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Abstract: The rate of reduction of oxidized glutathione (GSSG) to glutathione (GSH) by thiolate anions (RS-) fol lows a
Br/nsted relat ion in pK"s of the conjugate thiols (RSH):pnu" - 0.5. This value is similar to that for reduction of El lman's re-
agent: 0nu" = 0.4-0.5. Analysis of a number of rate and equil ibr ium data, taken both from this work and from the l i terature.
indicates that rate constants, k, for a range of thiolate-disulf ide interchange reactions are correlated well  by equations of the
f o r m l o g k = C * 0 n u . p K u n u " * 0 " p K " " * 0 r e p K u l e ( n u c = n u c l e o p h i l e . c = c e n t r a l , a n d l g = l e a v i n g g r o u p s u l f u r ) : e q 3 6 - 3 8
give representative values of the Br/nsted coeff icients. The values of these Br/nsted coeff icients are not sharply defined by the
available experimental data. although eq 36-38 provide useful kinetic models for rates of thiolate-disulf ide interchange reac-
t ions. The uncertainty in these parameters is such that their detai led mechanist ic interpretat ion is not worthwhile. but their
qual i tat ive interpretat ion-that al l  three sulfur atoms experience a signif icant effect ive negative charge in the transit ion state,
but that the charge is concentrated on the terminal sulfurs-is just i f ied. Equil ibr ium constants for reduction oiCSSG using
a,cr-dithiols have been measured. The reducing potential of the dithiol is strongly inf luenced by the size of the cycl ic disulf ide
formed on i ts oxidation: the most strongly reducing dithiols are those which can form six-membered cycl ic disulf ides. Separate
equi l ib r ium constants  for  th io la teanion-d isu l f ide in terchange (Ks-)  and for  th io l -d isu l f ide in terchange (KsH) have been est i -
mated from l i terature data: Ks- is roughly proport ionalto 2ApK. is the dif ference between the pKus of the two thiols involved
in the interchange. The contr ibutions of thiol pKu values to the observed equil ibr ium constants for reduction of GSSG with
a,co-dithiols appear to be much smaller than those ascribable to the inf luence of structure on intramolecular r ing forma-
t ion. These equil ibr ium and rate constants are helpful in choosing dithiols for use as antioxidants in solut ions containing pro-
teins: dithiothreitol (DTT), 1.3-dimercapto-2-propanol (DMP), and 2-mercaptoethanol have especial ly useful propert ies.
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Introduction

Oxidat ion of  catalyt ical ly or srructural ly essent ia l  cysteine
thiol  groups can be an important mechanism for enzyme
deact ivat ion. l  I t  is  impract icai  to exclude oxygen completely
from solut ions of  proteins dur ing their  manipulat ion,  and the
strategy normal ly fo l lowed to minimize the inf luence of  aut-
oxidat ion on enzymatic act iv i ty is based on the protect ion af-
torded by organic th io ls (especial ly 2-mercaptoethanol  and
dithiothreitola's) present in excess. These added thiols probably
inhibi t  the i r reversible oxidat ive deact ivat ion of  proteins by
several  mechanisms. They reverse the in i t ia i  srages of  the
protein autoxidation reactions by reduction of protein disulfides
and sul fenic acids6 to th io ls.  They may, by coordinat ion,
modify the catalyt ic act iv i ty of  t ransi t ion-metal  ions in th io l
autoxidat ion. l '7 Their  own oxidat ion consumes dioxvsen and
hydrogen peroxides present in solut ion

As part of a project aimed at the development of techniques
to permit the use of enzymes as practical catalysts in the syn-
thesis of organic and biochemicals,e we have begun to study
the relation between the structures of organic thiols and their
abil ity to prevent or reverse the autoxidation of proteins. The
work described in this paper is focused on one aspect of this
problem, v iz. ,  rate- and equi l ibr ium-structure relat ions for
the reduction of a model cystine-containing pepride (oxidized
glutathione, GSSG, 7-glutamylcysteinylglycine) by base-
catalyzed thiol-disulfide interchange. Oxidized glurathione
was selected as substrate in this investigation for three reasons:
it is readily available in pure form: its presence, as well as that
of reduced glutathione (GSH), can be monitored in the pres-
ence of  other th io ls and disul f ides using enzymaric assays;10
and, because it occurs in biological systems,l. l l  information
about its reactions with various thiols should prove generally
useful .  Wel2 and Hupe et  a l . l3 have already reported rates of
th io l -d isul f ide interchange react ions involv ing EI lman's re-
agent (5.5'-dithiobis(2-nitrobenzoic acid)) and found them to
foilow a Brlnsted correlation (pnu" = 0.5). Cleland et al. have
carried out related studies with 4,4'-dipyridyl disulfide (pnu"

:  0.34).  and Brocklehurst  et  a l .  have examined reduct ions of
2,2-dipyr idyl  d isul f ide (pnu" = 0.23).r2 ' r l  These studies indicate
that th io late-disul f ide interchange is a mechanist icai ly s imple
Sx 2 displacement react ion,  but.suggest that  the values of  the
characteristic Brpnsted coefficients are sensitive to the par-
t icular set  of  reactants chosen. The extension of  these model
studies to GSSG was carr ied out for  two reasons. First .  the
equi l ibr ia l 'or  reduct ion of  d iary l  d isul f ides wi th typical  a l i -
phat ic th io ls l ie so far  toward aryl  th io l  that  equi l ibr ium con-
stants could not be measured convenient ly.  I t  was thus not
possible to explore the influence of the structure of the reducing
thioi on the thiol-disulfide interchange equil ibria. Second, aryl
th io ls are arguably poor models for  a protein cyst ine group.

Resul ts

Rates of Reduction of Oxidized Glutathione by Mono- and
Dithiols. The rate of reiease of GSH from GSSG was deter-
mined using a fast  enzymat ic fo l lowing react ion at  pH 7.0
(0.06 M phosphate buffer)  and 30.0 *  0.5 'C under argon.
CSH was converted to S-lactoyl glutathione (GS-lac) by re-
act ion wi th methylglyoxal  in the presence of  g lyoxalase- l
(GX-l) ,  and the concentrat ion of  GS-lac was monitored
spectrophotometr ical ly at  240 nm, es 3.37 mM-l  cm-i . l '1
Equations I -6 list the reactions pertinent to this assay. In these
equations, RSH is a monothiol reducing agent. Reaction 6, the
enzymatic conversion of hemithioacetal to GS-lac, is essentially
i r reveis ib le. la

KrRsH
R S H  _  R S -  +  H +  ( I )

k t

RS- + GSSG _ GSSR + GS- (2)
k - r

k't
RS-  +  GSSR -  RSSR + GS-  (3 )

k-z
pK"CSH =  g . l l tS

GSH GS-  +  H+ (4)

I R e n " i r t r d  f r ^ m  t h e . I n r r r n q l  , r f  f h p  A m c r i e a n  C h e r n i n n l  S o c i e t v .  1 0 2 ^  2 0 1 1  ( 1 9 8 0 ) . 1
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Figure l. Formation of S-lactoyl glutarhione (CS-tac, M) with time at 30.0
* 0.5 oC, under argon in a pH 7.0 phosphate buf fer  (0.066 M) contain ing
ox id i zed  g lu ta th ione  (GSSC.  0 .35  mM) .  d i th io th re i to l  (5 .07  mM) ,  and
methy lg l yoxa l  (CH:COCHO,0 .77  mM) .  and  us ing  (A )  24 ,  (B )  2 .4 .  (C)
1 .8 .  (D)  1 .2 ,  (E )  0 .3  U /mL.  respec t i ve l y .  o f  g l yoxa lase - l  (GX- l ) .  The
concentrat ion of  GS-lac was determined spectrophotometr ical ly  at  240
nm using eo 3.37 mM-l  cm-1.  There is  no s igni f icant  d i f ference berween
d(GS-lac) /d/  at  enzyme concenrrar ions of  24 and 1.8 U/mL: the con-
centrat ion of  enzyme used rout inely in the assay was 2.a U lmL.

K 5 = J 6 f Y f l a
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(GSSR)  >  (RSSR) :  s i nce  t he  ra te  cons tan t s  k  r ,  k : ,  k -  1 ,  and
k -2 are al l  of the same magnitude, the second. third. and fourth
terms of  eq 8 can be neglected,  and th is  express ion may be
combined with eq 7c and rewrit ten as eq 9a. For convenience,
this equation was used in a form (eq 9b) involving an observed
rate  constant .  k  lob 'd ,  based on the to ta l  concent ra t ion o f  th io l
and thiolate anion in solut ion. The rate constants l l  I  and k robsd
are re la ted by eq 10.

d(GS- lac)  f  d t  -  k  r  (RS- ) (GSSG)

=  f t , o b s d t ( R s - )  +  ( R S H ) l ( G S S G )

k t  =  k , o b s d  1 l  +  l 6 p x " n s x - p H )

To ensure the accuracy of the assumptions and approximations
made to  generate  eq 9,  i t  i s  necessary  to  ad just  the re la t ive
concent ra t ions o f  the var ious spec ies present  in  so lu t ion.  Re-
act ions were car r ied out  us ing the fo l lowing in i t ia l  concen-
t ra t i ons :  (RSH)0  =  0 .77  mM,  (GSSG)  =  0 .35  mM,  and
(GX- l )  -  2 .5  X l0-4  mM (2.4  U/mL) .16 Because the srar t ing
concent ra t ion o f  th io l  is  much greater  than any of  the o ther
so lu t ion components ,  th is  concent ra t ion is  not  s ign i f icant ly
perturbed by hemithioacetal formation and remains essential ly
constant  throughout  the course of  a  k inet ic  run.  The concen-
t ra t ion o f  CHICOCHO under  these condi t ions is ,  o f  course.
unknown:  a l though a s ign i f icant  f rac t ion o i  th is  mater ia l  is
probabl .v  conver ted to  hemi th ioaceta l ,  the ve loc i ty  o f  equ i l i -
bra t ion o f  the hemi th ioaceta l  w i th  a ldehyde and hemihydrate
is  fas t  compared to  the enzymat ic  react ions which fo l low.ra
Regardless o[ the equil ibr ium concentrat ion of hemithioacetal.
(CHICOCHO)o  >  (GSH)  i n  t he  i n i t i a l  s t ages  o f  t he  reac t i on .
Fo r  sma l l  ex ten t s  o f  r eac t i on  ( i n  t hese  expe r imen ts  t yp i ca l l v
l0-20Vo) the concentrat ion of CHICOCHO can be considered
cons tan t .  Thus .  w i t h  t he  assump t i ons  i nd i ca ted ,  t he  ra te  o f
appearance of  GS- lac wi l l  be d i rect ly  propor t iona l  to  the
concent ra t ion o f  GSH.  For  the s teady-s ta te  approx imat ion to
hold  for  GSH, i t  is  necessary  that  i t  be conver ted to  GS- lac
much more rap id ly  than i t  is  formed f rom GSSG. The ra te  o f
convers ion o i  GSH to  GS- lac can be ad justed over  a  wide
marg in  by s imply  changing the concent ra t ion o f  g lyoxa lase-  |
or  CH3COCHO. The concent ra t ion o f  enzyme requi red to
achieve s teady-s ta te  condi t ions in  GSH, a t  a  convenient
CH3COCHO concent ra t ion,  was estab l ished exper imenta l ly .
The concentrat ion (activi ty) of enzyme in solut ion was varied,
and the va lue of  (GS- lac)  measured,  ho ld ing a l l  o ther  pa-
rameters constant. At values of enzymatic activity greater than
-2 UlmL,  increas ing the act iv i ty  o f  enzyme in  so lu t ion
shortened the duration of a non-steady-state interval at the
beginn ing of  the react ion,  but  d id  not  in f luence the va lue of
d(GS-lac)/dt once the steady-state region had been reached
(F igure I  ) .  More genera l ly ,  the va l id i ty  o f  eq 9  requi res that
d(GS- lac)  ld t  be zero order  in  GX- l  and CH3COCHO and
f i rs t  order  in  RSH and GSSG. Table  I ,  which l is ts  k  'obsd rn6
velocit ies [d(GS-lac) ldt]  for formation of GSH from GSSG
using 2-mercaptoethanol as reducing agent, establ ishes that
these condit ions are fulf i l led. The data in the f irst l ine of this
table were obtained using the standard condit ions employed
routinely in this work; the other runs were performed on so-
lut ions in which these condit ions were systematical ly varied.
Analysis of the velocity data and extraction of the rate constant
k,ob'd from these data are discussed later in the text. Under
the condit ions used, the assumptions made in obtaining eq 9
seem to be just i f ied, since large deviat ions from the standard
condit ions have no inf luence on krobsd.

