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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 
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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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a tom of a thio e the r  h y d r a t e  I to an spad 2 hybr id  orbi tal  
I I  ~ to form the  same d ihydrosu l fox ide  ox ida t ion  s t a te  n,  

HOH H-,., (~" 
hv '-- !~I 

RI-S-R l* RI -S-R RSH = protein 

1 I I  H R 1 - -  porphyrin 

which is ob ta ined  by  ox ida t ion  of the  cyclic th iazol id ine  
form of acyl cys te ine  in formic acid and  hyd rogen  perox-  
ide I. A similar  m e c h a n i s m  has  been  repor ted  for me th io -  
nine and  w a t e r  as a pho tochemica l  e lec t ron  dona t i n g  
sys tem and  m e t h y l e n e  blue ~2 and  r ibof lavin  as e lec t ron 
acceptors  ~,~4. Such a cy toch rome  d ihydrosu l fox ide  m i g h t  
be one of the  'energet ic  or r educed  cofac tors  ac t ing  as 
carr iers  of h y d r o g e n  and  ene rgy  f rom the  l ight  reac t ions  
to t he  ca rbon  reduc t ion  cycle '  as was pos tu l a t ed  b y  
CALVIN and B A S S H A M  15 

CALVIN et al. *~ have  observed  pho toox ida t i on  of 1, 2- 
d i th io lane  I I I  to the  monosul foxide  IV in the  presence  of 
zinc t e t r a p h e n y l  porph in .  T h e y  p roposed  a fission of t he  
disulf ide group  by  l ight  and  add i t ion  of water .  

CH~ CH 2 
H2C ~ /  " ~ C H  2 hv, H~O _o~ H2C / "CH~ 

I I ] I 
III S - - S  Zn-tetraphenylporphin SH SOH IV 

If  the  rote of t he  sulfur  func t ion  in c y t o c h r o m e  follows 
the  g lu ta th ione  model  it  would serve to sepa ra te  H~O into  

.- H -., 

H0H --~ H + 2e + OH bywayof  H - S - O  -+ S-OH 
/ / 

+ 

2e q H ® 

in which  the  ~ S - O H  group  is the  ' u n k n o w n  electron 
accep tor '  (FR~TON and  SIMMONDS~7), 'hole '  or oxidizing 
agen t  as i t  was  dep ic ted  b y  C~LVlN and  BASS~AM ~. In  
aqueous  solut ion i t  would  p lay  the  same role as the  H~Oe 
appea r ing  wi th  cata lases  and  peroxidases .  (It  is a ssumed 
t h a t  in p lan t s  these  enzymes  catal ize the  ox ida t ion  of 
metabol i tes . )  

The following cons idera t ions  sugges t  a m e c h a n i s m  for a 
possible l inkage of the  photolys is  of H=O wi th  the  CO= 
fixat ion.  

Besides the  abi l i ty  of sulfides to  reac t  w i th  wa te r  unde r  
p rope r  condi t ions  to  form a d ihydrosu l foxide ,  a m e t h y l e n e  
group  or m e t h i n e  group  a d j a c e n t  to  sulfur  is a c t i va t ed  to  
form a carbanion .  The  bes t  i nves t iga ted  m e t h i n e  group  is 
the  CH a t  the  posi t ion n u m b e r  2 of the  thiazole  r ing of 
T P P  ( th iamine  p y r o phospha t e )  ~sa~. BRESLOW =°m int ro-  
duced  the  idea  of the  possible i n v o l v e m e n t  of d -hybr id  
orbi ta ls  of t he  sulfur  in t he  th iazole  r ing of T P P  to  expla in  
the  ac t iva t ion  of t h e  hydrogen  on the  T P P  th iazol  r ing 
posi t ion n u m b e r  2. BReSLOW emphas i zed  the  significance 
of resonance  s tab i l iza t ion  of t he  i n t e r m e d i a t e  carbanion.  
Hydrogen  on the  e -ca rbon  a t o m  of a su l foxon ium der iva-  
t ive  ==, can be d e u t e r a t e d  as r ap id ly  in t he  absence  of base  
as can  the  thiazole  r ing ~0,~a. 

