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yh Presented a t  Symposium on Glutathime, Mdgefial&g Cor~neoticut~ 
No~rember 20-21, 1953? which was sponsored by the N a t i o ~ ~ l  Science 
Foundation and the Office of Naml Research, 

-2% The work described in this paper was sponsored by the  U, S, A t d c  
k e r g y  C d s s i o n ,  
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("1 The work described 
Ehergy C d s s f  on, 

i n  t h i s  paper was sponsored by the U, S, A t d e  

The subject of t h i s  conference is given as "GPutathione ,' This i s  

a very comprehensive subject. However, it does have sone YM.&a,t$ons9 and 

the primary part  of tha t  subject t o  which t h i s  papr i s  addressed is the  

chemistry of the SH and SS sp-t;ems such as d g h t  conceivably be hvol-ved 

in glutathione chemistsy, 

The generally a c~ep ted  f o d a  for gru&w-thione is  T-glutawlcysteiny1.- 

glycine, which is rea l ly  a diamide, having the structure: 

Lone has been One of the major points of in te res t  i n  the chemistry of glutath- 

the chemistry of the mereaptan group, More recently, there has been an 

additional in te res t  developed i n  the  possibfaSty of glutathione being a 

c m o n  intermediate in the synthesis of a l l  p p t f d e  ~ ~ s ,  pwbicularXy i n  



view of the existence of enzyme system which t ransfer  th i s  ?6-gluhrqyl residue 

t o  a whole variety of other amino acids, However, thfs  is not the part  of 

the subject t o  which I w i U .  be addressed, We w i l l  l i m i t  ourselves, then, 

t o  a discussion of sulfur  chemistry. 

In order t o  do t h i s  properly, one should have a more general v i  ew 

of the nature of s a w  chemistry, both inorgani e and organie, For t h f s  

purpose, I have prepared a table  a able 1) showing t he  various midation 

levels of sulfur, ranging from -2 t o  6. Both inorganic suafur compounds 

and some of t h e i r  organic analogues are l i s t ed ,  Taey are arranged fn two 

rows; the molecules with one atam of sLilfur i n  them and the molecules con- 

taining two atoms of su l fw ,  There exist ,  of course, others with higher 

numbers, but f o r  the moment we w i l l  not be concerned with themo Ihcluded 
- --- -- 

a l so  are a number of ooridatfon potentials i n  which we might be interested, 

cannecting various hurganic  species, It my be possible t o  use those 

inorganic redm values t o  estimate what the corresponding organic compound 

would have, since ozly three of these lat ter .  are l i s t ed  and of the three 

ac t  measure- only the mercaptan-disuEfide ( - 2 w - 9 )  system has had any dir, 

ments attempted upon it, There will be discussed a b i t  more la ter .  It 

is perhaps worth pointing out t ha t  f o r  Lhoss compounds containing more than 

one sulfur atom, the axidatioa ~ m b e r  lls%ed is the avemge one taken over 

all the sulfm a t m  in the molecule, Lf they a re  separated in a non- 

redax: process (such as hydrolysis) there may be a marked dismutation of 

axidation number and reduction potential ,  This is, of course, especially 

true of molecules i n  an odd avaage  midation number, i ,s , S  



Such a process of m r a g e  acidation, usually with lower potential require- 

ment followed by an internal  rearrangement of redox potential  may' provide 

a route in biological systems fo r  electron t ransfer  through otherwise 

prohibitive (d i rec t  ) potential  barriers.  

Now the part icular  in teres t  we have i n  the present discussion is  

i n  the organic catnpounds containing sulfur  corresponding t o  the two levels 

-2 and-1; tha t  is, a meroaptan or a thioether,  and a d i a w l  disnlfide,  or 

t o  complete the analogy an awl hydrogen persulfide. 

R-SH 

or 

R-S-R 

O f  these, by f a r  the most impartant fo r  glutathione chemistry, s o  far ,  is 

the a w l  mereaptan-dialk~l disul9ide system. 
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F'hvsPes 

The first thing TO tho-qht ws would discuss is the physical evidence 

about the s tmetme of these two groups, mat do we know about such things 

as the thermodynamics of merca ptans and the df saSdes l %at do we %rmw of 

the geometrical arrangement. of tho bands around these grou*? The distances 

a r e  known some from spect~oscmpic data and sme from crystal or gas dff- 

fmetion data. They are given in Table 2, Tie bond energy a n  be computed, 

Before we go in to  the bond energy? l e t  ta say a Sf Ltle about Cne angles and 

geometry of the suEides ,  The bond angle around a divalent ~ U E W  is some- 

what over 90' as  f a r  as it has been determined, The bonds i n  d imlent  sul- 

fur might be considered as  essent ial ly  p-bonds; t h e  s-orbital  playing rela- 

t i v e l y  l i t t l e  part ,  and i n  this sense it is very s5.mi.h~ t o  the bonding i n  

CgaTgen compoWds. FOP tha t  reason, thang two b o d s  f o r  the d imlent  sulfur  

atoms are roughly a t  90' ( i t  varies with the particr;lar substituent being in 

general s ornewhat g ~ e a  t e ~ )  , The geometry of the  df ~ - U i d e - ~ o n % a h i n g  rnoleoule 

is very interest ingg the reaeon being tha t  fn t h i s  ease one has two such 

s u l f u r  atoms, presumably i n  bo%h eases bonded by o r d i r m ~ ~ ~  p e1ec"con pairs 