Equation 9 appl ies to monothiol reducing agents. In this
work, we were part icularly interested in dithiols. In treating
reduc ing agents ,  HSRSH, conta in ing two ident ica l  th io l
groups, we used an entirely analogous procedure, with two
addit ional assumptions. First,  we assumed that the nucleo-
ph i l ic i t ies  o f  the mono-  and d ian ions,  HSRS- and 

-SRS-,

( 9 a )

(eb)

(  l 0 )

GSCHOHCOCHT

GSCHOHCOCHT+ GX-I 9

GSH + CH3COCHO (5)

GSCOCHOHCH3 + cx- l
(GS-lac)

( 6 )

To der ive ra te  express ions for  k  I  f rom these equat ions,  we
requ i re  t ha t  t he  ove ra l l  r a te - l im i t i ng  s tep  i n  conve rs ion  o f
GSSG to  GS- lac be the in i t ia l  th io la te-d isu l f ide in terchange
react ion (eq 2) .  We wi l l  assume that  th io la te  an ion is  the on ly
nuc leophi le  par t ic ipat ing in  the th io l -d isu l f ide in terchange
react ion, lT  that  reduced g lu ta th ione (GSH) is  present  on ly  a t
a low, steady-state concentrat ion. and that glyoxalase-l fol lows
typ ica l  Michael is -Menten k inet ics  wi th  the hemi th ioaceta l
CSCHOHCOCHI  as  i t s  on l y  subs t ra te  (eq  7a ) . t e . r6 ' r 8 ' r e

d (GS- lac ) / d r

= k:  (GX-l l I r  + K r n  G S C H O H C O C H T

(GSCHOHCOCH3)] -  
( i a )

t=  k : ( G X - l ) ( G S H ) l ( c S H )  +
t

KsKmcscHoHCocH i l -  I

@
( 7 b )

=  [ k 3 ( G X - l ) ( C H 3 C O C H O ) / 3 m M 2 ] ( G S H )  ( 7 c )

Substitution of the equil ibrium expression for K5 (eq 5) into
eq 7a followed by rearrangement gives eq 7b. At a low
steady-state concentration of GSH, eq 7b reduces to eq 7c for
K s -  3 mM and K.cscHoHcocH: -  I  mM.20 The bracketed
portion of eq 7c may, in principle, be made arbitrarily large and
constant by adjusting the concentrations of either GX-l or
CH3COCHO; in pract ice,  the quant i ty of  GX-l  used is the
more easily varied. At the pH used for the assay (pH 7.0), the
majority of the reduced glutathione is present as GSH rarher
than GS-. Assuming these conditions and a steady-srare
concentration for GSH, we'relate the rate of production of
CS-lac to k 1 by the equation

0 :  d (CSH)  /d t  =  k r (RS-) (cSSc)  +  k2(RS-) (GSSR)
-  k_r (cssR)(GS-)  -  k_z  (RSSR)(GS-)
-  f t3 [ (cx - l ) (CH3COCHO)/3  mM2] (GSH)  (8 )

We ensure that kinetics observations extend only over the
ini t ia l  stages of  the react ion,  in which regime (GSSG) >
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Table I. Rate Constants (k,ou'a, M-l min-l) for Reduction of Oxidized Glutathione (CSSG) by 2-MercaPtoethanol4
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k , 
obsd d(GS- lac) /drD IHOCH2CH25HI ' l cHrcocHol . lcsscl. I G S - r l d comments€

8 . 8
9 . 5
8 .2
9 . 1
7.3
9.3
8.9
8 .0
8 .8
9 .2

t4.4
r 5.6
13.2
t4.9
39.4

1 . 5
t4.7
12.6
28.3
2.5

5.07
5 .  l 0
5 .  r 0
5.09

1 4 . 5
0.49
5 . r 2
4.99
5.05
5.07

0 .7  6
0 .77
0.77
0.77
0.76
0.75
0 . 3 1
1 . 5 0
0.76
0.76

0.32
0.32
0 . 3 2
0.32
0.32
0.3 r
0 .33
0.32
0.64
0.054

1 . t
: . 1

a a  1

0.48
1 . 2
1 A
L- .+

2.1
1 A

' t A
L . 1

1 A
L . a

2.4

standard
X I O G X - I
XO.2  GX- I
x0 .5  GX- l
X3  RSH
XO. I  RSH
xo.5 cHTCOCHO
x2 CH3COCHO
X2 GSSG
XO. I7  GSSG

" All kinctics lrerc run in 0.056 M phosphate buffer, pH 7.0, 30.0 * 0.5 oC, under argon, wcrc followed at 240 nm using €o 3.37 mM-l cm-t,
and were coftected for blank reactions, ii rnt. , Unir; of d(Cs-tac)/dr arc M-r min:r x 106. . Concertration units are mM. d In enzyme
units (prnol/min) pcr mL. ' This column indicctes the major changc fiom the standard mnditions.

Table II. Rate Constants (k'ou'a M-l min-r) for Reduction of Oxidized Glutathione by Dithiothreitolo

k , 
obsa d(GS- lac) /d t ' IDTTI. lcHscocHol . IGSSGl . IGS-r ld commentse

14 .0
14.6
8.4

t  3 . l
r 3 . 0
t4.2
9 .8

l 2 .  r
12.7
1 4 . 0

A A ' I

47.0
26.9
4 1 . 3
8 1 . 6
4 .5

3 1 . 9
J  t , l

80.  l
5 . 8

4.94
4.97
4.97
4.94
9 .94
0.49
5 . 0 1
4 .86
4 .93
1 .94

0.76
0.77
0 .77
0.77
0.7 6
0.7 6
0.39
L50
0 .76
0. ' t  6

0.32
0.32
0.32
0.32
0.32
0.32
0.3  3
0 .3  2
0.64
0.042

1 ^

' t A  1

0.48
1 . 8
1 A

1 A

. \ ^
1 , 1

1 A

1 1

standard
X I O  G X - I
XO.2  GX. I
X0 .75  GX. I
X2  RSH
X O . I  R S H
xo .5  cH3COCHO
x2  CHTCOCHO
X2 GSSG
XO. I  3  GSSG

were ind is t ingu ishable .  Th is  assumpt ion neglects  e lect ron ic

effects and a stat ist ical factor of 2, both of which would make

the dianion more reactive than the corresponding monoanion.

The concent ra t ion o f  d ian ion wi l l ,  however .  be smal l  re la t ive

to  monoanion at  pH 7 for  the d i th io ls  we have examined.

Moreover ,  the observat ion (see be low)  that  mono-  and d i th io ls

fa l l  on the same Br /nsted corre la t ion l ine suggests  that  the

cumulat ive er ror  in t roduced in to  est imates o f  ra te  constants

by th is  assumpt ion is  smal l .  Second,  we assume that ,  for  the

concent ra t ion o f  d i th io l  used,  the ra te  o f  the in i t ia l  in termo-

lecu lar  th io l -d isu l f ide in terchange is  lower  than that  o f  a

subsequent  in t ramolecu lar  react ion which re leases a second

equiva lent  o f  CSH (eq I  l ) .  A s imi lar  assumpt ion.  rnade in  our

H S R S H  +  C S S G  
g  H S R S S G  +  G S H  ( I  I A )

fast
HSRSSG 

'-";  
sn3 + GSH ( I  lb)

d All kinetics were run in 0.05 M phosphare buffer, pH 7.0, 30.0 * 0.5 'C, under argon. ' Velocity offormation ofGS-lac as determined

spectrophoromerrical ly a! 240 nm u.;ng io : . : l  mM-i cm-l and corrected for blank r iact ions. i f  any. Units of d(Cslac)/d, are M min-l

i  t  Oo. I  Con""ntr", ion unirs rre mM. ; ln unirs of enzyme acriviry per mL. '  This column indicates (he major deviat ion from stlndard con-

di! ions.

previous treatment of the reduction of EIlman's reagent. could
be just i f ied exper imental ly because independent est imates of
the rate constants for  re lease of  ary l  th io ls f rom diaryl  d isul-
f ides and aryl alkyl disull ides indicated a sufficient difference
to be detected. |  2 '  13 4nol ts is of  the equi l ibr ium constants for
reduct ion of  CSSG by al l  of  the di th io ls examined below, ex-
cept for glycol dimercaptoacetate, established a significant
enhancement relat ive to analogous monothiols.  l f  we assume
that the rates of intermolecular reaction of mono- and dithiols
having simi lar  th io l  pK" values on GSSG wi l l  a lso be simi lar .
the observed difference in equil ibrium constants suggests that
the rate of inlramolecular thiol-disulfide interchange involving
the second thiol group of an cv,c.,.r-dithiol is probably last relative
to the f i rst  intermolecular interchange (see below).  Nonethe-
Iess, since we have not been able to measure rate constants for
release oi  CSH irom GSSG and GSSRSH by thiol -d isul f ide
interchange exper imental ly,  and since these values are prob-

ab l y  s im i l a r  f o r  mos t  o f  t he  t h i o l s  exam ined  he re . l l ' 12  we  re l v

on analogy wi th  th is  prev ious work to  jus t i iy  our  assumpt ion.

No te ,  howeve r ,  t ha t .  i f  t h i s  assump t i on  i s  i nco r rec t .  i t  i n t r o -

duces an er ror  o f  on ly  a  fac tor  o i  2  in  the ra te  constants  for

d i t h i o l s .
W i th  t hese  assump t i ons .  a  t r ea tmen t  s im i l a r  t o  t ha t  de -

scr ibed prev ious ly  leads to  the express ions in  eq l2  re la t ing the

observed ra te  o f  product ion o f  GS- lac to  the ra te  constant  o f

i n te res t ,  k1 .  Aga in  k1  and  k l obso  a re  re l a ted  by  eq  10 .

d (GS- lac )  f  d r  =  2k  TUHSRS- )
+  ( - S R S - ) l ( G S S G )  ( l 2 a )

=  2 k r o b ' d [ ( H S R S H )

+  ( H S R S - )  +  ( - S R S - ) I ( G S S G )  ( l 2 b )

Table  I  I  l i s ts  va lues of  k ,ousa and ve loc i t ies  [d(GS- lac) /dr ]  for

formation oi GSH from GSSG using dithiothreitol as reducing

agent .  The f i rs t  l ine in  the tab le  repor ts  data obta ined us ing

our  s tandard condi t ions:  the o ther  runs were per formed on

solu t ions in  which these s tandard parameters  were var ied.

Again .  under  the condi t ions used.  the assumpt ions made in

obta in ing eq l2  seem to  be jus t i f ied.

St ra ight forward cons iderat ion o f  mater ia l  ba lance and in-

tegrat ion o f  eq 9 (or  eq l2)  by  s tandard methods g ivesrz ' : :

f t , obsd1  =
(S)o  -  (GSSG)o

,  (GSSG)o
I n - -

( ) )o

* [  t s lo - t c
[ (GSSG)o 

-
S-lac) /n I
(CS+*) / r l

(GS- lac) /n
(  l 3 )

The terms in the expression are defined as follows: for mo-
noth io ls  So =  [ (RS- )  +  (RSH)) ,  n  =  l ;  fo r  d i th io ls  So =

[ ( -SRS-)  +  ( -SRSH)  +  (HSRSH) ] ,  r  =  2 .  F igure  2  repro-
duces typical  k inet ic data for  reduct ion oi  CSSC by several
mono- and di th io ls as der ived using the integrated rate ex-
pression (eq l3) .  The crude absorbance data used to generate
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Figure 2. Rate-constanr prots ,",- ,*1...1"1 
"r 

r.t""*, l,on*tuno ot,,n,o,,
wirh oxid izcd glutath ione (GSSG) in pH 7.0 phosphate buf fer  (0.066 M)
at 30-0 + 0.5 "c under argon. The termq in the expression on the axis are
def ined as fo l lows: for  monothio ls,  Se = [ (RS-)  + ' (RSHt]  ,  n = t ;  for  d i_
rhiots.  s6 = [ ( -SRS-) + (HSRS-) + (ASRSH)J,  l r  = z ' ( i r .  eq r3 or  the
text) .  Reducing agenrs:  r ,  grycor d imercaptoacerate;  v,  d i th iothrei tor :
o. 2-mercaptoethanol: r. thiogl.vcolic acid. Kinetics are sho*n .espectivery
to 60,  50,  20.  and 20vo of  compret ion.  The k inet ic  points sho*n here were
obtained f rom the exper imenta I  Azcoatt r ibutabre to GS-lac and are cor-
rected for the relativel-v slow blank reaction observed in these sysrems *hen
using phosphate buf fer  (see ref  24).

Tables I - l l l  were corrected for the s low phosphate ion cara_
lyzed reaction between methylglyoxal and thiols before anal-
ysis to obtain values of  k lob'd using this equat ion.2a Rate
constants for reduction of GSSG by a seri 'es of rnono- and di-
th io ls under standard condi t ions are l is ted in Tabte 11y.zr. : :
Figure 3 summarizes these data as plots of log ft 1 and log k ,obsdvs. the pK" of  the reducing thiol .  The arornat ic th io lJwhich
were used to obtain data for values of pK"RSH ( g with Eil_
man's reagent l l '13 could not be used in i tudying the reduct ion
of GSSG, because they absorbed strongiy at ine waverength
used to monitor the concenrrat ion oi  GSI- iac (2a0 nm).  For
comparison, Figure 4 reproduces analogous data for reduction
of El lman's reagent;  th is plot  includ. i  duru both f rom our
workl2 and from the study of  Hupe et  a l . r3

The Br/nsted coefficient (pnu" = 0.50, coefficient of de_
termination = 12 = 0.89) obtained by least-squares analysis of
the rate constants for GSSG is similar to tiat obtainld for
reduction of EIlman's reagent by thiols. This latter system has
now been the subject of two independent studies ( Figure 4). r:. r:
our study^analyzed a group of at[yt and aryr thiors rogether,
and gave 6nu. = 0.30, 12 -  0.g5.25 Hupe et  a l .  anal  y:zed, d,ata
for a similar set of thiors, but suggested thar alkyi and aryl
thiols 

l. l l_:n separare correlation-fines, with pnu.irkyt = 6.49
(r.l = 0.98) and Bnu"a'vl ^= 0..48 (r2 = 0.96). nnatysis of our
alkyl data alone yielded pnu"ulkrl = 0.4 | (r2'= 0.67;.Our data
for aryl thiols cover a small range of pK" values unJar" l.r,
accurate than those of Hupe.26 The value of the Brlnsted
coefficient selected from these several analyses depends in purt
9n 9uljgctive judgmenrs concerning the ihoi". oi dutu to be
included. we agree.with Hupe et  a l . - that  the arkyr and aryr
thiols should be analyzed separately,2T and not" th"r there is
no independent evidence which can be used to select between
values of pnu""lkrl lying between -0.4and 0.5. For simpricity,
we wi l l  take 6 -  0.5;  arguments out l ined later suggest that
these p values may not, in any event, translate directly into
fractional charges, and the ty,n.rtry and charge distribution
of the transition state do not 

-demanda 
specific ialue of B.zs.nThe value of pnu"alkrl = 0.5 for reduction of GSSG determined

in the presen^t s.tydy thus seems physicaily reasonabre, but, since
the range of thiol pKrs covet.a is reraiivery smail, since the
scatter in the experimentar points is significant, and since the
assay system used to follow the reactions is complex, this value

/ ,1 
(GMA)

3\(DTT)

,  ,7  (ME)
! {

pKrs*
F igu re3 .  P lo tso f  (A )  l og , t l t uand  (B )  Iog  &r  (M- r  m in - r )  vs .  t h io rpK"
for  the reduct ion of  oxid ized grutarhione in pH ?.0 phosphate buf fer  at
30 .0  +  0 .5  oc  under  a rgon  by  rhe  mono-  ona 'a i tn io t t  t i s ted  in  Tab le  I I I .
DTT is d i th iothrei to l .  .v lE is  2-mercaproethanol .  DMp is 1.3-dimercap
topropa nol, and G M A 

.is.e 
t-vc^ol 

! ! mgcaproacetate. The least_sq ua res slope
for  (B) is  6n,"  = 0.501r2 = 0.89).  The equat ion used ,o g.n.r . , .  the r ine
in (A) is log k 1oH = -_1,29 * 0-50pK. - Iog ( lgpKe-7.0 +" t ); t i,. equation
i n  ( B )  i s  l o g  k r  =  - 1 . 2 9  *  0 . 5 0 p K " .

