I  was  ob-  
t a i n e d  b y  o x i d a t i o n  of t he  r educed  fo rm of g l u t a t h i o n e  
(0.60 g, 2 mMoles)  in 0.5 ml  of 30% H 2 0  2 in 20 ml  of 98% 
formic  acid.  I t  was i so la ted  u n d e r  essen t i a l ly  n o n - a q u e o u s  
cond i t i ons  b y  c o n c e n t r a t i n g  t he  formic  acid so lu t ion  in a 
1 m m  Hg v a c u u m  to  a smal l  vo lume.  N, N - d i m e t h y l f o r m a -  
mide  was t h e n  r e p e a t e d l y  a d d e d  (10 ml a t  a t ime)  a n d  
dis t i l led  off aga in  un t i l  t he  so lu t ion  t u r n e d  t u rb id ,  where -  
u p o n  i t  c rys ta l l ized  rap id ly .  Once c rys ta l l ized  i t  was no  
longer  soluble  in N , N - d i m e t h y l f o r m a m i d e .  The  d i h y d r o -  
sul foxide was soluble  in  a lcohol  a n d  water ,  in b o t h  of 
wh ich  i t  d e t e r i o r a t e d  w i t h i n  10 min.  The  p i n k  color  g iven  
b y  t he  r educed  g l u t a t h i o n e  in t he  n i t r op rus s ide  r eac t i on  
could no t  be o b t a i n e d  d u r i n g  t h a t  t ime.  N e i t h e r  could  I I  
be r educed  r ap id ly  e n o u g h  to  give t h e  th io l  form. 

I n  a d d i t i o n  to t he  m e t h o d  of syn thes i s ,  a n  I R  b a n d  a t  
9.6 ~ w h i c h  is cha r ac t e r i s t i c  of sul foxides  ~2, inc lud ing  
m e t h i o n i n e  sulfoxide,  ident i f ies  the  p resence  of t he  sulf- 
ox ide  m o i e t y  (Figure  a). T h e  c o m p o u n d  gave  a f a in t  v io le t  
spo t  on  p a p e r  w i t h  n i t r op rus s ide  as does m e t h i o n i n e  sulf- 
oxide.  However ,  t h e  d ihyd rosu l fox ide  r educed  dichloro-  
p h e n o l - i n d o p h e n o l  su rp r i s ing ly  r ap id ly  in t he  cold w i t h i n  
a few minu tes .  Also c o m b u s t i o n  ana lys i s  r e p e a t e d l y  indi-  
ca ted  two  more  h y d r o g e n s  t h a n  a n t i c i p a t e d  ~. A h y d r a t e  
of g l u t a t h i o n e  is ru led  o u t  b y  a p p e a r a n c e  of t he  su l foxide  
a n d  mod i f i ca t i on  of t h e  SH b a n d .  The  t i t r a t i o n  cu rve  lacks  
t he  e q u i v a l e n t  for t he  th io l  g roup  a n d  shows i n s t ead  an  
e q u i v a l e n t  w i t h  a p K  n e a r  3.8 n o t  p r e sen t  in  g l u t a t h i o n e .  

A c o n v e n t i o n a l  s t r u c t u r e  c o m p a t i b l e  w i t h  all  of t h e  
above  desc r ibed  p roper t i e s  of th i s  d ihyd rosu l fox ide  ap-  
pears  to  p r e s e n t  some difficult ies.  As s t a t ed ,  i t  c a n n o t  be  
s i m p l y  a h y d r a t e  of g l u t a t h i o n e .  I t  m u s t  be  conc luded  
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t h a t  t h e  u n e x p e c t e d  a d d i t i o n a l  two h y d r o g e n s  are associ- 
a t e d  w i t h  the  su l fu r  or  sul foxide  func t ion .  This  can  be t he  
case  if t h e  d o rb i t a l s  of su l lu r  are  i n v o l v e d  and,  t h r o u g h  
a n  e x p a n d e d  va l ence  su l fur  shell, give a s tab le  d -hydr id -  
~zed sulfoxlde.  T h u s  it  is conce ivab le  t h a t ,  in a d d t h o n  to 
t he  sul foxide  oxygen ,  two  h y d r o g e n s  a t t a c h  to  give a 
h e x a v a l e n t  su l fu r  in  t h e  o x i d a t i o n  of g l u t a t h i o n e  as a co- 
v a l e n t  t h i azo l id ine  s t r u c t u r e  I, y ie ld ing:  