(to a f frst approximtf on), The s pir is s$eri caiLy d i s t r i b ~ t e d  abou% the 

nucleus, and the p pairs a r e  on the 9eo WRSe The result, is -that i n  % df- 

sulfide the d is t r ibut ion  leads to a very f n t e r e s t b g  geornefzy. Ax& attempt, 

t o  show t h i s  is  mde  in Figure 9, The s p t i a P  con2fgurations ( d h e t h y l s u ~ i d e ) ,  

f o r  example? are about as show:. Fiks t  the S4-6 bond angle. ('Y) i s  about 

0 
107 , but the importan% and interesting thing is  tha t  the dihedral angle ( 

0 
between the two S-12 5onds is very nearly 90 , There is a res t r ic t ion  t o  the 

ro ta t ion  about tha t  S-S If& amounting (a t  i ~ , s  m a x h m )  t o  at 9eas-b 10 KeaPs,, 

and prob~bljr m a m r  20 Kcals . (f rm heaf capacity ~~easuremen';~ ) whkk is  a 

very high r e s t r i c t ion  f o r  what appears t o  he a single bond between two atoms, 

The reason fo r  t h i s  r e s t r i c t ion  is not s h p l e a  It probably has t o  do wfth 



0-H 

S-H 

C-0 

C-S  

H-H 

S-S 

C-C 

For more complete listsS see M o  L, Huggins, Jo Am. 
Chem, Soc., z3 412.3 (1952 1; R o  S. Pitzer, ' &uanta 
Chemistry," Bentice-Iisll, New York, New York (1953 1. 



the tendency f o r  the unshised p electrons on the two s u X m  atom t o  over- 

l ap  when the dihedral angle i s  0" or 2 5 0 ~ .  This overlap leads t o  a coul- 

b ie  repulsion between non-bonding electron pairs  and thus resu l t s  i n  a 

rather  large potent ial  ba r r i e r  a t  the coplanar position, the d n h m  then 

being roughly 90'. It my be assumed t o  mry a s  the cosine of the di- 

hedral angle. Such a potential  bar r ie r ,  between 10-20 Kcals, a t  i t s  high 

point, can have important consequences in any struc%me i n  which a dfsul- 

f ide  is involved w i t h  goups which themselves have s%mctmaP or s t e r i c  

requirements. This w i l l ?  of course, be extremely important in any pro= 

tein-peptide s t ructure which involves the d i s a i d e  form of glutathione, 

cysteine or other mercaptan, So much, then9 f o r  the geometry of the SH 

and SS bonds. 

The thermodynamics of -the simple one-sulfur-=atam compounds is  

well  on i ts  way t o  being worked out, and one can, with some degree of con- 

fidence, assign bond energies, Actually, the assignment of a bond energy 

from thermodynamic data is a more or l e s s  a rb i t ra ry  thing, since the 

thermodynamics simply gives the energy of the whole moPeeuPe and not i ts  

individual par ts ,  and the breaking down of t h a t  energy f a to  bond energies 

involves the generation of a self-consfs%ent system, It w o u l d  be possible 

t o  have d i f fe rent  systems give dW2erentbbond energy assignments with %he 

same t o t a l  energy involved, A f iarPy well accepted value now f o r  moat 

systems with SH l i e s  between $2 and 87 Kcah. For CS9 fk is  about 52-55 

K c a l s ,  Now, the  d i f f i  c d t  assignment is the SS a s s i  p e n t ,  Useful them* 

dynamic data a r e  not ye t  available f o r  ordinary d i a w l  dfsuUfdea, The 

petroleum chemists, in whose hands most of this is, havenut quite go% 

around t o  molecules of this she, yet,  w i t h  t h i s  carbon-subfm ra t io ,  They 

have done heat c a p c i t y  measurements on these but they haven nt done e m -  



bustions yet, Thf s Pnformation i s  expected within the, nex% year or two, 

and presumably when such data become a v a i k b l e  it w2lk be possible t o  

assign a value f o r  the SS boml in t h i s  self-consistent system without nu& 

ambiguity, But a t  present, "chat isnvt possible, The only molecules tha t  

we have t o  work with are the inorganic ones, for which there is a heat 

of cambustion value. From H2S2 and from Sg, which i s  a r ing compound in- 

volving eight S-S bonds, m e  can ea lcub te  what an SS bond would be, 

I have done it f o r  both eases and it turns out t o  be roughly 49 KcaPs, 

In order t o  obtain a wlue  from H2S2 it i s  necessary t o  assume tbst the 

SEI bonds in H2S2 a r e  the same as  i n  B$. Remember tha t  these values are 

derived from thermodynamic quanti t ies  and not from kine t ic  quantities. 

They do not necessarily mean tha t ,  if omhad a dialkyl  dfsuafide and in 

s m e  molecular k ine t ic  a c t  pulled the two sulfur atams apart  t o  form two 

s u l f u r  f ree  radicals,  the energy required to do this would be 50 eals,; 

it may be so, but it is not necessarily so, This is s b p l y  a way of dfs- 

t r i b u t b g  the t o t a l  heat of f o m t i o n .  of the molecule, 

General Chenistm - Acidity 

With t h i s  kind o? assf gnment of bond energy we can go or!. t o  have 

a look a t  some of the he&-1 reactions i n  which both of these molecu_P~s 

(memaptans and disuMLdes ) w o d d  be i n ~ o l v e d ,  The rather  obvious one of 

the redox, system between sane mereaptalas and disulffdes I ' m  going t o  re- 

serve for a l a t e r  prt Of %hi? dfscmsion. I thought psrkps  we w o d 6  

first look a t  the  zcidi ty of the mereaptans 2nd than a t  sane of the ordinany 

add i t i  aa reactions which mercap%ans can undergo 



The ac id i ty  of mercaptans i s  a subject a l l  by i t se9fg  and T have 

prepared a tab le  of ac id i t i e s  which upon close inspection my be rather 

surpr i  sing. H2S has a pK ( p p )  of 7. %en you replace one H by an ordi- 

nary a w l  group we have t o  estimate the pK value, because there are  not 

as  f a r  a s  I know any simple alkyl  mereaptans which have bean t i t r a t e d  i n  

water or s a l t  solutions,  Usually they are kitrated i n  af cohol solutions, 

I estimate t h i s  a t  around 10, HoweverS there are  water-soluble mer- 

captans, f o r  example, mereaptmthanol; we have just  t i t r a t e d  s o m e a d i t  

erne out with a pK of 9.5. We have t i t r a t e d  mereaptoethylamine, and here 

there are two pK's, e . the t i t r a t i o n  c m  shows two buffer regions), 

one of 8,6 and the &her l0,8, The question of" assignment a r i ses  and 

there is not much ambiguity about it, The assigment i s  8,6 f o r  the mer- 

captan and 10,8 f o r  the ammonium ion, In t h i s  case the mrcaptan i s  

strengthened even beyond the mercaptoethanol. by the presence of the posi- 

t ive  charge in the  63-position, An osdinav alkylmine would be around 

10; t h i s  is  10.8 because when it does dissociate the proton leaves a com- 

pound which already has a negative charge on it, Another i n t e ~ e s t i n g  

mereaptan which we t i t r a t e d  just  the other day i s  the thfogfycolic es ter ,  