The biological role of th is  ca rban ion  is to  form bonds  
wi th  ca rbonyl  c o m p o u n d s  like pyruv ic  acid ~s,x~. 

WHITE and INGRAHAM 24 recen t ly  invoked the  concep t  
of t he  2-thiazolium carbanion ,  b u t  t h e y  d id  n o t  disc uss 
t he  impl icat ion of the  sulfur  b o n d  orb i ta l  hybr id iza t ion .  

The in vitro acy la t ion  of an  a-C a t o m  of d i m e t h y l  sulf- 
oxide was d e m o n s t r a t e d  by  HORNER and  KAISER ~ ,  who 
proposed  an in t e rmed ia te  sulfoxide associat ion.  There  ap- 
pea r s  some analogy in t he  s tabi l iza t ion of a ca rban ion  ill 
T P P  and in sulfoxides.  

C a r b o x y d i s m u t a s e  has  been descr ibed as a c a rboxy la t -  
ing e n z y m e  in the  pho tosyn thes i s  ~". This  enzyme  would  

t rans fe r  the  CO~ to ribulose-1, 5 -d iphospha te  e7. BASSHAM28 
suspects  ' some organ iza t ion  of the  var ious  enzymes  as- 
socia ted  wi th  the  s t ruc tu re  of the  ch loroplas t ' .  One is led 
to  suspec t  a m e c h a n i s m  for COo f ixa t ion  s imilar  to  t h a t  
es tab l i shed  for t he  p y r u v i c  acid T P P  addit ion~Sa 0. 

I t  is b u t  a small,  add i t iona l  specula t ive  s t ep  to  involve 
the  sulfur  func t ion  l inking the  v inyl  g roup  of the  por-  
p h y r i n  in cy toch rome  I to  t he  p ro te in  in t he  f ixa t ion  and  
t r ans fe r  of COe and  o the r  ca rbony l  compounds .  The  side 
cha in  C a t o m  be tween  p o r p h y r i n  and  sulfur  in th i s  mole-  
cule is in t he  same ac t i va t ed  pos i t ion  as the  C~ in the  th ia -  
zole due to t he  abi l i ty  of sulfur to assume a d-hybr id ized  
S-outer  shell. We see t h a t  p o r p h y r i n  is the  ideal  r e sona to r  
for  a con juga ted  carban ion .  I t  is there fore  a po ten t i a l  
p r i m a r y  f ixat ion po in t  for CO~ to  give a c y t o c h r o m e  CO2 
a d d u c t  s imilar  to  t he  ch loroplas t  CO 2 a d d u c t  sugges ted  
by  W'ARBURG 29, I t  could as well be i n s t r u m e n t a l  in a t -  
t ach ing  and  t r ans fe r r ing  any  o the r  ca rbonyl  group  ob- 
served to  reac t  w i th  th iamine .  

In  t he  mode l  t he  reduc ing  h y d r o g e n  is avai lable  a t  t he  
ne igbor ing  th io  e the r  h y d r a t e  which  can be e x p a n d e d  to  
the  d ihydrosu l fox ide  1 and  conforms  wi th  the  concep t  of a 
reduc t ive  ca rboxy la t ion  ~s 

Zusammenfassung.  Die Dihydrosu l fox idg ruppe  wird als 
po ten t ie l le  W i r k u n g s g r u p p e  ftir die Pho to tyse  y o n  VVasser 
zur  Diskussion gestell t .  Die M6gt ichkei ten der  E lek t ronen-  
i iber t ragung  von  Cy t o c h r o md i h y d r o s u l f o x i d  werden  er- 
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n Perhaps, in a formal way, it may more correctly be described as a 
new co-ordination state of the hydrate. 
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