0 
S-CH~ _ i"'- S-CH~ 

R~-C CH-CONH-R= I, Rt-C ta CIt-CONHRo 
H6~'NH / tICOOH H6"NH/ " 

/ 
R~CO ~-glutamyl R z N H  - N-substituted glycine 

T h e r e  is a g rowing  l i t e r a t u r e  o n  t he  s u b t l e  txmding  a n d  
chemica l  p rope r t i e s  of su l fur  a r i s ing  f rom t he  r e a d y  elec- 
t r o n  p r o m o t i o n  to  t he  ava i l ab le  t h i r d  o rb i t a l s  w i th  a re- 
a r r a n g e m e n t  of cha rge  d i s t r i b u t i o n  a c c o m p a n y i n g  the  
ensu ing  e x p a n d e d  su l fu r  o u t e r  shelH ~. T he  h e x a v a l e n t  
s t ruc tu re ,  I I I ,  cou ld  arise f rom a p p r o x i m a t e l y  spad ~- 
h y d r i z a t i o n  l ead ing  to  o c t a h e d r a l  or  d i s t o r t e d  o c t a h e d r a t  
g e o m e t r y  as r ega rds  o r b i t a l  d i r ec t ions  ~s 

R e c e n t  s t r u c t u r a l  fo rmulae  a d v a n c e d  to exp la in  t he  un-  
e x p e c t e d  b e h a v i o r  of c e r t a i n  sulfoxides  inc lude  r e sonance  
c o n t r i b u t i o n s  wh ich  effect  a dep le t ion  of e lec t ron ic  cha rge  
on  t h e  o x y g e n  c o m p e t i n g  w i t h  a r e sonance  s t r u c t u r e  in 
wh ich  su l fu r  loses e lec t ron ic  cha rge  to a s sume  a pos i t ive  
charge .  T h u s  MAJOR a n d  HESS l~ o b t a i n e d  f rom d i m e t h y l  
sulfoxide, I I I ,  a n d  m e t h y l  iodide  a t r i m e t h y l  su l foxon ium 
iodide,  IV,  r a t h e r  t h a n  t he  a n t i c i p a t e d  S, S -d ime thy l -S -  
m e t h o x y  su l fon ium iodide,  V:  
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Thi s  reac t ion ,  w h i c h  was  c o r r o b o r a t e d  b y  KUHN and  
TRISCHMANN 1~ a n d  b y  SMITH a n d  WINSTEIN 18 s u p p o r t s  
t h e  necess i ty  for  s t r u c t u r a l  c o n t r i b u t i o n s  w i t h  pos i t ive  
cha rge  on  t h e  o x y g e n  r e l a t i ve  to  t h e  su l fur  such  as I I I a  
a n d  1Va. Such  s t r u c t u r e s  m a y  s ign i f i can t ly  c o n t r i b u t e  
because  t h e  assoc ia ted  a p p r o x i m a t e l y  o c t a h e d r a l  geo- 
m e t r y  a r i s ing  f rom t h e  su l fu r  shell  e x p a n s i o n  p e r m i t s  use 
of t h e  u n h y b r i d i z e d  p -o rb i t a l s  of o x y g e n  w i t h  l i t t le  resul t -  
ing s t r a i n  in  t h e  S -O  bond ,  a n d  t he  increased  electro-  
n e g a t i v i t y  of t h e  n e i g h b o r i n g  a t o m  re l a t i ve  to  t he  suIfur  
is k n o w n  to  s tabi l ize  d - h y b r i d i z a t i o n  s t r u c t u r e ~ : L  

I t  is a t t r a c t i v e  to  p o s t u l a t e  for t h i s  r e l a t ive ly  u n s t a b l e  
g l u t a t h i o n e  d ihyd ros u l f ox i de  t h a t  ana logous  duodece t  
s t r u c t u r e s  m a k e  s ign i f i can t  c o n t r i b u t i o n s  to  I I .  