This i s  almost a s  strong an acid as thiopbeno2, which was t f t r a t ed  In 

50% alcohol, where it is 7*8, If it were done i n  water it probably would 

be lower than tha t ;  because the value i n  9% alcohol i s  considerably 

hlgher, I believe around 9 ,  So %he phenol might be expected t o  be about 

6,5,.,700 i n  water. A t  first, it was a If-Ltle surprising tha t  the thic- 

phenol was as  weak as it i s  - we thought it would be a l o t  stronger when 

campared t o  the a c i  d strengthening effect  of phenyl substf t u t i  on f o r  one 

of the hydrogen a tom of water, When you stop t o  %hi& about it, the 



reasor, t h a t  phenol i s  such a strong acid is  because of the possibili ty 

of resonance i n  the phenola-t;e ion: 

These resonance foms  of phenolate ion hvolving a double bond t o  the 

oxygen atom lead t o  the enhanced s t a b i l i t y  af the -0-fl re la t ive  t o  the 

'0-H, thus making the &I? of ionization of phenol more negative than tha t  

1 e 
of H20 (PI$,$I - 16; pKphsno1 = l o ) ,  

(1) FOP further  discussion see GoEoKe Branch and M, Calvfn, "The 
Theory uf Organic Chemistry," l?rentice==Hall, New York, Flew 
York ( i%l]  

This t * p  of reacrnarxe is  of l i t t l e  help i n  increasing the acidity of 

thiophenol. One of the first prpfmiplea of divalent s a w  chemis'cry i s  

tha t  such s u U w  has v e v  little tendency t o  forn a double bond, and if  

thf s @n be avoided it f s done, So %hat the resonance ef fec t  which one 

uses two explain the enharaced strength of phenol oger miter o r  methanol 

i s  not hpox4ian-t in stsengthanr8ng %hiopherrol over H2S. H;2S 5s 7,  and 

thiophenol is hardly a stronger acid than H2S. There i s  n remarlcable lack 

of effect of the phemyl group on the acid strength of the SH group, This 

same resfstance of' S fn the -2 oxidation level, t o  the formation of a 

double bond, f s one way of' vf m i n g  and unders-bnding s one of the properties 

of thioesters . Thus, the charge separation resonance f oms play a ef gni- 



reducing the p H  activating influence of the e s t e r  carbowl, although not 

t o  the extent tha t  it is reduced i n  acids or acid anions. The resistance 

t o  such a f o m  i n  thioesters  

li 
R-CH 2 4 5 - R '  

induced a behavior even more closely resembling tha t  of ketones and the i r  
2 

very active atoms, with respect t o  the i r  acidi ty and t h e i r  a b i l i t y  

(2 ) I?. m a n ,  Federation Proc ., g, 683 (1953). 

t o  part ic ipate  i n  aldol-type reactions. In f a c t  the carbonyl i t s e l f  i n  

thioesters  shows some of the addition reactions of t rue carbonyl cow 

pounds. (see addition reactions). If a deliberate attempt i s  nade t o  

produce a doubly-bonded su l fur  as in thioaldehydes or ketones, polymeriza- 

t i o n  generally takes place leading t o  singly-bonded sulfur  atoms thus : 

In the case of thiobenzophenone the rnonmer is known, and it i s  a pale blue 

compound extremely susceptible t o  oxidation. The 2- and 3-thione Y-phe& 

propionic acids3 were both formulated as  t h i o l c i n n d c  acids thus : 
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Table 3 

Acid Dissociation Gonstants of Some Merca~tans 

Compound 

H-NCH C02- 
I 

OX-CH-CH24S 
I 

-- 

Ref erenee 

In 50% alcohol 
bach and Egli, 
Acta, u, 1176 

Q* 
S a h n  and Edsall, (hvert 
the assignment of h3 and SH 

C o h  & Edsall. Invert assigr 
rnent, 

. (Schkmrzen- 
Helv. Chh. 
(1934-1 * 
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Table 3 ( ~ o n t , )  

Acid Dissociation Constants of Some Merca~tans 

Reference 

Cohn & Edsall. Invert 
assignment. 

1%) We would l ike  t o  thank D r .  J. Nielands f o r  running these t i t r a t i o n s  
on a Beckman t i t r imeter ,  The mereaptoethanol was purified by E. 
Schallenberg, who a l s o  prepared the methyl thf oglyeolate . 

* )  E, Jo Cohn and J, To Edsall, flProteins, Amino Acids and Peptides," 
Reinhold Publishing Company, New York, New York (194.31, p. 84, 



( 3 )  E. Fischer and W. Brieger, Ber. d, Deutsch. Chem, Ge0.9 2469 
( 1 9 ~ ) .  

For cysteine, besides %he carbcarylic ac id  w h i c h  is not l i s t ed9  there 

i s  the mercaptan and the a-andno group f o r  which the two pK values which 

we have available €0 assign a re  8.3 and l0,8, In a l l  of the tables t ha t  
and 10.8 fo r  the mereapkin group. 