Table I I I .  Rate consranrs  ( t .  M-r  min- r )  for  Reducr ion of
Oxid ized Gluta th ione (GSSG) by Mono-  and Di th io ls"

c t  c
\ l  \
o l  o

! 1 9
6 l  s 1
( , 1 ( J- l  

i

' l d
_ q 6
c n l . r ,

-g

8 l  - e
i ^ l  v )

Y I

s
l ^ o
l ( 9
I t n
| ( t- 1 ( 9

t ^
l ^ v
t 9

E-
.o

t

ctr
o

*-
('r
o

t lro

t h i o l P K ^ &"obsd k 1

I  ( H S C H T C O : C H : _ ) :  ( G M A )
2  HSCH2CHOHCHTSH

(DMP)
3 d i th io thre i to l  (DTT)
4 DTT/DTE mix ture.
5  HOCH2CHOHCH2SH
6  HSCH2CH(NHCOCH3)_

COzH
7  HOCH:CH2SH (ME)
8 HSCH:COzH
9  HSCH2CHzCOzH

7 .1  19.91t
9 . 0  ( 1 0 . 3 ) b

9 . 2  ( 1 0 . 1 ) 6
9 . 2  ( r 0 . 1 ) b
g . 5 b
g . 5 d

9 . 6 ,
9 .8 r

1 0 . 6 8

90
9 . 3

r 4 . l
8 . 4
7 .9
5 .2

8 . 7
t . J

3.2

4.9 X 102
9 . 3  x  1 0 2

2.2  x  103
l . l  x  t 0 3
2.5  x  103
1 . 8  x  1 0 3

3.4  x  103
4.6  x  l0 l
1 . 2  x  1 0 4

a All  rates were derermined in 0.066 M phosphate buffer, pH 7.0,
30.0 + 0.5 oc, under argon. Data typicai ly represent an average of
three determinations. The rate constants are not corrected statistically
lo11he presence of two equivalent sulfur atoms in GSSG. Reprodui-
ibi l i ty in these experimenrs was * l5zo. Arrempts to measure rates for
several other representative thiols were unsuccessful.  The rate of re-
duction 9f GSSG by CHrcoSH was not significantly faster than the
rate of the blank reaction: k,obsd is smaller than lr i-r  v- '  min-r.
Amino thiols (cysteine, Et2NcH2cH2sH) react quickry with the
methylglyoxal in the assay solut ions to form speci is which absorb
strongly at 240 nm, presumabry s-ractoyr thioesters (see ref 24 for
a discussion of the mechanism of these blank reactions). GX-l was
inactivated by HocH2cHSHcH2sH. , Sources of these pK" valuis
are listed in ref 12. These values for DTT have also been reported by
E. L. Loechler and T. C. Hollocher. -/ .  Am. Chem. .Soc., 'g7,323i
q9]5i c Prepared as described in ref 12. d From M. Friedman, J.
F. Cavins, and J. S. Wall, J. Am. Chem. Soc., g7, 3672 (1965). ' This
pK" is taken from ref 13. /Reference 15. c From R. J. Irving, L.
Nelander, and I.  Wadso, Acta Chem. Scand., 18, 769 ( I964).

should  not  be cons idered 'h igh ly  prec ise.  Quar i ta t ivery  more
important is the observation that reductions of GSSG and
Ellman's reagent by thiol-disulf ide interchange appear to be
closely related reactions. Each is characterized by a Brf,nsted
coeff icient of similar size, and neither shows any evidJnce of
curvature in the Brfnsted plots suggesting a change in mech-
anism or an intermediate. Since El lman's reagent and oxidized

2 (DMP)
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Figure 4.  Col lected rate constants (M-r  s-r)  for  reduct ion oi  El lman's
reagent by th io ls.  Data f rom ref  l? are represented by sol id points;  data
from ref  l3 are represented by open points.  Data for  a lky l  th io ls are
summarized by o and O: data for  ary l  th io ls by I  and E;  data f lor  th io l
acids by r .  ME is mercaptoethanol ;  GMA is g lycol  d imercaptoacetate;
MMA is methyl mercaptoacetate. Other points are identified in ref l2 and
13. The lines represent least-squares fits to these sets of data: A (-), alkyls
(o ) . r r  0nu"  =  0 .43 ,  r2  =  0 .91 ;  B  ( -  -  -  - ) ,  a l ky l s  (o ) r3  exc lud ing  methy l
mcrcap toace ta te .  13nu .  =  0 .49 ,  r l  =  0 .97 .C  ( '  - '  - ) ,  a l ky l s  (O) ,12  gnu"  =

0 . -11 ,  r l  =  0 .67 :  D  ( . .  -  -  - ) ,  a ry l s  (u ) , r l  dnu"  =  0 .41 .  r2  =  0 .9 '1 .

gluath ione represent  very  d i f ferent  types o i  d isu l f ides,  the i r
k i ne t i c  s im i l a r i t i es  encou rage  t he  conc lus ion  t ha t  t h i o l - d i -
su l f ide in terchange is ,  in  most  ins tances,  a  mechanis t ica l ly
u ncompl  icated react ion.

A l though we have not  exp l ic i t ly  determined Brpnsted
coef f ic ients  lor  the leav ing (pre)  and cent ra l  (d . )  th io l  groups

in  the th io l -d isu l f ide in terchange,  examinat ion o f  our  data,  and
those of  Cre ighton, r l  y ie lds  a  va lue f  or  the sum of  p .  *  131n.  We
have determined the ra tes o f  reduct ion o i  GSSG and El lman 's
reagent  wi th  a  number  o f  th io ls :  Cre ighton estab l ished the ra te
of  ox idat ion o i  DTT in  the presence of  severa l  symmetr ic  d i -
su l f ides.  Representat ive data are summar ized in  F igure 5 .  I t
is  ev ident  that ,  for  th is  heterogeneous group of  d isu l f ides,  0"
+ r j re  =  -  1 .0 .  Cre ighton has reached the same conc lus ion.

Equil ibr ium Constants for Thiol-Disulf ide Interchange
React ions.  The measurement  and in terpreta t ion o f  exper i -
men ta l  va lues  f o r  equ i l i b r i um cons tan t s  f o r  t h i o l - d i su l f i de
in terchange react ions in  aqueous so lu t ions are compl icated by
two cons iderat ions.  F i rs t .  the s implest  type of  equ i l ib r ium re-
act ion to  in terpret -complete  reduct ion o f  a  symmetr ica l  d i -
sulf ide ESSE to a thiol ESH with concomitant oxidation of the
reduc ing th io i  RSH to  a  d isu l f ide RSSR (eq l . l ) - is  ach ieved
only  in  two s teps by way of  an in termediate  unsymmetr ica l
d isu l f ide (eq 15,  l6) .  Second,  both th io l  and th io la te  spec ies

2(RSH + RS-)  + ESSEs RSSR + 2(ESH + ES-)

(  l 4 )

(RSH + RS-)  + ESSE $ *SSE + (ESH + ES-)

(  l 5 )

(RSH + RS-)  + RSSE s RSSR + (ESH + ES-)

(  l 6 )

6 ' o b s d  -  K l o b s a 6 r o b s d :  ( I 7 )' !  
( E S S E ) [ ( R S H ) + ( R S - ) ] 2  \ " '

may be present in appreciable concentrat ion in solut ion,  and
measured equi l ibr ium constants ordinar i ly  contain terms in
the sum of the concentrat ions of  th io l  and thiolate species (eq

4  5  6  7  8  9  l O  l l

pKoESH

Figure 5.  Rates of  reduct ion , t  ( lv1- t  min-r)  of  symmetr ical  d isul f ides
ESSE by th io late anion.  using di th iothrei to l  (DTT) or  g lycol  d imercap-
toacetate (C MA) as reducing agent.  The l ines have s lope -  I  .0.  Data for
reduct ion using DTT are indicated by f i l led symbols.  and are taken f rom
this paper or  ref  l2 ( r  )  or  f rom Creighton (o) ;22 data for  reduct ions using

GVIA are indicated by a.  The disul f ldes are ident i f ied by abbreviat ions
for  the corresponding th io ls:  E,  El lman's anion:  MA, 2-mercaptoethyl-
amine :  C .  cys te ine :  GSH.  g lu ta th ione :  ME.  2 -mercap toe thano l :  A ,  mer -
captoacet ic  acid.

l 4 -17 ) .  These  equ i l i b r i um cons tan t s  shou ld  t hus .  i n  p r i nc i p l e .

depend both on th io l  and d isu l f ide s t ructures and on so lu t ion
pH.  I n  t hese  equa t i ons ,  and  subsequen t l y ,  an  equ i l i b r i um

cons tan t  r e fe r r i ng  t o  a  d i su l f i de  i n te r change  i nvo l v i ng  a  m ix -

t u re  o f  t h i o l  and  t h i o l a te  spec ies  w i l l  be  deno ted  by  t he  supe r -

scr ip t  "obsd" .  The in f luence of  the organic  groups R and E on

the pos i t ion o f  equ i l ib r ium in  in terchange react ions between
disu l f ides and th io la te  ions would not  necessar i ly  be expected

to be para l le l :  react ion invo lv ing on ly  th io la te  an ions (Ks- .eq

l8)  should  be s t rongly  in f luenced by the pK"s o f  RSH and

6 5 -
2RS- + ESSE - i -+ RSSR + 2ES-

201 5

5
aa

o
9 4

K S H
=- RSSR

ESH.  wh i l e  r eac t i on  w i t h  t h i o l s  (KsH)  shou ld  be  much  l ess
dependent  on these ac id i t ies .  Qual i ta t ive analyses o i  equ i i ib -

r ium data obta ined in  nonaqueous media in  which the equi -

l ib r iunr  concent ra t ion o f  th io la te  an ion is  very  smal l  have

suggested that  th io l -d isu l f ide in terchange is  re la t ive ly  insen-

s i t ive  to  organic  s t ructure. l0 ' l t  ln6.Oendent  examinat ions o f

KsH and Ks- in aqueous media have not been reported.
Our  pr imary concern in  the work repor ted here is  the in-

f luence of  r ing s ize on equi l ib r ium constants  for  in terchange
reactions which involve cycl ic disulf ides. We have approached
this problem by measuring equilibrium constants for reduction
of  a  s tandard d isu l f ide (ox id ized l ipoamide)  by a  number  o f
a.c, l-dithiols having dif ferent separations between the thiol
groups. Since these thiols have dif ferent pKrs, i t  is important.
in  t ry ing to  unders tand the in f luence of  r ing s ize in  the cyc l ic
d isu l f ides on the measured equi l ib r ium constants ,  to  ident i fy
the contr ibutions to these equil ibr ium constants which ref lect
the relat ive acidit ies of the thiols.

Separation of a vaiue for KoM (eq l7) measured at a known
pH into values of KsH and Ks- requires only knowledge of the
pK,,s for the two thiols ESH and RSH. The fact that oniy one
exper imenta l  equ i l ib r ium measurement  is  requi red to  obta in
values of KsH and Ks- ref lects the fact that these equil ibr ium
constants  are not  independent :  the re la t ive concent ra t ions o f

r"nsn lf
2RSH + ESSE

'Jf *""r" (1s)
+ 2ESH
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Figure 6.  schemaric represenrat ion of  the response of  log.  Kob'd (def ined

bfeq l7)  for  selected values of  the Parameter pK"*s|  -  pKusH to

.h"ng.r  in the solut ion pHl these curves were generated f rom eq 25.  For

convJnience in p lot t ing,  the zero oi  the log 6ou'a axis is  taken to be the

mean of  the logar i th* o i  t i , .  equi l ibr ium for  th io l  and th io late ion,  l /z( log

KsH + log Ks=).  and the zero of  the pH scale is  taken to be mean of  the

pK, valuei .  l /z(pKuRSH * pKrsH).  Each curve is  tabeled wi th a value of

pr"nsH -  pr" 'esH The boldface curve is  for  pK"RSH -  pK"ES.H = 2 '0:

note that  the observed equi l ibr ium constant  X'obsd fe l  th is curve increases

by,  l0a as rhe pH is changed f rom values suf f ic ient l l ,ac id ic that  both RSH

rna eSU are essentiallyiompletely protonated to values sufficiently basic

that  both components are essent ia l ly  completely ionized'

th io l  and thiolate anions are f ixed by the known values of  pH'
pKrRSH. and pKoESH. To der ive KSH and KS- f rom 71'obsd,
several  equat ions are useful .  Expressing the rat io of  th io late
to thiol by eq l9 and 20, and substituting into eq I7, one obtains

( E S - ) / ( E S H )  -  l o P H - P ^ u * "  =  6

(RS- ) i  (RSH;  =  l gnH-RK 'R t "  =  6

KSH = !] i :l; 6obsd
( l  +  0 ) '

76s- -  1 '  
*  

: - iJ;  x 'obsd
( l  *  d - ' ; '

Ks- = { ^tn

log 6s- = 2(pKrRSH - pKaESH) + log KsH (24)

( l  +  6 ) ( l  +  6 - r )
log 6ou'o - | lz.loe KsH + log trs-1 = log

( l  + e ) ( l  * e - r )

= (pKuESH -  pKoRSH)

I I * I gpH-r /2(pK"nsH+pKaEsH)-l /21px^esu-pr"RsH)]
r  2 l o g

(2s)

the relationships between 6'obsd, KSH, and KS- summarized
by eq 21-23. Taking the logarithm of both sides of eq 23 and
expanding yields eq24. Mult ip ly ing of  eq 2l  and 22'  taking
the square root and the logarithm of the resulting expression,
and expanding generates eq 25. This last equation, although
cumbeisome. describes the functional relations between log
Kohd, pKoRSH, pKusH, and pH in a form that is easily plotted
( Figure 6). The particular functional form of eq25 was chosen
so that the shape of the curves generated from it would depend

- b - 4 - 2 6 2 4 6 8

z (ptrf$-proEsH)

Figure 7.  Plots of  (A) log , (sH and (B) log Ks- vs '  2(pK"RS" : !K"t t " ) '
Th"e numbers refer  to fable IV.  (B) inc ludes the l ine log 5s- = 2.12'

(pK"RsH -  pK"sH).  which represents the best  least-squares l ine through

i i .  io intr  I -Sl involv ing alky l  th io ls)  which pass-e. l  through (0.0) '  The

dashed l ines are included for  reference:  (A) log KsH = 0;  (B) log KS- =

2 (pK"RsH -  pK"EsH) .

on ly  on  the  d i f f e rences  in  the  charac te r i s t i cs  (pK , .  KsH '  Ks - )

o f  the  th io l s  i nvo lved .  ra the r  than  on  the i r  abso lu te  va lues .  The

th io l s  w i th  wh ich  we  a re  concerned  in  the  fo l l ow ing  have  p r ( "

va lues  be tween  7 .5  and  I  1 .0 .  and  exper imen ta l  measurements

were  made a t  pH 7 .  Thus ,  typ ica l l y ,  pH -  l /2 (pK,RSH +
pK,ESH) had values from -3.0 to -0.5,  and pK"RSH - p6"ESH

had values between 0 and 2.5.  Under these circumstances,
Figure 6 indicates that 6obsd could contain s igni f icant con-

rr ibut ions f rom both th io l -  and thiolate-disul f ide interchange
equ i l ib r ia .