The  n o - b o n d  r e sonance  s t r u c t u r e s  i m p l y  t h a t  the  hy-  
d rogen  is a l t e r n a t e l y  i n v o l v e d  in  a su l fur  spad ~ o rb i t a l  a n d  
a p - o r b i t a l  on  t h e  oxygen .  O c t a h e d r a l  o r b i t a l  g e o m e t r y  
requ i res  b u t  l i t t l e  if a n y  d i s t o r t i o n  for  close a p p r o a c h  of 
these  orbi ta ls .  I t  m a y  also be cons idered  t h a t  these  are a 
series of s t r u c t u r e s  e q u i v a l e n t  to  a h y d r o g e n  br idge  aris-  
ing f rom t h e  ove r l ap  of t he  hyd rogen ,  t he  su l fur  spad *, and  

one lobe of an  oxygen  p -orb i t a l .  A second h y d r o g e n  could 
occupy  a s imi la r  pos i t ion  a t  t he  oppos i te  apex  of t he  su l fu r  
oc t ahed ron .  However ,  i t  c a n n o t  be e q u i v a l e n t  wi th  re- 
spec t  to  t he  oxygen  because  of t he  r e l a t ive  p h a s e  of t he  
orbi ta ls .  The  h y b r i d i z a t i o n  requi res  t h a t  the  two oppos ing  
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W a v e l e n g t h  { m i c r o n s )  

IR-speetra o1 glutathione dihydrosulfoxide GLDHSO (a), reduced 
glutathione GLSH (b), glutathione disulfide (commercial 'oxidized') 
GLSSGL (c), N-acetyl glutathione N-AcGL (d), S-aeetyl glutathione 
S-AcGL (e), associated ghltathionc Assoc. GL (f) and glutathione 
sulfoxide GLSO (g), in KBr 1:400 measured on a Perkin Ehner 
Spectrophotometer, Model ~21. The spectral measurements done by 
M. K. HR~NOF~ are greatly appreciated. NMR-spectra and additional 
experimental data will be published in the J. Alner. chem. Soc. 

15 G. CILENTO, Chem. Rev. 60, 147 (1960). 
is H. EWUNG, J. WALa'Er, and G. E. KImUALL, Quantum Chemistry 

(J. Wiley & Sorts Inc., New York-London 1960), p. 2311. 
10 R. T. MAJOR and H. J. HEss, J. org. Chem. 23, 1563 (1958). 
~7 R. KUHN and H. T R I S C t l M A N N ,  Liebigs Ann. 611, 117 (1958). 
is S. G. Smru  and S. WINSTEIN, Tetrahedron a, 317 (1958). 
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spad e o rb i t a l s  be  of iden t i ca l  phase .  T he  o x y g e n  o r b i t a l  in-  
volved,  however ,  is a single p - o r b i t a l  whose  lobes are  of 
oppos i te  phase ,  w i t h  t h e  resu l t  t h a t  t h e  n o - b o n d  r e s o n a n c e  
fo rm is p e r m i t t e d  on ly  for  one  h y d r o g e n  a t  a t ime.  

. . 0  
H : O :  

-C--S--CH 2- 
I t 

H 

l l a  

.- ® 
H O: H - O :  

~ -C--S--CH~- +---1~ - CH a- 
1 { l I 

H I1 

l i b  IIc 

2><2 ! 
o ® © Q "O: 

, " x  II 1 , W ' I I  
- C - - S  CH 2- *t------1~ - C - - S - - - C I I ~ -  

I I I (+)J 
H H 

IIe IIf  

F u r t h e r  s t ab i l i z a t i on  m a y  be  a n t i c i p a t e d  b y  h y p e r -  
c o n j u g a t i o n  of t he  k ind  descr ibed  b y  McDAMt~;L 19 invo lv -  
ing t he  m e t h y l e n e  g roup  a d j o i n i n g  t he  sulfoxide.  I I  h is 
one of t he  t e n  poss ible  r e sonance  fo rms  of t h i s  k ind .  

@% 
HO H ® H-O H .q 

- c - - s - - c  + - - - ~  - C ~ S ~ C H -  
i ® r  O I  

IIc H H I Ih  

These  p a r t i c u l a r  n o - b o n d  r e sonance  fo rms  are  add i t i on -  
a l ly  of i m p o r t a n c e  because  t h e y  offer  a n  e x p l a n a t i o n  of 
t he  r e a c t i v i t y  of t h e  e - h y d r o g e n  a n d  c a r b a n i o n .  