I have seen, the assignment i s  8.3 f o r  the amino groupie I think this 

must be wrong, and it should be the other way around, In most other cases, 

the a-ammonium group has pK values lying between 9 and U, This assign- 

ment has important implications f o r  protein systems because a t  physio- 

logica l  pHPs of around 7.3 and with t h i s  kind of a pK value f o r  a memaptan, 

one would gat an appreciable amount of ionized s u E u r ,  which might be of 

some biological importance. A s  a matter of f a c t ,  I suspect that  t h i s  

view may provide the mechanism f o r  the recently described exchange re- 

action between disulf  idesA' 5. (See l a t e r  sect ion on ss . 

( 4 )  F , Sanger, Nature, m, 1025 (1954 ), 

(5 > J, A, Barltrop, F. M o  Hayes and PI, Calvin, i n  presso 

The addition reaction of mercapbns most fam5Iiar %o o~gar5.c 

chemists 3.s the addition rsaet%on of mereaptans with ordinary carbonyl 



functions ; 

(efth5r aldehyde or ketone carbag-1) t o  give aemhese,apkals, or semi- 

mercaptols. This, of course, could go on, with another mercapbn as  

shown above t o  fom the mereaptol from the aemharcaptoP, UnfortunateLy, 

I havengt been able t o  f ind any quantitative data regarding the equili- 

brium constants of such reac'ci ons . One thing we can say about them i s  

that the equilibrium f s very mu& far ther  t9 the sf gh% than it i s f o r  

the corresponding q g a n  compound (f o m t i o n  of acstals  or ketals  1. In 

fact, it appears that ff one were t o  w e  e q h o l a r  amounts of reactaaas, 

the equilibrium wol_iCd be pract ical ly a l l  svsr on the side of the f w  

formed mrcap ta l  or mereaptsl, he car, make some e s t i m t e s  of where 

ft d g h t  be with respect 50 the m~respondirig acetals  and ketals by using 

our bond energy assignments that we made in Tali'-e 2, and c a l c a t b g  

what the difference i s  between the bond energies involved i n  these 

varf ous equilibria.  Here, fo r  example, i n  going from carbonyl t o  semi- 

mereaptol, we break an SH bond, whi ch debits about 82 KaPs ,, and it 

costs a C=C; which is r 1 5 0  Igeak, This t o t a l  cost i s  232 K a % s ,  The 

receipts  on the aemhercaptak side a re  dxe Plo an hydray l  group which in 

thLs system is  ,+wlbO Km1s *, the  C-0 which is +%A and the C-S whi ch is 

-52 Km1s , making the return about 236 Ihals, The AE f s -4 Kmls - 
very nearly the  equilibrium tha t  one might expect, one carnies %his 

on t o  the complete mercaptal one f inds tha t  the AE f o r  the next s t ep  



i s  d-6 Kcab . C mbf ning the mereaptans and carb onyl t o  thioketals o r  

thioacetals,  the A E  f o r  the whole reactf  on is  /--lo Kcals . This i s  not 

the  case with a c e t a l  formation, A s  a matter of f a c t g  the difference i n  

these l i e s  in the difference between two C-0 bonds and the C=O, gfvfng 

a @=+2 Kcals. f o r  both semi- and full ke-tal formation. I donR% think 

one can use these values t o  caS&.ate the e q u f E b r i m  constants K I 

doubt s t i l l  more whether it would have any great value f o r  quantitative 

estimates of K i n  aqueous systemsg since p a r t i a l  molar heats and en- 

t ropies  of soEution have not been considered; nor even the entropy 

changes i n  the gaseous system, which would probably favor the f u l l  ke- 

t a l s  or acetals  because of the loose molecule of water fomed. 

A11 t h i s  ealcuelation can be e k e n  f o r  is t o  indicate the order of 

magnitude of the change t h a t  occurs when an SH would add across a car- 

bonyl, h t h e r m o r e ,  any factors  whi eh would make the carbowl markedly 

d i f fe rent  from an ordinarqy aldehyde or ketone would have t o  be considered, 

Thus the formal carbonyl of an acid or acid anion is  so  strongly s tabi l ized 

( ~ 2 0  Kcals,) by resonance forms of the type 

a s  t o  make addition reactions even by mercaphns, mfavored, The s i tua t ion  

i s  not s o  unfavorable i n  esters ,  and with thioesters  it appears that  the 

carbonyl can be made t o  submit t o  addition a t  l eas t  by mercapbns9 the 

following reaction having been &served : 
6 



The s i tua t ion  with amides seems a l s o  t o  be on the verge of feasi-  

b i l i t y  largely by vir tue of the poss ib i l i ty  f o r  the elimination af H20 

with the  fonaation of a C=N i n  primary and secondary amides. This will  

be discussed more fully la te r .  Ias t ly ,  the  reaction with C02 and i ts 

analogue CS2 should be mentioned. While the addition of mercaptan across 
r 

C S  i n  CS in s l i g h t l y  alkaline media seems instantaneous and complete7 
2 

according t o  the  reaction 

t o  form an a w l  trithiocarbonata, the corresponding reaction with CO 2 

seems not t o  have been studied much, 52 a t  a l l .  It might be expected t h a t  

t he  equilibrium would be rapidly established and have an appreciable con- 

s t a n t  as  wri t ten,  

Presumably it would be reversed by acid t o  decompose the S-awl mono= 

thiocarbonate with the Bberat ion of GO2. Quantitative studies of th f s  

react ion would be of extremely great i n t e re s t  particularly i n  comection 

with biological  systems involving the incorporation of GO2' So much, 



then, f o r  the addition. t o  carbsnyl and its analogues which is r ea l ly  

perhaps the  most important singie type of addition reaction whih  the 

mercaptans undergo i n  connection with the biological systems, 

Mercaptans can a lso  add t o  other types of unsaturation - simple 

CrC. ~ n s a t u r a t i o n ~  It is  a common procedure now t o  use mereaptans and 

t h f o l  acids t o  add t o  olefins, and it is a common method of introducing 

a sulfur  i n t o  the compounds containing the o lef in ic  group, However, 

in general, those reactions are much slower and require more vigo~ous 

eataly"cic conditions than do the ordinary carbonfl add i t i  ons . There 

i s  more t h a t  could be described on the addition reactions, but I think 

t h a t  there a re  too  many other i t e m  of h t e r e s t  t o  us, which w i l l  pro- 

h i b i t  our spending any more time on them, 

While the mechanism of of the addition reactions of mercap%ansg 

part icular ly w i t h  earbonyl, might well be f o r d a t e d  through mereaptide 

anion, there a re  a number of impostant mect ions whieh a r e  normally con- 

sidered as  d i r ec t ly  invoLving mereaptide anions, These are  par t icular ly 
3- 

the formation of the very s t sb le  heavy metal mercaptides of H~*, Ag , 
and CU*, and the displaeemenk reactions hv~Xving act ive halogen, as  In. 