To check the physical  reasonableness and consistency of  the
values of KsH and Ks- obtained by dissection of 1'trbsd, wc have
examined a number of l i terature equil ibriun'l constants. Figure
7 shows separate plots of  log KsH and log KS- vs.  2(pKuRSH
- pK,Es11) der ived from the data summarized in Table IV.
The equi l ibr ium constants in the upper plot  shows no obvious
correlation with pK,s. but are inlluenced by steric effects:
ster ical ly hindered thiols give low values of  Ksl '1.  We note,
however,  that  the data in th is f igure have been drawn from
several sources, and differences in experimental conditions
between sets of data, and inaccuracies in individual data, may
disguise a weak dependence of log KsH-on ApK"' f l ' : . lp-
pro"ximate l inearity ol the plot of log KS- vs' 2!Ptr,*t" -

pK"ESH) indicates that Ks- is strongly inf luenced by the aci-

di t ies of  the part ic ipat ing conjugate th io ls.  and that the data

are adequately rat ional i ied by the scheme of eq 18. In pr in-

ciple, the slope of a plot of log KsH vs-^2ApK" should.be (/3nr"
-' gr, = I ) and that of a plot of log KsH vs' 2ApKo should be
(B^,, : -  6, , )  (see below);  i t  should therefore be possible to de-

i!iri". P"";" - ,619 experimentally from these plots. Figure 7B

includes for reference the least-squares line drawn through the

set of aliphatic thiols. and suggests that 6nu. - f l,r- l '2' We

rei terate that  the qual i ty of  the data makes this est imate un-

certain bY at least *.20Vo.
With th is background, we can interpret  equi l ibr ium con-

stants for reduction of oxidized l ipoamide by a series of
a.<r:-dithiols characterized both by different separations be-

tween the thiol  groups and by di f ferent values of  th io l  pK" in

a way that separates the influence of ring size in the product

disulhde from that of  the acidi ty of  the start ing di th io l .  The

equil ibrium constants K1;*obsd for reduction of oxidized l i-

( l e )

(20)

( 2 1  )

(22)

(23)
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Tabfe tV. Separation of Literature Vaiues fe1 5obsd into Ks- and KsH Using Equations 2l and 22

20t7

th io l  (RSH)
disulf ide
(ESSE) pH gobsd a KS- O 6'SH a refno.

I
2
J

4
5
6
7
8
9

l 0
l t
t 2
I J

t 4
r 5
l 6
t 7
l 8
r 9
20

cHCONHCHzCHzSH
NH2CH2CH:SH
CHTCONHCHuCHzSH
NH2CH2CHzSH
NH2CH2CHzSH
glutathione-SH
HSCH2CO2H
HSCH2CO2H
CoHsSH
HOCH2CH2SH '
CHTCHzCH(CH3)SH
(cH3)3csH
dithiothreitol
cysteine
glutathione-SH
N HzCHzCHzSH
NHzCHzC(CHr )zSH
NH2CH(CH3)CH(CrH7)SH
NHZCHZCH(CH3)SH
NH2CH(CH3)C(CHr )25H

cystine
cystine
glutathione
glutathione
glutathione
cystine
cystine
glutathione
(cHr(cH2)5s)2
(CHr(CHz)sS)z
(cHr(cH2)2s)2
(cH3(cH2)3s )2
l ipoamide
BSSBi
BSSB
BSSB
BSSB
BSSB
BSSB
BSSB

7 .4
7 .4
t . )

7.4
6.5
6.0
6.0
6 .0
T
T

.f'7.0

6.0
6 .0
6 .0
6 .0
6 .0
6 .0
6 .0

3 . 1
3 .6
0.80
1 . 7
1 . 4
3 .0
3 . 3
1 . 7
0 . 1 6
0.28
0.98
0.54

3 1 .
0.98
l . l
2 . 1
0 .33
0 . 1 4
0.36
0.09

8 .0  x  tO l
3 .6
1 . 9  x  1 0 2
0 . r 8
0 . 1 5
28.
5.6 X 104
2.7 X t02

(4.4 x t0-s
( 1 . 4  x  l 0 - 3
( l e .
(4.0
3 .0
1 .2  x  104
1 . 3  x  1 0 5
2.6 X t04
2.2 X t03
1 . 1  x  1 0 3
2.3 X 103
6.2 x t02

2.4 b
3 .6  b
0.75 b
2 . t  b
1 . 4  c
3 .0  d
3 .3  e
1 . 7  e
0 .  t6 )  s
0.28)  s
0.e8) s
0.54) s

3 1 .  h
0 . r 2  j
0 . 1 4  i
0.26 i
0.04 i
0.02 i
0.05 i
0 . 0 r  i

o Equilibrium constanr5 arc dimensionless. t L. Eldjarn and A. Pih l. J. Am. Chem. Soc., 79, 4589 ( 1957). ' L. Eldjarn and A. Pihl, "/. aior'

Chen.: 2?5,4gg (t957 ). I C. corin and c. Doughty. Arch. Bioihem. B{ophys., 126, 547 (1968). ' t. M. Kolthoff. W. Strick, and R. C. Kapoor.

J. Am. Chem. Soc.,77, 4733 ( 1955). / These cquilibrations were perfo.med in hyd.ocarbon solvents and are included for rcference. For each.

ir was assumed that KsH in water would equal the listed value of,(ot"d. s Rcference 31. ' Reference 4. i RSSB is 4.4'-dithiobis(b€nzenesulfonic
acid). i  G. Gorin, G. Doughty, and R. Gideon../ .  Chem. Soc- B,729 (1961).

poamide by severa l  mono-  and d i th io ls  were determined ex-
per imenta l ly  us ing a procedure developed by Cle land:a deta i ls
of this procedure are summarized in the Experimental Section.
In  the s implest  case.  reDresented bv eq 26 and exempl i f ied bv

HS-R-SH +

.Aqp, Iff;a'j;"*"  s
\  ^ , ,  

. I  
^ \ 1 1 ! /  -  

. - _  
-  

\  o

) - - S H  
p H 7  \  b

t l
(cH,,).co\H (cHr).,coNHr

+ NADH + H+ ( ' / la t

HS-R-SH + NAD' :  S-R-S + NADH + H'

K =- ' 7 7
( l i p o o x ) ( N A D H ) =  0 . 0 8 5 8
( l i po red ) (NAD ' )

K N e D o b d  =
(s-R-S X NADH)

K t i p o o b d K . , ,  ( 2 8 b )
(HS-R-SHXNAD')

for  K1;o, rub 'd  f rom a par t icu lar  set  o f  s tar t ing and observed

concent ra t ions depends on the choice o f  equ i l ib r ium equat ion.

Equat ion 26 assumes that  the product  o f  o .x idat ion o f  an

cr .co-d i th io l  HS-R-SH is  the cor responding cyc l ic  d isu l f ide.
In principle. this reaction might also generate dimeric or higher
o l igomer ic  cyc l ic  po ly(d isu l f ides) ,  or  l inear  po lymer ic  d isu l -
fides. The experimental procedure used here measures directll

on ly  the concent ra t ion o f  NADH (and by in ference that  o f

reduced l ipoamide) ;  i t  does not  ident i fy  the s t ructures or

concentrat ions of the disulf ides present. We have not attempted
to reso lve the ambigu i ty  concern ing the s t ructures o f  the d i -

sulf ides produced in these thiol-disulf ide interchange equil ibr ia
by the i r  iso la t ion:  s ince a l l  o f  the p laus ib le  types of  products

can in terconver t ,  there is  no guarantee that  any spec ies iden-

t i f ied in  concent ra ted,  iso la ted form would be that  present  a t

equi l ib r ium under  the condi t ions used to  measur .  K, , *oo 'd .

Ins tead.  we have examined the concent ra t ion dependence (or

independence)  o f  equ i l ib r ium constants  ca lcu la ted f rom ex-
per imenta i  data  measured at  d i f ferent  concent ra t ions o i  d i -

thiols. for three equil ibr ium expressions: eq 26 (for formation

of  a  cyc l ic  monomer ic  d isu l f ide) ,  29 ( ior  react ion generat ing

a cyc l ic  o l ig imer  o f  n  members) .  and 30 ( for  [ inear  po lymer-

izat ion to  a  h igher  molecu lar  weight  a ,or -d i th io l ) .  The second
pq{ il_gg_2c is derived from eq 29b by assuming that
(SRISSR]n-  rS)  =  |  I  n( l iporco)  ( that  is ,  in  a  s ! 's tem or ig ina l ly
conta in ing on ly  a .c , . r -d i th io l  and ox id ized l ipoamide.  the

(cH,).coNHr

Kupoobtd
i- s-R-s +

(  2 8 a )

( 2 7 b )

5 H

SH
( 26al

Kl iooobtd  =

(cH:)..coNH.,

(S-R-SXliPorea)

(HS-R-SH )( l iPoox;
(%b)

HS-R-SH = DTT (see below),  react ion of  I  equiv of  d,or-
di th io l  wi th oxidized l ipoamide generated reduced l ipoamide
and the cycl ic disul f ide formed by intramolecular oxidat ive
coupl ing of  the a and c. ' r  th io l  groups. This equi l ibrat ion was
carr ied out in the presence of  NAD+ and l ipoamide dehydro-

-qenase (eq  27) .  The concent ra t ion  o f  NADH a t  equ i l ib r ium
was measured, and straightforward calculat ions based on
know n init ial concentrations of a,r,.r-di thiol, oxidized l i poamide,
and NAD+ yielded the concentrat ions required to calculate
K,,*oo'o (eq 26b).  Mult ip l icat ion of  K"*olo by Kzt gives the
biochemical ly relevant quant i ty Kr,rDob'd (eq 27,28).  In eq
27b, ( l ipou^) and ( l ipo"d) are respect ively the concentrat ions
ol  oxidized and reduced l ipoamide. By convent ion,  Kn and
Kr,rDub'd are defined for a particular value of solution pH
(here,  pH 7) and are dimensionless (eq 27b and 28b).  The
balanced equat ions to which they refer (eq 27a and 28a) in-
volve protons: thus K27 and K5lnpobsd ;n ' tp1l6i t ly  incorporate
a term in hydrogen ion concentration, and depend on solution
pH. Kripuob'd, K7j, KNn Dobtd, and K655cobtd (see below) are
al l  based on calculat ions which ut i l ize the totalconcentrat ions
of  th io l  and th io la te  spec ies der ived f rom each SH-conta in ing
compound.  We take the va lue of  Kzt  to  be 0.0858.32

The numer ica i  va lue of  the equi l ib r ium constant  ca lcu la ted
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Table V. Equil ibr ium Constants for Thiol-Disulf ide Interchange Reaction and Derived Constantsa

cha in
compd length PK,thiol K,,*o* t

disulf idc
form KxeDoH 6 KcsscoM' Kcsscs- t KcsscsH "

l 4
2 5
3 5
4 5
5 6
6 6
7 6
8 7
9 7

l 0  8
n 8
t 2  t 0
t3 monothiol
14 monothiol

HOCH2CHSHCH25H (BAL)
HSCH2CHOHCH2SH (DMP)
HSCH2CH2CH25H
lipoamidc ( l ipo'd)
dithiothrcitol (DTT)
dithioerythreitol (  DTE)
HS(CH2)4SH
(HSCH2CH2)20
(HSCH2CHOH)2CH2
(HSCH2CONH)2 '
(HSCH2CHOHCH2)2CH2
(HSCH2CO2CHz)z  (GMA)
HSCH2CH2OH (ME)
glutathione (GSH)

o

8 .6  (  I  0 .5 ) .
9 .0  (10 .3 ) "
9.8 ( r0.9/

r0 .7  ( r0 .7 ) r
9 . 2  ( 1 0 . 1 ) "
9 . 2  ( 1 0 . 1 ) a

10 .0  (10 .7 ) "
e.2 (e.e),
9 . I  (  r0 .6 ) /
8.0 (9.6/
e . 3  ( r  l . l y
7 .7  (8 .9 ) .
9.U
8 .7  k

5 .8
0 .51
0 . 1 2
I

l 5
l l
22

0.68
0.88
0.50
9 .2  x  l 0 - l
2.0 X l0- l
1 .8  x  l 0 - l

cycl ic dimer
cycl ic monomer
cyclic monomcr
cyclic monomer
cyclic monomcr
cyclic monomcr
cyclic monomcr
cyclic monomer
cycl ic monomcr
cyclic monomer
cyclic monomer
polymer
d imcr
dimcr

cycl ic monomer 6.4

4.2 X l0-2
4.4 X l0-2
1 .6  x  l 0 -2
8 .6  x , t0 -2 i
1 . 3
0.95
1 . 9
0.64
5 .8  x  t0 -2
? .6  X  l0 -2
4.3 x l0-2
7.9 x l0-4
1 .7  x  l 0 - .
1 .5  x  l 0 -4

2.9 x 102
3 . 1  x  1 0 2
l . l  x  l 0 l
5.9 x 102
8 .8  x  t03
6.6 x l0 l
1 .3  x  104
4.4 x 103
4.0 x 102
5 .2  x  102
3 .0  x  102
5 .4
t . 2
I

-0 .298  1 .0  X  103  5 .8  x  t02
-0.279 3.8 X I0r  6.2x t02
-0.296 7.8 X 105 2.0 X l0l
-0 .288 i  l . l  x  107  1 .3  x  t03
-0.323 6.0 X t05 1.8 x t04
-0 .319  5 .2  X  t05  1 .4  x  I04
-0.328 9.6 X 106 2.6 X 104
-0.3t4 8.0 x t0 '1 8.9 x to l
-0.283 4.6 X l0r  7.8 x t02
-0 .286  4 .4  X  tOr  1 .2  x  t03
-0.279 8.4 X l0r  6.0 x 102
-0.227 4.0 X 102 3.9
-0.207 7.1 x l0r  t .2
-0.205 I I

-0.344 8.6 x 104 /

" All equilibrations werc carricd out in 0.05-0.02 M phosphate buffer at pH 7.0, 30.0 + 0.5 oC, undcr argon using thc lipoamide-lipoamide
delydrogenasc couple. 'i(1pooH and Kp4Dos havc units oi M-l for entries l, 12, 13, and l4; for all ofthc oher thi;k. the; arc dimensiontcss.2, 13, and 14; for all of the other thiols, they are dimensionless.' (csscobd, .Kcsscs-, and K6556ss for entries l, 12, 13, and 14 are dimensionless; for all the orher thiols they havc units of M. Rcference
36 dcsc.ibes the calculation of /(qss6s-.and-,(6gs6sH from Kq556oH. d.Eg (V) vaiues vs. srandard hydrogen ilectrode at pH i.0 and 30.0oC (see fef 32). ' These p,(. values arc takcn,from rif tZ. / Octcrmined by the methods described in ref li. c IlM. Gascoigne and G. K. Radda,
&ioc.him. BioPhvs. Acta, l3l,498 (1967). ' Standa.d valuc; see ref 32. i Synthesis of this material is described in ref-41. I This pK" value
is takcn from rcf 13, r Refercncc 15. r O*idiz€d dithiodiketopiperazine was cquilibrated against HS(CHr)dH in CHCl3, and an equilibrium
ofK = 3.3 determined by lH NMR spectroscopy. This value corrcsponds to kqss6sH =-A.e x IOo M. 