T h e  d -hybr id i zed  s t r u c t u r e s  a re  c o m p a t i b l e  w i t h  the  
obse rved  p rope r t i e s  a n d  b e h a v i o r  of t he  d i h y d r o  sulf- 
oxide,  especia l ly  t h e  r e d u c i n g  p r o p e r t y  assoc ia ted  w i t h  the  
i n v o l v e m e n t  of a h y d r i d e  ion  r e s o n a n c e  c o n t r i b u t i o n .  
F u r t h e r ,  t h e  cha r ac t e r i s t i c s  of such  a s t r u c t u r e  leads,  as 
desc r ibed  la ter ,  to  some i n t e r e s t i n g  specu la t i ons  a b o u t  
c e r t a i n  b iological  e lec t ron  t r a n s f e r  reac t ions .  

"Oxidized" glutathione. Thi s  t e r m  h a s  been  appl ied ,  con-  
ven t iona l ly ,  in  t h e  l i t e r a t u r e  to  t h e  disulf ide  o x i d a t i o n  
s t a t e  ( inferr ing t h e  absence  of o t h e r  o x i d a t i o n  s ta tes) .  

I t  is n o t  su rp r i s ing  t h a t  c o m m e r c i a l  ' ox id ized '  g lu ta -  
t h i o n e  is no t  a s ingle c o m p o u n d  b u t  c o n t a i n s  as  by -  
p r o d u c t s  a t  l eas t  o t h e r  s t ages  of o x i d a t i o n  such  as  t h e  
sulfoxide.  T h e  I R - s p e c t r u m  of c o m m e r c i a l  ' ox id ized '  glu-  
t a t h i o n e  bea r s  t h i s  o u t  (Figure  c). I t  m a y  be  seen  to  h a v e  
a diffuse s p e c t r u m  in t h e  f i n g e r p r i n t  reg ion  in c o n t r a s t  
w i th  s h a r p  spec t r a  of g l u t a t h i o n e  a n d  i ts  o t h e r  d e r i v a t i v e s  
a n d  t r aces  of t he  sul foxide  b a n d  a t  9.6 ~ are c lea r ly  
ev ident .  

N-Acetyl-gtutathione V. A l t h o u g h  S - a c e t y l - g l u t a t h i o n e  
h a s  been  descr ibed  b y  WIELAND a n d  BOKELMANN~°, N- 
m o n o a e e t y l - g l u t a t h i o n e ,  to  our  knowledge  h a s  n o t  y e t  
b e e n  repor ted .  I t  has  now been  o b t a i n e d  b y  a c e t y l a t i o n  
of g lu t a th ione  in 90% aqueous  formic  acid so lu t ion  w i t h  
acet ic  anhydr ide .  T h e  formic  ac id  was  r e m o v e d  f rom t h e  
r eac t ion  m i x t u r e  b y  v a c u u m  dis t i l la t ion ,  whi le  N, N-di -  
m e t h y l f o r m a m i d e  was r e p e a t e d l y  a d d e d  in  5 ml  po r t i ons  
u n t i l  t h e  odor  of formic  acid was  no  longer  pe rcep t ib l e  in  
t h e  r eac t i on  mix tu re .  T he  viscous  res idue  was  f ina l ly  
d i lu ted  w i t h  n - b u t y l  ace t a t e  un t i l  i t  t u r n e d  t u r b i d  a n d  
t h e n  i t  was  a l lowed to  s t a n d  a n d  crystal l ize .  As an t ic i -  
p a t e d  t h e  N-ace ty l  d e r i v a t i v e  is read i ly  soluble  in  m e t h a -  
nol, e t h a n o l  a n d  water .  I t  is soluble  in  N, N - d i m e t h y l f o r -  

m a m i d e  b u t  inso luble  in  n - b u t y l  ace ta t e .  I t  r eac t s  im-  
m e d i a t e l y  w i t h  p o t a s s i u m  n i t r o p r u s s i d e  in a lka l ine  a m -  
m o n i a  solut ion.  I t  r educes  d i c h l o r o p h e n o t i n d o p h e n o l  in  
t h e  cold i m m e d i a t e l y .  T h e  I R - s p e c t r u m  shows  b o t h  a 
free S H  g roup  (near  4 m,a) a n d  a s ign i f i can t  p e a k  cha rac -  
t e r i s t i c  of a su t fon ium g roup  (near  5 F)- Z w i t t e r i o n  fo rma-  
t ion  is l ikely to  occur  b e t w e e n  t h e  c a r b o x y l  a n d  a th io -  
e t h e r  as in  t h e  t he t in s ,  if t h e  N H  e g roup  is a b s e n t  or  
b locked  b y  ace ty la t ion .  T h e  I R - s p e c t r u m  shows no  con-  
g ruence  w i t h  t h a t  of S-ace ty l  g l u t a t h i o n e  a t  t h e  w a v e  
l eng th s  p e r t i n e n t  to  t he  su l fur  func t ion .  A l t h o u g h  t h e  
c o m p o u n d  is c lean ly  c rys ta l l i zed  a n d  t h e  s p e c t r u m  v e r y  
sharp ,  i t  shows w i t h  slow h e a t i n g  a doub le  m e l t i n g  p o i n t  
740/93 ° w i t h  i n t e r c o n v e r s i o n  b e t w e e n  t h e  m e l t i n g  poin ts .  