the following : 



(or k w i s i t e )  

These and other similar reactions have been commonly used t o  t e s t  

e n z p t i c  systems fo r  the presence i n  them af catalytically-imp~r$ant 

S H  groups. They owe t h e i r  importance t o  the great s t a b i l i t y  of the 

products formed. They w i l l  not be further  discussed hare,' except t o  

(7) See E. S o  G. Barron, ffAdvsnces in h p o l o g y ,  V Q ~ O  XI," 201-2669 
(1951); W. Stericks and I. N. I(althoff, J. Amo Chem. Soc., a, 

point out tha t  the specif ici ty of many of them i s  f a r  from complete, i .e . , 
14H2&O2- will quaternize (alkyilste) amines and the heavy metals dl1 

form quite s table comp1exes with many amines, particularly when a chelate 

structure is  possible. 

General Ghemistm - Oxidation 

Finally, we should mention the notorious reducing a b i l i t y  of 

rnercaptans, or conversely the i r  susceptibi l i ty  t o  oxidation. The f i r s t  

d d a t i o n  prcduct, ioe., the one formed by the removal of one electron 

per sulfur  atom, is  the disulfide. This d d a t i o n  is  usually acccsp 

* plished by molecular iodine, although catalytic (cu*, Co ) auto- 



d d a t i o n  by 0 as well as d d a t i o n  by peraides may a lso  be used. 
2' 

-1- 
2RSH + + R-SS-R + 2H + 21- + 

With the l a t t e r ,  however, there is the possibility and even the tendency for  

the d d a  t ion t o  go further , f o r  example, 

R-SS-R + k-Bu-0-&H ---\ R S - S  P + $BUM. C' 
While the redox system, 

2RSH -) F S S - R  + 2 ~ *  + 2e- 
f--- 

i n  a l l  probability paps an important biocatalytic r o ~ e , ~ , ~  there seems 

(8 ) P. lvhssini and M. Calvin, kper ient ia ,  8, 4.45 (1952). 

(9  I, C, Gunsalus. In McCollum-Pratt symposium on "The bchanism of 
Enzyme Action,' (June 1953 ) . Johns Hopkins b ive r s i t y  Press (1953 1. 

- - 

l i t t l e  doubt of the structural  importance of the disulfiae link itself i n  

such a protein1' as  insulin and i n  such a peptide as ~ t o c i n .  li It 

(11) V. du Vigneaud, C. Ressler, J. Me Swan, C . W. ~ o b e r t s ,  PO 
I(sts0yannis and S . Gordon, J. he Chem. Sm., 21, 4.879 (1953 l o  

p-pp-  

therefore behooves us t o  examine some of the reactions of the disul23.de 

l ink i t se l f ,  while reserving the quantitative aspect of the redm potential 

f o r  a l a t e r  section, 



Although great in teres t  attaches t o  oxidative reactions on disulfides 

such as those producing mono- and d i d d e s  and f a t h e r  addations and 

hydrolyses leading t o  sulfinic and sulfonic acids, It seems a b i t  beyond 

the scope of the presen* discussion t o  consider them, We w i l l ,  theref ore, 

be limited t o  reductive or d i  smutative spl i t t ing of the dfsulfi  de bond, 

In general, catalytic methods have not been used since the catalyst is 

either poisoned by the sulfu or the desulf'urizati on takes place, i ,e,, 

f issian of the C-S bond and i t s  replacement by C-H , A cannon and widely 

useful method is reductIan d t h  Zn and HCP, The ease w i t h  which t;his takes 

place varies w i t h  the nature of the d i s ~ i d e  but generally an hour or two 

on the steam bath would be considered a vigorous condition, Some can be 

reduced in the cold wfth pK 1s as high as 2 or 3, It is interesting that  

BHqo seems t o  have considerable diff iculty i n  reducing disulfides if it 

can do so  a% a l l ,  On the other hand, it can quite readily reduce su l fu r  

from higher midation levels down t o  the mereaptala level. Apparently the 

disulfide link is susceptible t o  aftack only by f2ee radical %ype agents 
=+ 

(~n-H or C12) or by basic electron-pair containing species which might 

lead t o  reduction of one or both sulfur atam, Such a one would. be t he  

reverse of the 1 oxidation reaetfm, thus, 
2 



and there i s  evfidence tha t  it is indeed possible t o  f ind  suitable dfsulfides 

fo r  which a t  equilibrium there would be appreciable arnounta of" both a i d f z e d  

and reduced su l fur  present, namely, t-butyl mercaptano5 A more conrmdQ 

known reaction of t h i s  typeg however, and one i n  which the intermediate 

products seem t o  be known is t h a t  of disulfides w i t h  HCN, A recent refer- 

12 
ence describes the reaction f o r  some derivatives of cystamhe 

The isothiocyanate is presumabu known by i ts  p r e p r a t i o n  from an isothio- 

cyanate s a l t  and the  corresponding awl haLide, 

'Work i n  our own laboratories on simple dialkyl. disuEffdes has 

indicated a reluctance of these compounds t o  undergo t h i s  reaction andg 

i n  f ac t ,  the reverse reaction has been used t o  prepare aryl t i i s - i f d e s ,  
13 