-'-

aHSRSH + nlipo* ,- f,p]ffirt;,J * rlipo."d (29a) lution, the dcrived equilibrium constanr should be invariant
,#.--ll3 tfl ioo..at, with changes in the starting concenrration of dirhiol. Exami-

K".-,,-.b'd = I:Il!!5Lr"c,c'c - (HSRSH).*;;.)"' (2eb) 
ffi[:"*hiTT|*'J:H]:,,1T;::]".,**:,";o#*l

.. fSTf SSn i-l];sl r/n{rin^,cd\ with concentration. ( '(":,.r i.obd) !/" is also invariant. Equation
( K.."ri"uo.d) r /, l9c differs from that for K1,pooM (eq 26b) only in rhe e xponent' (HSRSH)(lipoo\) of the rerm (l ipo'"d) and 

"ion*uni 
ru.ior, ior K1;*ofu rhis

_ [l I n]t / '( l ipo*d\t+ | / " ,.^^, expone nt is_-2: for formation of a cyclic d imer (eq 26i, n = 2),
( HER-SE!1-1*-| tzvct it is 3/2. Thus, equil ibrium expiessions for glneration oi

R,sH + R-sH + ripoox : R,ssR- + ripo,d (3oa) fliil:ffT:li1',1"Jf,1'.:ilh:jlX.,j"J_::1$:f|'""$.
( R,SSR-)( l ioo.d) perimenrally diff icutr ro disringuish.

r i ouru =

( R'SH)(R"SH)(lip 
,- K*5;,* u, u tuncrron ot rhe concenrrarion ofsraning d.&r-

- - (E:SSRj')( l iPo'd) 
60b) diihiot for rhree dithiols spa n n ing rhe ra nge of inrrathiol sep-

[2(HSR" SH)]r(l ipoo') 
- '  

arations examined: 2,3-dimercaptopropanol (BAL), DTT, ana

number of disurnde bonds formcd from the formcr must equa, fl:illjjT,1T,Xl"T::1H?#,tl fi:::riil'j1)'i;: 
t;iT

the number of lipoamide disulfide bonds reduced). Taking the As expected, this figure contlritt iial DTi forms a cyclic
n th root ofeq.29b and conve.ting the numerator by substitution monomer, and not aiincar polymer. Thc data for GMA indi-
to an exprcssion containing only thc concentration of reduced catc that this material forms a linear polymer. The range of
Iipoamide generatcs the final expression in eq 29c. usable thiol concentrations in this latter case is l imited on the
. Equation 30 assumcs that all SH groups present in the so- low end by thc l imited reducing abil ity of C MA and on the
Iution arc equally rcactive in each thiol-disulfide interchange; high end by its low solubility. Tie data for BAL are not com_
that is' it.assumes that the thiol groups of an a,<.r-dithiol rcact patiUte with formation of a linear polymer (eq 30). They do not,
completely-indcpeldently, and that intramolecular interchange however, clearly distinguish betrieen equilibration roa cyclic
is neither favored nor disfavored rclative to intermoleculir monomer, dimcr, or pirluty higtt"t 

"y"iic 
oligomer, although

intercharg-e. In this equation, R'SH and R"SH arc-thus ar- the slight slope obscrvca foi f1i.M suggests that a dimer;r
bitrary- SH groups in the reaction mixture, either from the oligomer might be the preferred'species.-Efforts to resolve this
original dithiol or from some oligomer, and (HSR"'SH) refers ambiguity using othir techniques indicate that a cyclic
to the total conccntration of all the a,ar-dithiols present in the monomer is not iormed and suggest that a cyclic dimer is the
systcm. If intramolecular reactions arc excluded and only in- probable oxidation product una;r thesc coniitions.s3-1s
termolecular reactions occur. the factor of4 in the denominator Thc studies summarized in Figure 8 are compatible with the
of eq 30b disapp€a$. Thc concentrations of the sprecies derived hypotheses that oxidation of DiT yietJs a cyitic monomeric
from the c,<o-dithiol in cq 29 and 30 arc casily estimated in disulfidc, thar oxidation of BAL yieids a cyclic dimer, and that
thesc systems by balancing rcdox equations, following proce- oxidation of CMA yields a linear polymer. Table V lists
dures analogous to those outlined in the Experimental Section K1;rob.d and Kpapod for these reactions, and corrcsponding
for calculation of-K1;*obd. daia for other mono- and dithiols. Allofrhe other a,r,r_dithiols

l.hc purpose ol this analysis is to distinguish between the were assumed to form cyclic monomeric disulfides on oxida-
equil ibria represented by eq 26, 29, and 30.1f the equil ibrium tion; the jusrif ication foi this assumption is discussed below.
exprcssion correctly represents the reaction occurring in so- Table V ilso contains several other usiful conslants: ,(csscohd
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Figure 8.  Plots of  log K as a funct ion of  the concentrar ion of  reducing th io l
IHSRSH J calculated on rhe assumpt ion thar oxidat ion of  the di th io ls y ie lds
(o )  cyc l i c  monomer i c  d i su l f i des  (K r ipooM,eq  26 ) ;  ( r )  cyc l i c  d imer i c  d i -
sulfides (K"y.ti.obd, eq 29): or (O) polymeric disulf ' ides (K*i"oM, eq 30).
K"y"ri"obtd and Kpu"obd have units of M: K1;*obtd is dimeniionless. AII
equi l ibrat ions were carr ied our in 0.05-0.2 M phosphate buf fer ,  pH 7.0
at i0.0 + 0.5 oC under argon. Dara are shown ior (A) dithiothreitol ( DTf.
5,  Table V);  (B) 2,3-dimercapto- t -propanol  (BAL. l .  Tabte V);  (C) gtycol
d imercaptoacetate (CMA, 12,  Table V).

is  the equi l ibr ium constant for  eq 31, and is obtained by di-
viding KNRoobtd by I .5 X l0-4 tr- r (the value of Kx.roobd for
glutathione); Eo for each of the thiols is related to the half-cell
potent ia l  for  the N4D+/NADH couple (eq 32) by eq 33;
KcsscS- and KcsscSH are calculated from K6556;ubJ and the
thiol pK. values using eq 2l and 22.36

HS.R.SH + CSSG #E"Y S. + 2GSH (3I)
p H 7

2e-  *  NAD+ + H+ 
E 'NAD = 0 '320 vr2 

NADH (32)
vs. SCE. pH 7

foRsn -  EoNno :  
# log 

K;*1apub*d

s t S

s87
" 6  0 8

o3

er 2:  os 3lo
I  

' z  - t t

' 2 9
t

6 7 8

Choin Lenglh

Figure 9. Plots of log K6556obsd on6 log K6556sH vs. chain length for the
reduct ion of  oxid ized glutath ione (GSSG) by a ser ies of  d i th io ls at  30.0
+ 0.5 oC in pH 7.0 phosphate buf fer  under argon.  The numbers refer  ro
Table V.  Al l  d i th io ls are bel ieved to form cycl ic  d isul f ides on oxidat ion.
wi th the excepr ion of  2,3-dimercaptopropanol  (o,  r ,  l ) ,  which may form
a cyc l i c  d imer  ( see  the  tex t ) ,  and  g l yco l  d imercaproacera te  (0 .  O ,  l 2 ) ,
which forms a l inear polymer.  The poinr  for  the di th ioketopiperazine (v.
l5)  was obtained in an organic solvent .  The uni ts of  K6556obd and
KcsscsH are M. The equi l ibr ium constants for  these di th io ls cannor be
contrasted di rect ly  for  that  wi th monothio ls,  s ince the unirs are di f ferent .
For compar ison.  however.  addi t ion of  a smal l  quanr i ty  of  GSSG to a I  M
solut ion ol  2-mercaptoethanol ,  a 0.22 M solur ion of  g lycol  d imercap-
toace ta te .  and  a  1 .4  X  l0 - ' t  M  so lu t i on  o f  DTT wou ld  p roduce  rhe  same
r a t i o  o f  ( C S H ) / ( C S S G ) .

For  compar i son ,  Tab le  V  inc ludes  a  va lue  fo r  a  con fo rma-
t i o n a l l y  r i g i d  d i t h i o d i k e t o p i p e r a z i n e ' , v h i c h  f o r m s  a  s i x - m e m -
bered cyc l ic  d isu l f ide on ox idat ion.  Th is  compound is  nor  so l -' ub le  

i n  wa te r .  and  i t s  equ i l i b r i um cons tan t  was  measu red  i n
ch loroform by equi l ib ra t ion o f  the d iketop iperaz ine d isu l f ide
aga ins t  bu tane -1 ,4 -d i t h i o l .  The  de r i ved  cons ran r  KcsscsH
should.  however .  be comparable  to  those obra ined in  aqueous
solu t ions.  s ince these constants  are probably  re la t ive lv  insen-
s i t i v e  t o  m e d i u m . r l

Figure 9 i l lustrates the variat ion in Kcsscob'd and K6556sH
(f rom Table  V)  wi th  in t ra th io l  cha in  length.  The former  data
(pH 7.0)  are usefu l  in  the pract ica l  prob lem of  choos ing a re-
duc ing agent  for  pH 7 aqueous so lu t ion.  The p lo t  g ives on ly
upper l imits for a,c,.r-dithiols connected by chains of two (BAL)
and e ight  (GMA) atoms.  S ince these compounds appeared to
form respectively a cycl ic dimer and polymer, i t  is nor possible
to establ ish equi l ibr ium constants for intramolecular disulf ide
format ion.  I t  is ,  however ,  poss ib le  to  esr imate what  these
equi l ib r ium constants  would  have had to  have been for  the
product  o f  in t ramolecu lar  coupl ing to  have been predominant
under  the react ion condi t ions.  These constanrs  are ind icated
on the f igure as upper l imits. The plot of log KcsscSH vs. chain
length is  usefu l  in  estab l ish ing the s t ructura l  bas is  o f  the re-
duc ing ab i l i ty  o f  the d i th io ls .  These data conta in  no cont r i -
bution from the relat ive acidit ies of the thiol groups. The close
qual i ta t ive s imi lar i ty  between the p lo ts  o f  log X 'obsd and log
KSH vs.  cha in  length suggests  that  d i f ferences in  the ac id i t ies
of  the th io l  groups are re la t ive ly  un impor tant  in  determin ing
the reduc ing ab i l i ty  o f  these d i th io ls .

Several features of the data summarized in Figure 9 warrant
discussion. First.  the equil ibr ium constant K6556SH = 3.9 for
g lyco l  d imercaptoacetate  (GMA) is  approx imate ly  that  for
monoth io ls  ( for  example,  KcsscSH = I  for  -e lu ta th ione.  and
KcsscsH = 1.2 for mercaptoethanol).  The fact that a solut ion
o i  GMA is  not  s ign i f icant ly  more reduc ing than a so lu t ion
conta in ing an equal  concent ra t ion o f  monoth io l  SH groups is
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8.O

7.O

6.O

5,O

=  l 6  M - r ; ( l l )  =  l 5  M - r . T h e s e c o n s t a n r s a r e c a .  l 0 a h i g h e r
than those for other th io ls which form intramolecular dimers
(GSH, ME) or polymer (GMA). Since all of the evidence from
the work suggests that  th is constant is not very sensi t ive to
structural  var iat ions in the start ing th io l ,  we conclude ei ther
that di th io ls having seven or eight bonds separat ing the thiol
groups show anomalously high reactivity in polymer formation
or that they form cyclic disulfides. The latter alternative seems
the more probable. It is more diff icult to distinguish intra-
molecular disulfide formation from formation of a ivclic dimer
for reasons discussed above. Third, the observation that a so-
lution of BAL is much more strongly reducing than a solution
of a monothiol  containing an equal  concentrat ion of  th io l
groups supports the hypothesis that BAL forms a cyclic di_
meric disulflde: an init ially formed. half-oxidized dimer from
BAL enjoys the same advantage in c losing to an eight-mem-
bered r ing as does an a,or-di th io l  of  s imi lar  structure,  but  the
ini t ia l  format ion of  the hal f -oxidized dimer requires a bi-
molecular step.

f t ,nuc5- + R.SSRtr l  pnu"5SR. + -SRre (3a)
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Discussion

The ra re  o f  reducr ion  o f  ox id ized  gru ta th ione,  GSSG,  by
th io l -d isu l f ide  in te rchange in  aqueous so lu t ion  fo l lows a
Brpnsted relat ion.  The analyt ical  method used to fo l low these
rates was less general than that employed in our previous study
of the rates of  reduct ion of  EI lman'r  i .og.nt ,  and fe*er th io ls
were examined as reducing agents.  Nonetheless,  the c lose
para l le l  be tween the  resur ts  o f  these two s tud ies .  and the  s im_
i lar i ty of  the Bnu. values der ived from them suggesrs that  a
correlat ion between the proton basic i ty of  the tn] i tate nucle-
ophi le and the rate of  i ts  at tack on a ster ical ly unemcumbered
sul fur-sul fur  bond is character ist ic of  th io i -d isul f ide inter-
change.  A  p ic tu re  o f  th io r -d isur i ide  in te rchange as  a
mechanist ical ly uncompl icated reacr ion is in accird wi th
theoret ical  resul ts,  which suggest a Sr, . r2 t ransi t ion state in_
volving l itt le d-orbital participation by the central sulfur,rT and
with X-ray srudies,  which indicate that  the preferred direcr ion
for-approach of  nucreophircs to a disurf ide bond is arong the
su l fu r *su l fu r  ax is .38

,_ Il: 
two, B,r/nsted coefficients determined experimentally

In thts work (pnu".  -  0.5:  13.^ *  0E !  -  1.0) di f ie i  in their  ac_
curacy.  The f i rst  is  der ived fromi rarge number of  data,  and
seems rel iable.  The second is based on a smal ler  set ,  and de-
pends heavi ly on exampres invorving Ei lman's reagent:  the
general i ty of  th is coeff ic ient  is  not yer def ined. we-have nor
explicit ly determined separare valuei for B"and B1_*. we have,
however, estimated varues for these parameters, using rate
constants from this work and frorn l iterature sources for re-
actiors involving unsymmetrical disulfides having both Rnr"SH
and R"SH al iphat ic.  Assuming that these rates are descr ibed
by an equat ion of  the form of eq 35, imposing the condi t ions
that Bnu. = *0.5 and B" = -  1.0 -  0,* ,and sol-v ing for the un-
lno*lj 

uld 0,, by least-squares anaTysis *e esririar. ti,"r Bj,= -0.72, 0, = -0.27, and C = 7 .0. The abil ity of the l-esultin!
equat ion  (eq  36 ,  k  =  M-r  min- r )  to  f i t  the  ava i lab le  da ta  i i
s ,u.mmarized by Figure l0A as a plot  of  log k(expt l )  vs.  log
k(ca lcd) .