Some  of th i s  seeming ly  c o n t r a d i c t o r y  b e h a v i o r  m a y  be  
exp l a ined  b y  t he  fol lowing e q u i l i b r i u m :  

HOOC-CH-CH2-CH2-C-NH-CH-CONH-CH2-COOH 
I " I 

NHCOCH 3 0 HS-CH 2 

NH 
-OOC CH C H - C H - C  / "CH-CONH-CH2-COOH - ,  2 2 /  ~ . ®  I 

}gHCOCH3 HO-- S - - C H  2 
H 

T h e  r e l a t ive ly  u n i q u e  b a n d  a t  5 ~ m a y  be  a t t r i b u t e d  
to t h e  su l fon ium ion. (It appea r s  in  t he  s ame  region for  
a m m o n i u m  or  o x o n i u m  salts.)  T h e  new peak ,  wh ich  ap-  
pea r s  a t  675 a m  -1 (near  15 F) m a y  be  t a k e n  as s u p p o r t i v e  
ev idence  of ex is tence  of t he  well k n o w n  ~ S  s t r e t c h i n g  
f r e q u e n c y  21 a n d  agrees  w i t h  t he  f o r m a t i o n  of t he  c o v a l e n t  
C -S  b o n d  b e t w e e n  th io l  a n d  a m i d e  ca rbony l .  T h e  ex t inc -  
t i on  of t h e  th io l  p e a k  a t  4.0 F is r educed  in c o m p a r i s o n  to  
the  su l fon ium p e a k  i n d i c a t i n g  t h a t  t h e  c o m p o u n d  is to  a 
large  degree  in  t h e  su l fon ium zwi t t e r ion  form.  

I n  acyl  e t h a n o l a m i n e s  a n d  acyl  p r o p a n o l a m i n e s  as well  
as in  t he  c o r r e s p o n d i n g  acyl  m e r c a p t o a l k y l a m i n e s  t he  
acyl  g roup  is usua l ly  i n t r a m o t e c u l a r l y  t r a n s f e r a b l e  f rom 
S or  O to N, t h e  N d e r i v a t i v e s  be ing  t he  more  s t ab l e  ones  
a t  n e n t r a l  p H  a~-~4. 

A ssociated glutathiones. W e  h a v e  i so la ted  severa l  associ-  
a t ed  g l u t a t h i o n e s  ( in t ra -  a n d  in t e rmo lecu l a r ly )  f rom for- 
mic  ac id  so lu t ion  w i t h  a l m o s t  iden t i ca l  I R - s p e c t r u m ,  b u t  
whose  m e l t i n g  p o i n t s  r a n g e  f rom 150-190 ° . T h e  cha rac -  
t e r i s t i c  1 R - s p e c t r u m  of these  c o m p o u n d s  (Figure  f) is 
v e r y  l i t t l e  d i f f e ren t  one  f rom t h e  o t h e r  b u t  a re  c lear ly  
d i s t i ngu i shed  f rom t h a t  of t h e  I R - s p e c t r a  of t h e  k n o w n  
g l u t a t h i o n e  de r iva t ives .  T h e  S H  p e a k  is a b s e n t  a n d  t h e  
a m i d e  b a n d s  a re  m a r k e d l y  modif ied .  I n  sp i te  of t h e  ab -  
sence  of t h e  S H  p e a k  t h e s e  p r o d u c t s  gave  a n  i n s t a n t  n i t ro -  
p russ ide  r e a c t i o n  w h e n  d isso lved  in  wa te r .  T h i s  is t a k e n  to  
m e a n  t h a t  a n y  c o v a l e n t  a ssoc ia t ion  across  a n  a m i d e  car-  
b o n y l  g r o u p  is r ead i ly  r eve r sed  on  a d d i t i o n  of wa te r .  