(13) M, Nakazaki, J o  Inst, Polytech, @aka City Unive9 A, M O O  1% Series 
C, Chemistry, 100 (1953 10 

Furthernore, there is  some indieation tha t  h e n  such canpounds do undergo 

reaction with excess HCN both sulfur akms of the dfsulf ide m y  appear as 

(&) PPivate commwimti 02 f rm  T, Vieland, University 02 F r a M m t  a m  
Main, Germany, 

HCN is  e b e t t s r  reducing agent than  HI,'^ 21 the case of cystino a follow 



reaction makes the s p l i t t i n g  a very easy reaction t o  carry t o  ccrmpletion. 
16,PY 

(16) J a Lo Wood and S . L. Cooley, Federation Proc ., 2, Abstract 967 
(1953 > 0 

(17) H e  Behringer and P. ZiPlikens . Am., a, 140 (1951) 

CH2- CH-C 02H 

I I 



Perhaps one of the commonesL methods of reducing disulfides whieh 

might be present i n  biological systems (proteins, cytoplasm and even 

l iv ing  ce l l s  ) is  by introducing a re la t ive ly  large amount of some mer- 

captan, This is  usually cysteine or glutathione and more recently P-= 
mercaptoethylammonium chloride 4 The mechanism of t h i s  reduction i s  tha t  

of an anionic exchange or displacement reaction of mercaptide with disul- 

f i d e e  Thus if R-S-S-R is  the  disulfide t o  be reduced and RPSH is the 

mercaptan added i n  excess, the following sequence of reactions would 

produce RSH and R-S-SR ' from them. 

(1) I T& b R - S S  + "SR! 4 - R '  + RSw 

Reaction (2) i s  a rapid reversible  proton exchange, the position 

of the equilibrium depending only on the r e l a t 5 ~ e  pK1s and eoncentrations. 

Since R'SH i s  i n  excessg it w i l i b e  f a r  t o  the r igh t ,  This, i n  t w n g  w i l l  

pull (1) f a r  over t o  the r ight .  Finally, since @'a))) C R S ~  we have 

R- R '  
P I 

(3 1 R-SLIS + -SRI RS- + S S - R t  

followed by removal of RS- by reaction (2 ), 

This same anionic exchange react ion is almost certainly responsible 

f o r  the d isu l f ide  interchange mentioned ear l ie r .  A t race of mercapkn a s  

ca ta lys t  would be a l l  t h a t  is required and t h i s  d g h t  be produced by t race 



reduction of hydrolysis (see l a t e r ) .  Thus, accepting f o r  the moment 

the presence of a trace of s m e  mercaptan R x SH and s t a r t ing  v i th  the two 

disulf ides  RS-S-R and R t-S-S-R I ,  the following sequehce would r e su l t  i n  

the  apparent exchange of a l k y l  residues. 

Thers i s  one other reaction which may be of t h i s  type and which 

should be mentioned. This is  a dismutation reaction which takes place i n  
+ 

alkali and in  the presence of heavy metal ions such as H~* or Ag . The 

s to i ch ime t ry  seems t o  be established 18,19920 ,, 

(18) S. Smiles and J. Stewart, J o  Chem. Soc., u, 1792 (1921). 

(19) Ro Cecil, Biochem. J., Q, 572 (1950). 

(20) W. St icks  and I. M. Kolthoff, Anal. Chem., 3, 1050 (1953). 
ox-Glutathione only, even i n  the presence of cysteine, 

The removal of the mercaptan as i n s o l ~ b l e  mercaptide is a t  l eas t  partial* 

responsible f o r  the quantitative character of the reaction which has bean 

used as a method of analysis for oxidized glutathione (see (3)  above). 



It has been formulated a s  the sum of two reactions 1 )  an anionic 

at tack on the disulf ide by OH- followed by 2 ) a dismutation of the un- 

s tab le  sulfenate and a removal of the mercaptide by heavy metal ion9 i , e o 9  

f o r  gluta t h i  one 

2 CSSG + 2 0 T  > 2s- + 2 GSOH 

S 
2 CSOH--)CS S G + 20IT--)CSO2- + GS- 

The suggestion has been made t h a t  the en t i r e  system is a reversible one up 

t o  the point of Hg mercaptide formation. The equilibrium would be very 

f a r  on the  l e f t  f o r  the first reaction, being drawn over by the two suc- 

ceeding ones. The f i r s t  reaction is a t  l e a s t  formally a hydrolysis 

followed by a dismutation of the extremely unstable and a s  yet  t o t a l l y  ua- 

known a l i + t i c  sulfenic  acid or sulfemte ion. It is perhaps of i n t e res t  

t o  note t h a t  from Table 1 it is possible t o  estimate t h a t  the dialkyl  

s u l f d . d e ,  which is isomeric with an a w l  sulfenyl e s t e r ?  is unstable t o  

the dismutatian reaction by about 30 KcaTs, 

W a  t ion  Potential  

We can a t  l a s t  turn t o  the  question of the quantitative examination 

of the mercaptan-disulfide redox system. For about t h i r t y  years chemists 

and biochemists (Prof. H , T . Clarke among the e a r l i e s t  ) have been t r y i n g  t o  



determine the axidation potential  of th is  system. 