5,O

4.O

3.O

2.0

l . o
t.o ?.o 3.O 4.O 5.O 6.0 7.0 g.o

log k (expr)
Figure 10. (A) PIor of rare constants for thior-disurf ide interchange (k)calculated using eq 36 against corresponding experimental rare consranrs:units for rate constants are M-r min-1. poinis r-g (o t  ur. t"t .n from rhiswork: 9-13 (v) from ref 22: l4-27 and 4g_50 (r) from ref l2: 2g_35 (O)from Table lv, footnote j  of G. Gorin, c. Doughty. unJ n. 'cioeon. -/ .
9!"^. Soc. B, 729 (t96j):36-4: (v) from ref r3:"5 r_S j i" jirorn w"U"r.
Hartter, and Flohe (ref 2r).  points 42-s2refer to un.y,n,n.,r icar disur_fides; all others are symmetricar. The least-squares correra[ion line shown
l:r I t  

=.9'?8' slope = 0.98.^and inrercept = 0. l  r .  (B) simirar prot for eq38. Detailed identification of the points ii given in ,uppr.r.niuri materialin the microf i lm edit ion (see paragraph a"t end of paper).

compat ib le  wi th  our  content ion that  the th io ls  o f  GMA act
independent ly  and that  cMA forms porymers on ox idat ion.
I f  ox idat ion o f  GMA generated a cycr ic  d isur f ide.  we wourd
expect  i t  to  be a s t ronger  reduc ing agent  than a monoth io l .
second, a,c.r-dithiols capabre of forir ing f ive-, six-. seuen-. and
eight-membered r ings are stronger redicing agenrs than mo-
nothiols. The stabi l i ty of many cycl ic f ive- a-ndi ix-membered
disu l f ides is  wel l  known.  n t tnougi ,  we have not  exp l ic i t ry  es-
tabl ished the form of.t l rg equi l ibr ium reactions inuotuing seven-
a nd e ight -mem bered d isu r f i  de-conta in ing r i  ngs,  .^ur ]  nu t ion
of  the magni tudes,of  equ i l ib r ium constants  ca lcu la ted us ing
the various equilibrium expressions (eq 26, 29, and30) suggesrs
that  in t ramolecu lar  d isurhde format ion is  occurr ing.  in  p" r -
t icular, equi l ibr ium constants calculated for compo"und g, 9,
10,  and l I  (Table  v)  assuming that  ox idat ion y ierds a  porv-
mer ic  d isu l f ide are Kpry-ohd (8)  =  26 M-r .  19)  = '2g t r t j , ,  ( lO)
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log k + C + gnu"pK"nut *  p.pK"c *  dp*pK, ls (35)

l o g k  =  7 . 0 +  0 . 5 O p K , , n u ' - 0 . 2 1 p K ,  - 0 . 7 3 p K . , r s  ( 3 6 )
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o r  chan ree  i n  ra te - l im i t i ng  s tep .  Thus  t he  t r ans i t i on  s ta te  ap -
pears  to  be svmmetr ica l .  rv i th  s ign i f icant  e f fec t ive negat ive
cha rge  on  a l l  t h ree  su l f u r s .  bu t  concen t ra ted  on  t he  t e rm ina l
pos i t i ons . r l  Hupe  e t  a l .  have  reached  s im i l a r  conc lus ions . l l

An impor tant  ob ject ive o f  th is  work .  unre la ted to  quest ions
of  t rans i t ion-s ta te  s t ructure,  was that  o f  t ry ing to  unders tand
the re la t ionsh ips between the s t ructures o f  the th io ls  and the i r
reduc ing potent ia ls  in  th io l -d isu l f ide in terchange react ions:
espec ia l ly ,  what  s t ructura l  features character ize s t rongiy  re-
ducing thiols? Four useful conclusions emerge from this work.
F i rs t .  as  ant ic ipated,  many a, ro-d i th io ls  capable  o f  forming
cyc l ic  d isu l i ides are more s t rongly  reduc ing than the cor re-

sponding monothiols. This effect is attr ibutable in major part

HS.R-SH + ESSE$ 
"S.N.SSEk - 1

k z
+ HSE 

-  
t - * -S + 2HSE (40)

2 R S H + E S S E $ N S H + R S S E
k ' - t

+  HSE 5  nssR +  2HSE (41  )
k ' - 2

to a much higher forward rate for the second step of eq 40 than
for  that  o i  eq 4 l  .  re f lec t ing the h igh ef fec t ive concent ra t ion o f
th io l  groups in  the in t ramolecu lar  th io l -d isu l f ide in terchange

step. r5  We have not  been ab le  to  compare the ra te  constants
k l  and t '1  d i rect ly ,  so that  we cannot  present ly  judge rvhether

other  s t ructura l  features o f  the in termediate  mi . red d isu l f ide
o i  eq . l  I  might  cont r ibute  to  i ts  rap id  convers ion to  products .

Second .  t he re  i s  a  c l ea r  co r re l a t i on  be tween  the  reduc ing  po -

ten t i a l  o f  an  a . c , : - d i t h i o l  and  t he  s i ze  o f  t he  cyc l i c  d i su l f i de
formed on i ts  ox idat ion.  The maximum equi l ib r ium advantage
is observed ior dithiols capable of forming six-membered r ings.

a l though seven-membered and f ive-membered r ings can a lso
have good s tab i l i ty .  A l l -carbon systems seem to  favor  s ix -
membered r ings in a wide variety of cases.a6 We were surprised
to i ind that the same apparently holds true for cycl ic disulf ides,
s ince a CSSC d ihedra l  ang le  o f  90"  is  tavored both exper i -
men ta l l y ' * 6  and  t heo re t i ca l l y , aT  and  e lemen ta l  su l f u r  i t se l f
forms eight-membered r ings. The relat ive stabi l i t ies of six- and

seven-membered cycl ic disulf ides seems to represent a del icate

balance between CSSC angle  s t ra in  and ent ropy of  r ing c lo-

sure.47 Thi rd .  a  large cont r ibut ion to  th io l -d isu l f ide in ter -
change equi l ib r ium constants  can,  in  pr inc ip le ,  ar ise f rom the
re la t ive pK,s  o f  the reduc ing th io l  and the th io l  der ived f rom
the disulf ide. This contr ibution is proport ional to the dif ference
between the th io l  pK"S,  and is  largest  when both th io ls  are
present  ent i re ly  as th io la te  an ions ( i .e . ,  when the equi i ib r ium
considered is a thiolate-disulf ide interchange). For the systems

cons idered here-aqueous so lu t ion.  pH 7,  th io ls  hav ing pK"
va lues between 8 and l0-cont r ibut ions 1s (obsd f rom th is

source are less impor tant  than those due to  in t ramolecu lar
disul i ide bond formation. Fourth. the rare of reduction of a
d isu l f ide by a  th io l  does not  necessar i ly  cor re la te  wi th  the

equil ibr ium constant for the reduction. The former is deter-

mined by the relat ion of thiol pK" to solut ion pH, with the most
rapidly reacting thiols normally being those having pK, values

c lose to  the so lu t ion pH;12 the la t ter  is  determined by fac tors
unrelated to thiol pK", except in solut ions suff iciently basic that

the interconvert ing thiols are signif icantly ionized. Dithiols are

ordinari ly more rapidly reducing than monothiols of the same
pK, ,  espec ia l ly  in  d i lu te  so lu t ion:  a l though the in i t ia l  conver-
s ion of  s tar t ing d isu l f ide to  an in termediate  mixed d isu l f ide
proceeds equal ly  rap id ly  wi th  e i ther ,  the convers ion of  the

mixed d isu l f ide to  products  is  more rap id  rv i th  the d i th io l .
Wi th in  the group of  d i th io ls ,  the se lect ion o f  ra te  and equi -

l ib r ium constant  can usual ly  be made on the bas is  o f  the th io l

l og  k :  5 .5  *  0 .63pK.nuc

l o g k = 6 . 3 + 0 . 5 9 p K , n u "

log /gou'o = log k

-  0 . 3 0 p K , c  -  0 . 6 3 p K , r B  ( 3 7 )

-  0 .40pK" ' -  0 .59pK"rs  (38)

-  ( l  +  l 0 P K r n u c - P H ) (3e)
l f  the a t tack ing th io la te  an ion and the leav ing th io la te  an ion

are both der ived f rom aromat ic  th io ls ,  the on ly  change in  eq
36 is  that  the constant  C has the va lue 7.9 .

Figure l0A establ ishes that eq 36 provides a good model for
a  large number  o f  ra tes.  In  fac t ,  the qual i ty  o f  the cor re la t ion
is  probably  h igher  than ind icated by the coef f ic ient  o f  deter -
mination (r l  = 0.98), because most of the points rvhich fal l  far
o f f  t he  t i ne  (po in t s  13 .  26 ,  40 ,  46 ,  and  50 )  i nvo l ve  e i t he r
th iog lyco l ic  ac id  (or  i ts  an ion)  or  methy l  th iog lyco la te  (RO-
COCHzSH,  R  =  H ,  CH3) .  Hupe  e t  a l .  have  summar i zed  ev -
idence that  these compounds behave anomalous ly  in  o ther
Brpnsted corre la t ions.  I  l

A l though eq 36 f i ts  the exper imenta l  data  wel l ,  there re-
mains some ambiguity concerning the mechanist ic signif icance
oi  the va lue of  dre  used in  i t .  Th is  equat ion impl ies  that  Bnu.  -

, J , * : 0 .50  +  0 .73  -  1 .2 ,  and  bo th  t he  i nequa l i t y  i n  t he  mag-
n i tudes of  these Br lns ted coef f ic ients  and the fact  that  the i r
d i f ference is  greater  than 1.0  are reasons to  cons ider  the pos-
s i b i l i t y  t ha t  t hey  m igh t  r e f l ec t  some  e lemen t  o f  expe r imen ta l
or  analy t ica l  ar t i fac t .  In  pr inc ip le ,  i t  should  be poss ib le  to  es-
t imate the parameter /3nr. - d' ,  independently from the slopes
of  F igure 7 , re  but .  for  reasons d iscussed prev ious ly ,  exper i -
mental est imates based on these slopes are too uncertain to be
of  great  va lue.  Fur ther ,  i t  i s  poss ib le  to  f ind o ther  combinat ions
of  Br /nsted i3 's  rvh ich g ive good corre la t ions.  For  example.  i f
* .  ro ' lu .  for  the set  o f  i ' r  ru i i .h  best  f i t  the data summar ized
in  F igure l0  under  the imposed condi t ions that  d .  =  -0 .30 and

dnu.  =  -d ' * ,  we obta in  the parameters  summar iz-ed in  eq 37
(r l  =  0 .96) .  We have a lso exp lored so lu t ions to  eq 35 in  which

,dnu.  =  -p tg  and in  which d.  is  a l lowed to  assume va lues other
than 0.3 .  The best  so lu t iona0 wi th  these const ra in ts  is  g iven by
eq  38  ( r2  =  0 .96 ) :  t he  ag reemen t  be tween  expe r imen ta l  r a tes
and  those  ca l cu la ted  us ing  t h i s  equa t i on  i s  a l so  summar i zed
i n  F i g u r e  1 0 .

The observat ion that  a l l  th ree of  these corre la t ions g ive

s imi lar  coef f ic ients  o f  determinat ion ind icates that  the
Brpnsted coef f ic ients  are not  sharp ly  def ined by the ava i lab le
data.  Fur ther ,  the popula t ion o f  th io ls  and d isu l f ides repre-
sented by the experimental rates is suff iciently heterogeneous
that  great  prec is ion is  not  expected.  For  a  more l imi ted set  o f
th io ls  and d isu l f ides,  i t  would  probably  be poss ib le  to  develop
a Brpnsted equation which would correlate experimental rates
more c lose ly  than eq 36-38,  but  for  semiquant i ta t ive est ima-
t ion o f  ra te  constants  for  th io l -d isu l f ide in terchange g iven
known va lues for  the pK.s  o f  the par t ic ipat ing th io ls ,  or  for
kinetic measurements of thiol pKos using rate constants for
thiol-disulf ide interchange, any one of these equations should
prove equal ly  usefu l  (and equal ly  accurate) .1r  We rout ine ly
use eq 36 and 38. and find little difference between the two. We
emphasize, however, that these equations should be considered
pr imar i ly  as k inet ic  models  for  th io l -d isu l f ide in terchange,
and that  deta i led mechanis t ic  in terpreta t ion o f  the 0  coef f i -
c ients  should  wai t  on s imul taneous,  d i rect ,  exper imenta l  de-
terminat ion o f  these coef f ic ients  us ing a carefu l ly  l imi ted set
of  th io ls  and d isu l f ides.