These  i n t e r m o l e c u l a r l y  assoc ia ted  g l u t a t h i o n e s  are  in-  
t e r e s t i ng ly  found  to  be inso lub le  in  cold N , N - d i m e t h y l -  
f o r m a m i d e .  T h i s  m a y  ind i ca t e  t h a t  t h e  so lub i l i ty  in  N , N -  
d i m e t h y l f o r m a m i d e  of g l u t a t h i o n e  ( the  so lu t ion  c o n v e r t s  

la D. H. MCDANIEL, Science 125, 545 (1957). 
20 T. WIELAND and E. BOKELMANN, Angew. Chem. 61, 59 (1952). 
21 L. J. BELLAMV in 7, p. 47. 
22 H.  BRETSCHNEIDER, K.  BIERMANN, W. KOLLER, a n d  VV. SAC~SEN- 

MAIER, Monatsh. 81, 31 (1950). 
~a T. WIELAND, E. BOKELMANN, L. BAUER, H.  W. LANG, a n d  H .  LAU, 

Liebigs Ann. 5aS, 129 (1953). 
z4 T. WIELAND, H. U. gANG, and D. LIEBSCH, Liebigs Ann. 597, 227 

0955). 
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quickly to  a jelly) is due  to  an add i t ion  of the  SH group 
across t he  ca rbony l  group  of t he  N , N - d i m e t h y l - f o r m a -  
mide using d i m e t h y l  f o rmamide  as an  a ldehyde  for semi 
th io-ace ta l  fo rma t ion  as a f irst  s tep  as follows: 

GLSH 

0 CH a HO CH 3 
/ \ / 

+ C N -- ~ GLS-C-N 

/ \ H/ \ H CHa CH 3 

this  way  is soluble in DMSO, N , N - d i m e t h y l f o r m a m i d e ,  
wa te r  and s l ight ly  in alcohol. 

Zusammen/assung.  Durcb  Oxyda t ion  von  Glu ta th ion  
mi t  Wassers to f f superox id  in Ameisensfi.ure wurde  Gluta-  
th ion-d ihydrosu l fox id  erha l ten .  Glu ta th ion-su l fox id ,  N- 
Ace ty lg lu ta th ion  und  assozi ier tes  (reversibel  po lymer i -  
siertes) Glu ta th ion  wurden  als Verg le i chssubs tanzen  ers t -  
mal ig  hergestell t .  

A s imilar  s t ruc tu re  has  been  p roposed  by  WIELAND et 
al. 2° for a pos tu l a t ed  i n t e r m e d i a t e  in t r ansace ty la t ions  
wi th  ace ty l th iopheno l  2s. 

Glutathione sul]oxide VI .  GLSO was ob ta ined  by  de- 
h y d r o g e n a t i o n  of G L D H S O  I I  wi th  DMSO (dimethyl  
sulfoxide).  500 mg II  were dissolved in 5 ml DMSO. The 
DMSO was  r e m o v e d  by  v a c u u m  dest i l la t ion (1 m m  Hg) 
r epea t ed  twice wi th  add i t ion  of 5 ml N , N - d i m e t h y l f o r -  
mamide .  To the  s o m e w h a t  fluid residue 3 ml of a one-to-  
one mix tu re  of N , N - d i m e t h y l f o r m a m i d e  and  n-buty l -  
ace ta te  was added.  I t  crysta l l ized slowly, m.p.  158-161 °. 
The resul t ing  sulfoxide gives no color reac t ion  wi th  ni t ro-  
prusside.  I t  does no t  reduce d ich lo ropheno l - indopheno l  in 
d ry  me thano l .  The  sulfoxide is however  s l ight ly  hygro-  
scopic. In  the  presence  of h u m i d i t y  it reduces  dichloro- 
pheno l - indopheno l  slowly. The r educ t ion  becomes  visible 
on p a p e r  a f te r  more  t h a n  10 min.  The GLSO ob ta ined  in 

G. E, UTZlNGER 27, L. A. STRAIT, and  L. D. TUCK 

Department o/ Pharmaceutical Chemistry and Spectro- 
graphic Laboratory, The University of California, School o/ 
Pharmacy, San Francisco (California, U.S.A.) ,  
November 26 1962. 