There have been a variety of determinations, In a l l  cases9 the mercaptan 

is  a pretty good reducing agent, but the actual  wlues  of these potentials 

have been subject t o  variation and change, This i s  primarily due t o  the 

extreme difficulty of finding an electrode system which would respond t o  

t h i s  mereaptan-disulfide system i n  a reversible way. The sulfur clearly 

forms very stable mercaptides, t h a t  is9 s a l t s g  w i t h  heavy metals, and one 

might expect tha t  ewn w i t h  platinum electrodes that  one would f ind a 

surface coating of mercaptide which would interfere wi%h the xeversfbility 

of the electrode. However, there is  one s e t  of measurementsg make about 

ten  years ago on the University of California ( ~ e r k e l e ~ )  Camps, by 

Ryklan and s chmidt2' (the l a t e  C . L. A. Schmidt of the Biochemistry Depart- 

(21) L, R,  Ryklan and C , Lo A. S c W d t 9  Universi ty  of California 
Publlostions i n  Physiology, 8, No. 17, p. 257-276 (1944). 

ment) i n  which they determined the potmt ia ls  f o r  a ser ies  of mercaptans 

of different kinds. It Looks as though they had a reversible electrode 

system respondi~g not t o  the m e r c a p t a n ~ s ~ i d e  system but t o  another 

chemical redax system mixed with itS namely, the i d b e - i d f d e  systemg 

which was believed t o  be in equilibrium with the mekcaptan-disdfide system. 

The electro-active material was presumably the iodine-iodideg and notl the 

mercaptan. It i s  well known tha t  the iodine-iodide system, i n  acid solu- 

t ions particularly, is  a very easi ly reversible system and establishes a 

s table  reversible potent ial  a t  the platinum electrode. If one could assme 



rum'ber of %it.raLiY%ons vi tb .  I in 2 EI an a series of e%ght mersaLp%ru,s 
2 

of different kinds, an8 arrived a t  a s s ~ .  of rodm p o t - s ~ t ~ ~ ~  .which is of 



Table 4 

Reduction ~ o t e n t i a l s *  f o r  the Rea ction 

RSH - 1/2 (BS-S-R) + H+ + e- 

DPHN - 
Thioglycolic acid -0 2 7  

Gys t e  ine -0 2 7  

ThioUlis t id ine  -0 -32 

Mercaptoe than01 -0 -35 

Ergothionine -0 -36 

Gluta thione -0 .45 

Ascorbic acid - 
- - - - - - - - - - - - - -  

In 7% Ethanol 

Thiophenol -0 .U +O .31 -0 e31 

e-Thiocres 01 -0 .30 +0,12 -0 -12 

+$ The mercaptan data are t h a t  of Ryklan and sclmidt2l. The other values 
were taken from the table  of Andersan and Plaut i n  "Respiratory En- 
zymes," edited by K ,  A ,  Iardy, 

E0 and EO' a re  the potentials with sign according t o  the convention 
used by Iatimer i n  "Oxidation Potentials," F'rentice-Hall, Inc ., 
New York, New York. 

Eo' i s  the potent ia l  with the sign convention (opposits of Eo) used. 
by Anderson and Plaut, and more commonly used among biochemists. 



i n  other words, t o  reduce oxidized glutathione is  easy. It i s  one of the 

eas i e s t  disulfides t o  reduce. This accounts, a t  l e a s t  i n  my mind, f o r  the 

23 
f a c t  t ha t  enzymatically one can reduce glutathione with TPN, whose po- 

(23 )  See the cornmunication of B. Vennesland i n  t h i s  volume. 

t e n t i a l  we know t o  be about .28, Ln other words, reduced triphospho- 

pyridine nucleotide has a la rger  reduction potential ,  i.e., is  a be t te r  

reducing agent, than is  glutathione. And tha t  would f i t  here, Many of 

the other values f o r  glutathione are  i n  the wrong direction. It is a l so  

of in t e re s t  t o  note t h a t  dehydroascorbic acid, whose oxidation potential  

i s  f a i r l y  well established, can oxidize glutathione. This presumably 

places the reduction poteni tal  of glutathione between t h a t  of the pyridine- 

nucleotide and t h a t  of ascorbic acid. Since it has s o  f a r  not been possible 

t o  f ind  conditions which could demonstrate any reduction of TPN by GSH 

the potent ial  is probably nearer tha t  of ascorbic acid,  a s  given i n  Table 

4. 

A ~ o l i c a  ti on t o  the Structure of Gluta thione 

The interest ing thing, then, i s  why t h i s  difference between 

cysteine and glutathione. The difference is  qui te  large - about 7 Kcals, 

-- or tha t  order of magnitude, and i n  t rying t o  dovise an explanation f o r  

t h i s  it occurred t o  us t h a t  possibly glutathione was not the simple struc- 

ture  which we had on the board a moment ago with a Tree cysteine mercaptan 

group, but actual ly  involves sone kind of s t ab i l i za t ion  of the mercaptan; 

a process which does not occur i n  the other t h i o l  compounds. An exanina- 

t i on  of the model of glutathione shows t h a t  t h i s  is  indeed the case, 



There is  a very reasonable possibi l i ty  of accounting f o r  the enhanced 

s t a b i l i t y  of the mercaptan form of g l u t a t h i ~ n e ~  namely? an interaction 

between the carbonyl corygen of the y-glutawl residue and the SH-group 

of the cysteine residue, The first thing tha t  one might suggest i s  a 

hydrogen-bonding which might s tab i l ize  the 'Y-glutaql sys tem. We have 

evidence f o r  t h i s  possibi l i ty  from an examination of the infra-red 

spectrum of benzyl mercaptan ( in C C 1  ) and i n  the presence of N-&ethyl- 4 
acetamide. The S-H band a t  2565 an,-' is  very much broadened and shif tad 

t o  2525 in the presence of the amide. This would correspond t o  

the existence of a hydrogen bond between the mercaptan and the amide, 

since exactly similar sh i f t s  have been observed due t o  S-H interaction 

with pyridine or  cyclohexylamine 024 If there were as much as  8 cals . of 

extra s t a b i l i t y  in this interaction, tha t  could account for the dSference 

between cysteine and glutathione, because the potential  is i n  the direction 

of s tab i l iz ing  the  mercaptans . 
NOW, i n  v5ew of the themdynamics which favors the addition of 

mercaptan over carbanyl, one might suspect tha t  i n  addition t o  t h i s  hydro= 

gen-bonding the next stage of the reaction might occur, and the mereaptan 

add across the a d d e  carbonyl, a t  l e a s t  t o  some extent i a  a dynamic equi- 

librium, t o  give a hydroxythiazolidine derivative of the character: 