Although quanti tat ive discussion of the charge distr ibution
in the transit ion state for thiol-disulf ide interchange based on
the coef f ic ients  in  eq 36-38 is  not  jus t i f ied,  qua l i ta t ive d is-
cuss ion cer ta in ly  is .  Hydrogen and su l fur  have s imi lar  e lec-
tronegatives (Xn = 2.20,XS = 2.44),12 and there is no evidence
of  curvature in  the Br /nsted p lo ts  suggest ing an in termediate
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Figure l l .  Concenrrar ions of  th iors required to reduce by harf  the con-centrarion of the indicated disurfide group in sorurions 
"i,gi#iL" 

containing
oxid ized I ipoamide (  I  0-3 M, r  )  ox- id ized glutath ione t j  O: i  pf  .  O ) .  andoxid ized l ipoamide (  l0-6 M, o) .  Compound numbers refer  ro Table V.
The schemaric srrucrures at  the top of  the f igure represenr the type of  d i -sulfide believed to be formed from ihe thior re-ducing'ug.ni (..u.ric dimeric,cycl ic monomcric, a nd i n tcrmolecu la r. respect iveiy).*

pK ,1  and  o f  the  r i ng  s i ze  tha t  wou ld  be  fo rmed  on  ox ida t ion
of the di th io l  to a disul f ide.  Thus, DTT (p,<, , ,  __ g.Zl  reacrs
with c.sSc approximatery a factor of  6 'more srowry than
glycol  d imercaptoacerate (pK"r = 7.7) in pH 7 agulous solu_
t ion.  but DTT is a much sirong.,  reducing ug"ni  fo, .  GSSG
than is  GMA,  espec ia l l y  in  low concent ra t ions .

. A .major practicar objective oi this work is to provide datarvhich would make i t  possibre to serect  a th ior  reducing agenr
having a reduct ion potent iar-appropr iate for  

"  
purt i .ut" ,  up-pl icat ion.  I t  requires some effoi t  to compare ai l  of  the th io ls

examined on the basis of  their  equir ibr ium constants,  s ince
these constants have different units. To assist in the ur. or these
thiols,  we have carcurated from the data in Tabre v the con-
centrar ions of  th io ls required to reduce by hal f  the concen-
tration of the indicated disulfide groups prisent in three solu_tions: (l ipoo*)o :-19 _1 M, (l ipo-'"I) '  = 0; (l ipoo^)e = t o-, M,( l . ipo'd)s --  Q; (GSSG)o = ic i - ,  M, (CSri l ,  = oipigure I  l ) .
These disulfides and concentrations were choien to ruig.st the
condi t ions which might be required to reduce a stabie,  intra-
molecular,  cyst ine l inkage of  i  protein in dirute sorut ion ((r i -
P9l ' )o: .10-u M),  and stable intramolecular (( l ipoo*)o = l0 j
M) and less stable intermolecular ((GSSG); ' :  tO: j  V) Ai-
sulfide Iinkages at concentrations representative of those en-
countered in solutions of low molecular weight disulfides. This
!qu.r. suggests that, for general work in .nryrnoiofy, rhree
thiols have useful characieristics. 2-Mercap*.,nuior is in-
expensive, but is a weak reducing agent. Ditir iothreitor, crer-
land's. reagent, is the strongest r.iu"ing agent among the thiors
examined. It is, however, expensive (atihough a i ' i*tur. or
diastereomeric 1,4-dithiobutane-2,3-diols hJvin! . luiu.r.nt
properties is readily available by synthesis).rz ionifouna Z(l '3-dimercaptopropanor, DMp)-is a compromise: it is armost
as strong a reducing agent as DTT, but it is ress expensive. Ailthree have good *atei sorubirity and torerabre odor. we nowuse DMP in place of DTT for much of our *o.k in .nryiof ogy,as a. general-purpose antioxidant, it so far appearc io U. in-terchangeable wi th DTT.

A long-range concern of  th is and related work in our Iabo-ratory is to understand the mechanistic and structurar char-
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acrerisrics of thior-disurfide interchange in sufficient detair to
be able to rarionalize rares and equil i ir ia of ,.Jo* reactions
involv ing protein cysteine and cyst in.  groupr.-This area is
relevant not onry to mechanist ic bioch.#. t ty,  uut  arso to thepract ical  probrem of stabir iz ing the sensi t ive cysteine-con-
taining proteins important in enzyme -cataryzedorganic syn-
thesis against autoxidation.e studles of rares and equil ibrium
constants for thiol-disulfide interchange involving structurally
simple thiols 

.and disurfides provide-backlrou?-,a work forstudies of simirar reacrions with proteins. bit i i  is important
lot to try ro infer the behavior of the latter from thai of theformer. Our work with proteins is_inco,'pt.t., Uu, ,*o quali-
tative conclusions are evident which ur. ,"i.uunt-to ti,. subject
9f thif paper. Firsr, the rates of reduction oi.lr iain protein
disulfide groups by thiors arso foilow BrpnsteJcorrerations.
Second. the fact that a thiol is a strong redlcing agent does notguarantee that it is an effective antioxiaant. piotein autox-
idat ion is a comprex process, and the ant ioxidant act iv i ty ofadded thiols is onry partry due ro th ior-disut f iae interchange.
we have, for exampre, encountered one instance in which DTT
is a less effective antioxidant (arthougn u n'u.n stronger re-
9rylg agent) th.a.n 2-mercaproethanj, pr.ru,, 'ulry because
DTT is more rapidry autoxidized than z-r.r.upioeirranot. Tire
H:oz produced in these autoxidat ions is i tsel t  an ef f ic ient
enzyme oxidant.E

Experimental Section

Methods and Materiars. pH was derermined using a Radiometer
lode l  28 pH merer .  and UV specrra  were measured us ing a Gi r ford
Model 240 specrromerer equipped with a sampre .h;; ; ,  rhermo-
stated at 30.0 + 0.5 'c and a str ip chart recorder. Dist i i led water was
passed through an ion-exchange corumn,  red isr i i lea us in f  a  Corn ing
AG- l  B s t i l l ,  and purged wi th  argon pr ior  to  use.  Arr  re lc t ions and
measurements  were car r ied out  under  an argon atmosphere.  D i -
th io thre i to t .  NAD+.  NADH. GSSG. GSH, m. t i ,y r l r lo^Jr  sorur ion,
l ipoamide,  l ipoamide deh-vdrogenase (yeasr)  (E.a-  r .6 .q .3) ,  gru ta-
th ione reducrase (E.C 

^ l  .6 ,4 .2) .and g l .voxa lase- l  (8 .C.  4 .4 .  I  .5)  were
obta ined f rom Sigma Chemicarco.  ih io tacet ic  ac id  (97%), th iogry-
col l  ic acid (98vo); 2.3'd. i  mercapto- r -propanor (g 5Eo). 2-mercapto-
ethanol (98vo), r - thiogryce ror (97 To), i .3-di-. . .oi io-z-propunot
(technical),  3-mercaptopropionic acid (ggEo), Elr l ian;s reagent
(99 +%), 2,2' -oxydiethanethiol ( technical),  t ,5_hexadiene (9g7o),
z-chloroperoxybenzoic acid ( g 5zo), l  .3-propanedi thior l i luoy, ana
1,4-butanedithiol (99vo) were .btained f iom Aldrich chemical co.
l '4 -Pentad iene was obta ined f rom Chemicarsampres -o .  c tycoto i -
mercaptoacerate was a gif t  of Evans chemetics. barien, conn. Al lother chemicals used were AR grade. organic t tr iots *ere dist i i led
under argon before use. Enzymaiic activity-is defined in units having
dimensions (prmot product produced ) (mln- I  ) .

N'N'-Dimercaptoacetyrhydrazide was prepared foilowing a riter-
ature procedure, mp I :1- 156 oC (l i t .  mpaa iSO_ f 5g oC). The pK"s
of the thiol groups in this materiai were measured as previously de-
scribed:12 pK^r = 8.0, pK^2 = 9.6.

.. l,GDimercapto-2.5-hexanediol. To 4.1 g (50 mmot) of 1,5_hexa_
diene in  400 mL of  CH2CI2 at  0  oC was s lowly  added 20.0 g  (100
m.mol) of.finely divided o'-chroroperoxybenzoic acid with ,tiriing.
The reaction mixture was ailowed io 

"or. 
ro room temperature and

after l4 h gave only a weak positive reaction to starch-iodide testpaper. Peroxides were removed by addition of 5 mL of water and Ig of Na2s2o3 and st irr ing untir  the reaction rni*tur. *",  n"!ut lu. to
s.tarch-iodide resr paper (about r0 min). The reaction mixiure *as
drluted with 20 mL^of water and srowry added with st irr ing to I00 g
of Na2co3. Afrer frothing had subsid'ed, the reaction miiture *as
filtered through fritted glass and the cHzClz removed uy Jistiltation
at room temperature and_reduced pressure to give the crude diepoxide
as a clear oi l :  IR (neat) 3050, 2990 ,2920,28?0, t  260. 830, and 740
9 r - l ;  NMR (CDCt3 )  d  3 .0 -2 .8  (m .  2 ) ,  2 . s -2 .3  (m ,  2 ) .  r . 7_ r .4  (m .
4). caution. This diepoxide and that used in ih" p'rrporation of
1.5-dimercapto-2,4-pentanediol are probably mutagenic. Thev
should be handled only with caution in a good hood. oid ,or" tokrn
to auoid contacr with tiquid or uapor. fh. di"po*ide was treated
without further puri f icat ion under argon with r r.6 g ( r I0 mmol) of
thiolacetic acid. After 48 h ai l  volat i l is were removed at room tem-
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perature under water aspirator vacuum. Argon-degassed methanol
(30 mL)  and 2 mL of  a  I  N so lu t ion o f  HCI  in  d ie thv l  e ther  were
added, the mixture was ref luxed under argon for 5 h and cooled. and
erher, methyl acetate, and methanol were removed by disri l lat ion at
atmospheric pressure. The residual oi l  was dist i l led bulb to bulb at
130 -150  "C  (0 .05 -0 .1  To r r )  t og i ve  1 .86  g  (10 .2  mmo l )  o i  1 ,6 -d i -
mercapto-2,5-hexanediol as a clear, foul:smell ing l iquid: IR (neat)
3450,2920,  2860,  1050 cm-r ;  NMR (CCl4)  6  4 .1-3.9  (m.  2) ,3 .5-3.3
(m,  2) ,  2 .8-2.4  (m,  4) ,  2 .4-1.8  (m,  4) ,  1 .6  ( t ,  2 .  J  =  9  Hz) .  The ep-
imeric composit ion of this material was not determined. The pK"s of
the thiol groups in this material were measured as previously de-
s c r i b e d : l 2 P K a r  =  9 . 3 , p K ^ 2 =  l l . l

Ana l .  Ca l cd  f o r  C6H lcOzSz :  C ,39 .56 ;  H ,7 .75 .  Found :  C ,39 .75 :
H.  7 .63.

1,5-Dimercapto-2,4-pentanediol. Application oi the epoxidation,
thioacetylat ion, and transesteri f icat ion sequence as described above
to 3 .4  g  (50 mmol)  o f  1 ,4-pentad iene gave 3.16 g (19 mmol)  o f  1 ,5-
dimercapto-2,4-pentanediol as a clear, odiferous oi l :  IR (neat)
3400 -3200 ,2920 ,2550 .  t 420 ,  1050  cm- { ;  NMR (CC la )  d  3 .8 - i . 2
( m . 2 ) ,  2 . 8 - 2 . 2  ( m , 6 ) , 2 . 2 - 1 . 8  ( m . 2 ) ,  1 . 4  ( b r  t , 2 , J  =  9  H z ) ;  p K u r  =
9 .1 ,  pKu ,  =  10 .6 .

Ana l .  Ca l cd  f o r  C5H12O2S2 :  C ,35 .72 :  H ,7 .19 .  Found :  C ,35 .39 ;
H .  6 . 9 1 .

Kinetics of Reduction of Oxidized Glutathione (GSSG) by Thiols.
one representative kinetic run using the coupled enzymatic indicator
reaction wil l  be described in detl i l  as wil l  the corresponding control
experiments. other runs were performed in an analogous rnanner. To
t 000 pL of 0.2 M phosphate buffer, pH 7.0, containing 0.t%o egg al-
bumin, under argon ar 30.0 * 0.5 oC in cuvette I was added Ze00 pL
of a 7.6 mM solut ion (as determined by El lman's assayae) of di-
thiothreitol prepared by dissolving I I  7 mg of that thiol in t  00 mL of
water. To this solut ion was added 50pL of a freshly steam dist i l led
solution of methylglyoxal (47 mM) in water. The concentration of the
stock solut ion of methylglyoxal was determined by enzymaric con-
version to s-lactoyl glurathione using an excess of rey'uced glutathione
and g lyoxa lase-1.s0 A b lank so lu t ion.  in  cuvet te  2 ,  was prepared s im-
i lar ly .  A s low b lank react ion berween methy lg lyoxa l  and added th io t
was noted under these condit ions. To cuvette I  was added 20 gL of
a  g lyoxa lase- l  so lu t ion exh ib i t ing 0 .37 Ul l tL  act iv i ty .  The act iv i ty
of stock glyoxalase- [ was determined in a separate experiment utilizing
reduced glutathione and merhylglyoxal fol lowing a l i terature proce-
dure.So Comparison of the blank reacrions in cuvettes I and 2 over a
5-min period showed no difference. thus establishing thar, under rhese
condi t ions,  g lyoxa lase- l  d id  not  mediate  the redox coupl ing o f  the
added thiol with methylglyoxai. To borh cuvettes were simultaneously
added l0-pL al iquots of a 99 mM stock solut ion of GSSG prepared
by dissolving 68.3 mg of GSSG in 1000 1tL of 0.2 M phosphate buffer.
pH 7.0. The end poinr of the kinetic run. after correcrion for the slow
blank reaction, indicated a concenrrat ion of S-lactoyt glutathione of
0.69 mM in the assay. This value corresponds to a concentrat ion of
106 mM GSSG in the stock solut ion prepared as above. The concen-
trat ion could be further checked by oxidation of NADPH by GSSG
uti l iz ing the enzyme glutathione reductase.t0 The absorbance in both
cuvettes was fol lowed simultaneously by appropriate reposit ioning
o[ the cuvette holder (at 240 nm. the tr-u* for GS-lacla) until the slopes
of both curves were again paral lel.  As a further control,  the above
assay was repeated, the only dif ference being in the use of 100 pL of
the glyoxalase-l solut ion. The absorbance curves produced were es-
sentially identical. Figure l2 illustrates this experiment. The quantities
added correspond to the fol lowing init ial  assay condit ions: 66 mM
phosphate. 5.07 mM dithiothreitol.  0. '11 mM methylglyoxal, 2.4
U lmL glyoxalase-1, 0.35 mM GSSG. The f inal pH of the assay so-
lution was 7.02. The raw data were refined by subtraction of the blank
from the reaction curve, determination of the CS-lac concentrat ion
us ing ee240n-  = 3 .37 mM-l  cm- l , la  and subst i tu t ion in to  the in te-
grated form of the appropriare rate equation (eq I 3 ).  These data are
i l lustrated in Figure 2. Alternatively, subtraction of the blank from
the reaction curve, extrapolat ion ro t ime 0 (past the short ini t ial  rog
phase), determination of the init ial  slope, and division by e6 gave an
approximation of the init ial  velocity, d(GS-lac)/dr, of rhe reaction
in  un i ts  o f  mM min- r .  D iv is ion o f  th is  ve loc i ty  by the in i t ia l  GSSG
and RSH concentrations gives a value of k,obsa indistinguishable from
that obtained using eq I 3.