2~ The significance of covalent iutermolecular association lies in the 
creation of a weak C-S bond which might compete with hydrogen 
bonding 26 in the connection of proteins to strands. It is better 
understandable, that the associated bond is opened by the fre- 
quently used earbonyl-containing reagents like urea 9 and CO than 
that a thiol could be hindered from a reaction by a hydrogen bond. 
It may, further turn out to be part of the intermolecular sulfur 
bonds now attributed to the disulfide bonds. 

~t6 "~[. LASKOVSK[ and H. A. SCHERAGA, J. Amer. chem. Soc. 76, 6305 
(1954). 
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Biological  and Pharmacological  Significance of 
the Expanded S-Outer  Shell in Electron Transfer 

Reactions 

A pep t ide  d ihydrosu l fox ide  x hav ing  in the  same mole- 
cule oxidiz ing and  reduc ing  proper t ies  such as those  pre- 
sent  in h y d r o g e n  peroxide  is given added  significance in 
t h a t  i t  provides ,  in re t rospec t ,  a possible mechan i sm such 
as has  been  sough t  in t he  pho to syn the s i s  and  in anabolic  
and  metabol ic  e lec t ron t r ans fe r  react ions.  Many  of these  
react ions  have  a l ready  been  descr ibed and  inves t iga ted  
in var ious  degrees of de ta i l  in re la t ion  to peroxidases  and 
cata lases  ~-* and  t h e  ox ida t ion  of p h o t o s y n t h e t i c  inter-  
media tes  5. 

F u r t h e r  the  presence  of a ca rban ion  in the  ~-posit ion of 
a d ihydrosu l fox ide  provides  a ' hand le '  for the  enzymic  
add i t ion  of t h a t  ca rban ion  to  polar  groups  like carbonyl  
groups  of subs t r a t e s  or in t e rmed ia tes .  E lec t ron  t ransfer  
wi th in  th is  add i t ion  c o m p o u n d  appear s  as an in t ramole-  
cular r e a r r a n g e m e n t  which  m a y  t h e n  be followed by  dis- 
sociat ion or t r ans fe r  of the  i n t e rmed ia t e  subs t r a t e  in a 
changed  ox ida t ion  s ta te .  

Anaerobic  me tabo l i sm  is, according  to WARBURG 6, the  
effective means  by  which  cancer  cells s u p p l e m e n t  their  
energy  needs.  WARBURG 7 has  shown t h a t  anaerobic  meta-  
bol ism m a y  be inh ib i t ed  equ iva len t ly  e i ther  by  i r radia t ion 
or by  ac t ion  of H20  v An oxidized cys t ine  has been tes ted  
on mice as a cancer  g rowth - r e t a rd ing  agent  w i th  par t ia l ly  
successful  resul ts  8. I t  is of fu r the r  in te res t  in this  connec- 
t ion t h a t  TOENNInS" pe r fo rmed  the  ox ida t ive  conversion 
of casein in h y d r o g e n  pe rox ide - fo rmic  acid mix tu res  into 
a p ro te in  free of me th ion ine  and  modif ied  in cyst ine  
conten t .  

There  are m a n y  g lu ta th ione  oxidizing enzymes  re- 
por t ed  10 in t he  l i te ra ture  which,  however ,  invar iab ly  refer 
to the  disulf ide ox ida t ion  s ta te ,  which  seems to be the  
p r e d o m i n a n t  fo rm o b t a ined  by  ox ida t ion  in aqueous solu- 
tion. The  usefulness of such  enzymes  in accompl ishing 

conversion to the  d ihydrosu l foxide  in the  semisolid s t a t e  
should be invest igated.  

A sa t is fac tory  s imple oxidizing agen t  has  been long 
sought  in photosynthes i s ,  for the  ox ida t ion  of, e.g., a 
glycolyl f r agmen t  to glycolate.  The proper t ies  of a di- 
hydrosulfoxide  can be shown to sa t i s fy  a need  to  o b t a in  
by  fission from an energy  rich i n t e rmed ia t e  an oxidizing 
and  a reducing agent ,  because it can react  as hydr ide  ion 
and 

The d ihydrosul foxide  ox ida t ion  s t a t e  m a y  sa t i s fy  a 
model  for an effect  occurr ing a t  the  sulfur  func t ion  in t he  
cy tochrome of chloroplas ts  if one pos tu la tes  t h a t  the  in  
vitro effect of H20 * in formic acid m a y  mimic  photo lys i s  
of H20. The pho to  exc i t a t ion  would serve the  equ iva len t  
of p romot ing  an electron f rom a p-orb i ta l  in t he  sul fur  
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