This looks as though it would be an unstable forn but i f  it were i n  a 

dymmic equilibrium, one could go a s t ep  fur ther  and suggest tha t  it is  

s tabi l ized by the elimination of the water molecule t o  form a thiazoline, 

thus : 

Construction of the models shows tha t  a l l  of these things a re  possible, 

In fac t ,  not only possible, but l ike ly ,  The next three figures show a 

sequence of photographs of the models. Figure 2 shows the hydrogen-bonding 

possible i n  the model system; the arrow points t o  the contact between the 

SH-hydrogen and the Y-glutawl carbonyl. Figwe 3 shows the photograph 

of the hydroxythiazolidine , Figure 4 shows, f ina l ly ,  the thiaz oline 

f orrned by the eliminat.ion of m t e r  , The arrow indicates the nitrogen 

atom and the Y-glutamyl carboa atom between which the double bond has been 

formed. 

The demonstration t h a t  t h i s  r ing is actual ly  formed i n  the glxta- 

thione has been made possible f o r  us by vir tue of the f a c t  t ha t  thiazoline 

of t h i s  s t ructure has a very interest ing spectrum and we can find t h i s  

spectrum i n  the solut ion of glutathione, under proper conditions, Figure 

5 shows the  u l t r av io le t  spectrum of a group of" cmpounds including 2- 
0 

methyl thiaz oline .25 Curve 2 is the 2-methyl th i a s  oline ( = 2610 A; 
max 

( 2 5 )  Prepared i n  our laboratory by J, R. Quayle, amording t o  S .  Gabriel 
and C, v ,  Kirsch, Ber,, 2, 2609 (98'96)- 



& = 5100) and curve 1 is the glutathione, showing the presence of a 

band with ))- = 2685 2 (5 = 2000) apprmLmate3.y the same place tha t  max 
one f inds it i n  thiazoline,  Curve 3 i s  cystine and curve 6 is cysteine, 

curve 5, leucylglycine - these a re  controls, none of them shows the 

clear  band a t  2600-2700 1. Wile  cystine shows clear  evidence of the 

disulf ide peak a t  2500 1 even in 12 N H C I  oxidized glutathione does not 

show it unless the ac id i ty  is  much reduced (1 a). I think we have thus 

established the poss ib i l i ty  of glutathione forming a thiazoline ring 

under the proper conditions. 

The problem s t i l l  remined of accounting f OP the r ing chain equi- 

librium i n  glutathione, A t  t h i s  time a publication was discovered which 

not only seemed t o  provide the answer but also contained i n  it some of 

the elements of the ideas here presented, Itr turned out t h a t  Linderstrm- 
28 

hng and Jaeobsem had made 8 ra ther  thoro~gh study of methyl thiazoline, 

(26) K, Linderstr-Lang and C, F, Jacobsen, Comptes Fendes d e  Inbe 
Carlsberg, Ser ie  Chimique, Vol. No. 20 (1950) ; J. Bf 010 Ch-, 

m9 4-43 C194J - )a  

the very compound fo r  which we have the absorption spectrum here, and 

found, very interest ingly,  t ha t  it exis t s  i n  a re la t ive ly  rapidly re- 

versible  equilibrium with ammonfum ions i n  the reaction: 



It forms an amidinium ion, This is a rapid reversible equilibrium, and 

now it seems clear  why t h i s  rapid and reversible formation of thiazoline 

occurred in glutathione and only i n  glv-tathione, In glutathione the 

ammonium ion i s  always present, i n  the o-amino group of the glutamic 

residue. It can be brought r ight  over the Y-glu-l carbon atom t o  

provide the  mechanism fo r  the r ing opsning and closing reaction, 

I think, theref ore, t ha t  i n  a11 our concerns ~ 5 t h  the reactions 

of glutathione and the possibi l i ty  of its reversible foxmation of di- 

sulfide,  and, indeed, the existence of cysteine i n  apy peptide, we should 

consider the  poss ib i l i ty  of t h i s  t h i a z o l h e  formation, It is  more h- 

portant in  glutathione than it is i n  ordinary peptLdes, since in most 

ordinary peptides the circumstance of an available amino group t o  pro- 

vide the mechanism of the opening and closing of the thiazoline r ing 

might or might not he present -- bu% it is always present i n  glutathione, 

The last figure, Figure 6, presents a cclleetion of the various struc- 

t u r a l  forms i n  which glutathione may e x i s t  and which w i l l  manifest them- 

selves t o  different extents, depending upon the coaditions of the ob- 

servation, 



Figure 1, The th i rd  non-bonding orbi ta ls  on each sulfur a t m  ( P ~  ) are 

indicated only t o  show the orientation of the unshared 

electron pair density i n  each one, assuming no S or d 

hybridization. 

F igure2 .  GlutathioneShowingPossibleH-Bandbetweens-Hand 

Y-GZutan5yl Carb onyl , 

Figure 3, Glutathione in the Hy&aythiazolidine Form. 

Figure 4, Glutathione in the Thiazoline F r x ~  

Figure 5, Absorption Spectra of Glutathione and Relatives, 

Figure 6 ,  Same of the Fonns of Gluta thione . 



GEOMETRY OF THE G-S-S-G SYSTEM 



Fig. 2 



Fig, 3 





I. GLUTATHIONE 6.5 X lo-' 
2, 2-METHYL THIAZOLINE 5 x 
3. CYSTINE 4.5 x 10-3 
4. OXIDIZED GLUTATHIONE 4 X 

5. LEUCYL GLYCINE 1.06 X lo-' 
6. CYSTEINE 1 x 

IN 12 N HCl vs 12 N tic1 

WAVELENGTH 

f i g .  5 



SPIRAN FORM 

,cH-~-NH-cHz-cozH PYRROLIDONE FORM -1MONlUM 

I 

FORM 

I 
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OPEN-CHAIN FORM 

H 

SOME OF THE FORMS OF GLUTATHIONE 

fig. 6 