Determination of Relative Reducing Ability of Mono- and Dithiols
toward NAD+ Utilizing a Coupled Enzymatic Assay. One represen-
tat ive equi l ibrat ion using the coupled enzymatic indicator reaction

o  2  4  6 I  l o  to r , , ' . "  
( , r , i n )  

3o  40

Figure 12.  Plot  of  A2a6 vs.  t ime in 0.066 M phosphate buf fer ,  pH 7.0,  at
30.0 oC under argon wi th 5.07 mM di th iothrei to l  as reducing agent and
0.77 mM methylg lyoxal  as enzyrne cosubstrate.  Curve I  is  the reacr ion
mixture;curve 2 is a blank. The arrows indicate (a)addition of glyoxalase-l

Q.a U lnL) to cuvette l; (b) simultaneous addition of oxidized glutathione
(GSSG, 0.32 mM) to cuvet tes I  and 2:  (c)  at ta inment of  steady-stare
concentrat ions ol  reduced glutath ione in cuvet te l .  Use of  larger amounts
o f  g l yoxa lase - l  (12  U /mL)  gave  cu rve  3 .  The  rangenr  used  to  ca lcu la te
d (GS- lac ) /d t  i s  i nd i ca ted  by  the  b roken  l i ne  ( .  - .  - ) .

with DTT as reducing thiol will be described as will the corresponding
control  exper iments.  Other runs were performed in an analogous
manner .  To  2900  pLo f  0 .2  M phospha te  bu f fe r .  pH  7 .0 .  con ta in ing
O. lVo  egg  a lbumin .  a t  30 .0  +  0 .5  oC under  a rgon ,  was  added  l0  pL
of  a 48 mlv l  NAD+ stock solut ion prepared by dissolv in g 32.4 mg of
NAD+ in i000 pL of  0.2 M phosphate buf fer ,  pH 7.0.  To the resul t ing
so lu t i on  were  added  l0  pL  o i9 .0  mM l i poamide  so lu t i on  (p repared
by  d i sso lv ing  3 .68  mg o f  ox id i zed  l i poamide  in  2000  pL  o f  degassed
methano l )  and  50  pL  o f  a  105  mM d i rh io th re i to l  s tock  so lu t i on  in  0 .2
M phospha te  bu t ' f e r .  pH  7 .0 .  The  in i t i a l  concenr ra r ion  o f  the  d i -
th iothrei to l  s tock solut ion was checked by El lman's merhod, l8 and
the  in i t i a l  concen t ra t i on  o f  NAD+ cou ld  be  checked  by  to ta l  conver -
s ion  o f  NADH us ing  a  l a rge  excess  o f  th io l .  The  absorbance  a r  340
nm was noted and 30 pL of  solut ion contain ing approximately I  U lpL
of  l ipoamide dehydrogenase was added. The absorbance ar  340 nm
was  fo l l owed  un t i l  i t  became cons tan r .  Con t ro l s  i nd i ca ted  tha t  no
fo rmat ion  o f  NADH occur red  when  l i poamide .  l i poamide  dehydro -
genase. or  organic th io l  was absent.  From the absorbance ar  340 nm,
the  concen t ra t i on  o f  NADH was  ob ta ined .  The  concenr ra t i on  o f
N A D +  i s  g i v e n  b y  ( N A D + ;  =  ( N A D + ) o  -  ( N A D H ) ,  w h e r e
(NAD+)o is  the concentrat ion of  NAD+ present before adding the
l ipoamide dehydrogenase. The rat io of  oxid ized to reduced l ipoamide

i r r :n " "  
g i ven  by  inse  r t i ng  va lues  io r  (NAD+)  and  (NADH)  in to  eq
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Q2a)

(42b )

G2c)

( l i poo* )  _  (NAD+)o  -  (NADH)  -
(lipo,d) (N=-=- 

Kzt = ^YKz'r

( l ips ' .4)  =  [ l  +  7Kn]- r ( l ipo)s

(l ipoox) = 7i(27(l ipo'ed)

This  equat ion y ie lds va lues for  ( l ipoo^)  and ( l ipo ' "d) ,  s ince the i r  sum
is ( l ipoo*)e, the known concentrat ion of oxidized l ipoamide before
addi t ion o f  l ipoamide dehydrogenase.  The sum o i  (NADH) and ( l i -
pot"d) equals (DTTox), the concentration of oxidized DTT present at
equi l ibr ium. Since the original concenrrat ion of DTT betore addit ion
of l ipoamide dehydrogenase is known. (DTT)0, the concentrat ion of
(DTT)  a t  equ i l ib r ium,  is  eas i ly  ca lcu la ted.  Combinat ion o f  these
concentrat ions yields eq 43 and 44 which direct ly relate K1;*oBd rnd
KNeDHobd to  known quant i t ies .

o x a -  I (NADH) (  |  t  : yKz t )  *  ( l i po )o
Kt ipo

7K27  [ (DTT)6  -  (NADH) l ( l  *  TKz t )  -  ( l i po )o

KNeDHobtd' DTT = KzrKri*obtd

In  the par t icu lar  exper iment  used here for  i l lus t ra t ion,  the in i t ia l
concentrat ions of materials were 0.2 M phosphate. pH 7.0: 0.166 mM

(43  )

(44)
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NA D+:  0 .030 mM l ipoamide;  |  .6g mM d i th io thre i to l ;  l0  U/mL l i -poamide dehydrogenase. The concentrarion, of ;p.; ;",  presenr atequ i l i b r i um were  0 .0146  mM NAD+;0 .153  mM f r i eO f f  ;  1 .49  mMDTT'd: 0.183 mM DTTo*; 0.OZg71nt,t tipo."o. -3 X l0--3 mM lipoox.In other runs. higher concentrat ions of oigunic tr, iotr-*ere necessaryro achieve comparabre reductions of NRb+. ln t t ,"  reast favorabrecase. 540 mM 2-mercaptoethanor was required. For severar runs i tproved more convenient to start with known mixtures oioxidized andreduced thiol.  Thus, a stock sorution prepared by dissorvin g 23.7 mg(-0.132 mmol) of a mixture of oxid' ized and ,.ou..J dimercapto_
acetvlhvdrazide ( r0. Tabre v) in 2.0 mL of 0.2 M ;; ; ;phate buffer,pH 7.0' showed a dithiorconcenrrarion of 44.5 n.,M *hJn assayed byEllman's method.ae The composit ion of the mixed stock sorution isthen 44.5 mM in dimercaptoicetyrhydrazici lercd 

"nazl. :  
mM in di-mercaptoacetylhydrazideox. The remainder of the equil ibrat ion *ascarried out as described above. Initial concentrations of materials were0.2 M phosphate,  pH 7.0 ;  0 .162 mM NAD+;  l+ .g  mia d imercap-toacetylhydrazide'd; 6.9g mM dimercaptoacetylhydrazideor; 0.00367mM lipoamideo*; I O Lt lmL tipoamide d.hyd;;;;;r". ir... concen_

l.1t l?lr of species.pr..r :1t at equit ibr iu, *. . ."0.139 mM NAD+;0.0223 mM NADH: 14.7 mM dimercaptoacetylhydrazider"d; 7.01mM dimercaptoacetylhydrazideox; 0.001 2g 111M li;;;iA-."-, O.OOZ:qmM l iPoaml6.rcd.
Equilibration of l.,4-Dimercaptobutane and Dithiodiketopiperazine.

Easi ly monitored 
.physicar propert ies of r,+-oimercap,olur"n" 

"nol '2-dithiane are^their 'H NM-R spectra which are. for r,4-dimer-
cap tobu tane  (CD^Ct : ) , 6  2 .6_2 .4  im ,  q ,  CCH25) ,  f  .S_ r .6  (m ,4 ,
9CHrC) ,  1 .3  ( t ,  2 .  J  ̂ =  8_Hz.  -SH),  and for  t .2-d i th iane (CDCl3) ,
q  3 .0-2 8  (m,  4 ,  CCH2S),  z .A:s  (m,  4 ,  CCH'6;  ! i  Ox id ized
d. i th iod iketop iperaz ine shows (CDCt3 i  d  4 .1  _ t . t  iu r ; ,  q ,  3 .1_2.6(br  m,  2) ,  2 .s-2-0 (br  m,  6) .  Th is  ra t ter  NMR spect rum is  r i t t re
changed on reduct ion to  the d isur f ide.  A mix ture o i  q l .s  mg (0 .  rg5
mmol) of oxidized. dithiodikeropiperazine and 29.0 mg (0.23g mmor)
of-I .4-dimercaptobutane in r.0 mL of cDCr3 under , ;g' ;".  at 30.0 *0.5 oc, showed init iai ly a I  H N M R spectrum which w-as just the su_
perimposit ion of the specrra of the consriruenrs. The,p..*u, of this
mixture was monirored.over a period of 7 days ouring *tr ich signars,
6  3-0-2.8 .  characrer is t ic  o f  1 ,2-d i th iane appeared whi le  s ignars .  d
I .8- I .6. characteristic of. r ,4.-dimercaptobutane disappeared in equar
amounts as determined by integration. After 5 days, the spectrum
became sta t ic .  The in tegrated ra l io  o f  s igna l  in tens i iv  a t  6  r  .g-  r  .6  to
that  a t  d  3 .0-2.8  is  equivatenr  to  (HS(Ci t2)oSH)/ ( { -H2) iS) .  i ; ;
rario of oxidized ro reduced diketopiperazine ma.v be cariurated bv
the law of mass barance since the ln' i t iar quanti t ies 

" i  
a;;- i t_i i

mercaproburane and dith.iodiketopiperazine are known. Multiplication
of  these ra t ios  g ives a  va lue of  3 .3  as the equi l ib r ium constant  for  re-
duct ion o f  1 ,2-d i rh iane by d i th iod iketop iperaz ine;  th is  va lue corre-
sponds to KNeooM = 7.1 X l0-l  and KcsscsH = 4.6 X 105 mM. The
definir ions and interconversions of t trese constanrs 

"pp""i  
in Table

V and in  the text .
Experimentalchecks of Carcurated Data in Figure r r.  Four equir-

ibrations were carried out to verify representative calculations included
in  F igure I  l .  In  each ins tance,  a  quanr i ty  o f  th ior  carcurared to  be
suff icient to reduce 50vo of GSSG io GSH (or l ipoo' ioi ipo-ay *ui
added to a solut ion containing GSSC (or l ipoox) and the'f inal con-
centrations of thiols and disulfides were measured. These experiments
we re  semiquant i ra t ive:  the d i f f icu l t ies  in  measur ing smal l  quant i t ies
of air-sensit ive thiols. and the low solubi l i ty of oxidlzeJ i ipJamiae in
water. precluded high precision. They nonetheless served io establish
that the data in Figure r r were not grossry in.error. Representative
experimenral detai ls fol low, and reiults are summarized in Tablev t .

The absorbance of a solut ion of 0.003 g4 g of DTT in 50.0 mL of
q.0i M phosphate at pH 7-0. 30 + 0.5 oc, wis monitored ar 290 nm,
the tr,n", for 1,2-dithianes,sa before and after the addit ion of 0.030g
g.of oxidized glutathione. After equi l ibrat ion, 0.0304 g of oxidized
glutathione was added and the absoibance again measur.? to establish
a b lank cor rect ion for  thar  quanr i ty  o f  g lu ta th ione.  In i t ia l  conccn-
trarions used in this experim.nt *eri  o.+gz mtr4 Drr unJ i .007 mM
cssc. The absorbance change at 290 nm indicatea tn. 

"o,ount-6iolilr::9 DTT present at equiribrium. From this varue concenrrations
of  GSH'  GSSG. and DTT at  equi r ibr ium courd be carcurated.  The
concent rar ions ach ieved at  equ i r ibr ium are l is ted in  Table  VI .

Equil ibrat ions against r ipoamide were performed by.Jai"g knownquanr i t i t ies  o f  ox id ized l ipoamide to  so lur ions o f  BAL.  DTi :or  MEin I  :  I  MeoH- H20 buf fer  and measur ing the absorbance at  330 nm
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Table VI .  In i t ia l  and Equi l ib r ium Concent rar ions (mM) in  Th io t_
Disulf i  de lnterchange Reactions

expt in i t ia l

0 . 5  l 3
0.000
0.994
0.497
0.497
7.22
0.507
0.254
0.540
0.031
0.500
0.500
0.538

50r
0.502
0.502

0 . 5 r 4
0.004
0.986
0.493
0.231
6.92
0.809
0.405
0.538
0.028
0.s03
0.503
0.497

500.
0.545
0.545

" Conducted in aqueous buffer sorution. 6 conducted in r:r
methanol-aqueous buffer solut ion.

before the addit ion of l ipoamide and after equi l ibr ium had been ob-
tained. Extinct ion coeff icients €2es =290 M-r cm-r for 1.2-dithianes
(DTTo*;  and e33e =147 M- l  cm- l  for  1 ,2-d i tho lanes (ox id ized l i -
poamide) were used in the work.3a
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