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I .  INTRODUCTION

Thiol-disulfrde interchange is the reaction of a thiol (RSH) with a disulf ide (R'SSR'),

with formation of a new disulfide (RSSR') and a thiol (R'SH) derived from the original

disulf ide (equation 1). The reaction is unique in organic chemistry: although i t  involves

the cleavage and formation of a strong covalent bond (the S-S bond; bond energy

ca 60 kcal mol 1), it occurs reversibly at room temperature in water at physiological pH
(ca 7)1-a. The reaction is moderately fast: a typical value of the observed rate constant
is  ca 10M-1min-r  a t  pH 7 and room temperatures.  The ha l f - l i fe  for  the react ion is

ca 2h for mM concentrat ions of thiol and disulf ide in aqueous solut ion at pH 7. and
for alkanethiols with normal values of pK^ (ca9-10). The yield of the reaction is quanti-

tat ive i f  side-reactions-such as air oxidation of thiol to disulf ide, and cleavage of

disulf ide bonds at high pH-are preventedr.

R S H  +  R , S S R , =  R S S R , +  H S R ,  ( I )

Thiol-disulf ide interchange is an Sr2 reaction. Thiolate anion (RS 
- 

) is the active
nucleophile and the reaction can be stopped i f  the solut ion is made acidict.  The reaction
is overal l  second-order: f i rst-order each in thiolate and in disulf ide (equations ) 4f 

-zo.

In this chapter, we wil l  dist inguish between rhlol-disulf ide interchange (the overal l
observed process, equation 1), and thiolate-disulfide interchange (the reaction of thiolate
anion with disulf ide, equation 3). The two processes dif fer according to the extent to

which thiol is dissociated to thiolate anion under the reaction condit ions.

RSH = RS + H+ (pK^* t " )

R S _  +  R , S S R , =  R S S R , +  
_ S R ,

H *  +  SR'  =  HSR'  (pK"* ' t t )  (4)

Thiolate-disulhde interchange is base catalyzed2l 2s and involves the backside
nucleophil ic attack of thiolate anion along the S-S bond axis of the disulf ide26. I t
shows less sensit ivi ty to solvent than most S"2 reactions involving oxygen and nitrogen
nucleophilesls. The rates of thiolate-disulf ide interchange in polar aprotic solvents
(DMSO, DMF) are faster by a factor of approximately 103 than rates in polar prot ic

solvents (water, methanol).  For comparison, the rate enhancement for oxyanions (which

are more highly solvated than thiolates)1 s on moving from protic to polar aprotic solvents
is  106-  107.

Biological ly important molecules containing the thiol or the disulf ide group are widely
distr ibuted in naturel '2, and the unique posit ion of thiols and disulf ides in biochemistry
has been reviewed in several excel lent books and art iclest 3. The thiol-containing amino
acid cysteine-is present in proteins and peptides; examples include glutathione2- and
trypanothione2s-30. Several cofactors coenzyme A, dihydrol ipoamide, coenzyme M
(-O3SCH2CH2SH)3r  conta in  the essent ia l  th io l  funct iona l i ty l '2 .  The d isu l f ide bonds

(2)

(3 )
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FIGURE 1 .  Re la t i ve  energy  l kJmo l  
' ) o f  HSSH and  MeSSMe as

a funct ion of  the dihedral  angle ({ ,  RSSR):  (  )  MM2 (85);  ( - - )
6 -31G*  [M.  A ida  and  C .  Naga ta ,  Theor .  Ch in t .  Ac ta ,70 ,73

11986)J ,  ( -  - )  SCF and  MP2 [C .  J .  Marsden  and  B .  J .  Smi th ,  J .  Ph t ' s .
Chem. ,92 ,347  (1988) l ;  ( -  -  - )  OPLS [W L .  Jo rgensen ,  J .  Ph1 ,s .
Chem. ,90 ,  6379  (1986)1 .  Repr in ted  w i th  pe rm iss ion  f rom
Reference 16. Copyright (1990) American Chemical Society
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between cysteine residues are important tert iary and quarternary structural clcntcnrr in
proteins (especial ly extracel lular proteins) such as immunoglobulins, enzymes, horntor.rc..
procol lagen and albuminl-3. The cleavage of the disulf ide bond(s) of many proteins 1e .g.
deoxyribonuclease I) results in loss of act ivi ty32. Thiol-disulf ide interchange may plal
a role in metabolic regulat ion of enzymatic act ivi t ies3': : ' :+. 76. act ivi t ies of several
chloroplast enzymes such as fructose-1,6-biphosphatase, NADP-malate dehydrogenase,
sedoheptulose- 1,7-biphosphatase, NADP-glyceraldehyde-3-phosphate dehydrogenase
and phosphoribulokinase are enhanced by reduction of their specific disulfide bonds by
photogenerated reducing equivalents transferred via ferredoxin and thioredoxin3' 'rs- '17.
The cleavage of disulfide bonds of B-adrenergic and other cell surface receptors by thiols
activates the receptor in a manner similar to binding of agonist3s'3e.

The thiol functional group is essential for act ivi ty of many enzymesl '2 such as thiol
proteases (papain, f icin, bromelain)a0, B-ketoacylthiolaseal-a3, enolaseaa, creatine
kinase, glyceraldehyde-3-phosphate dehydrogenase, phosphofructokinase and adenylate
kinaser-3'11. These enzymes are inactive in mixed disulf ide form, and can be reactivated
using strongly reducing thiols (e.g. dithiothreitol,  lV, ly ' ' -dimethyl-N,lV'-bis(mercapto-
acetyl)hydrazine)l1'18. A thiolate anion may be involved in methanogenesis by 2el le
redox coupling with a Ni cofactor in methyl coenzyme M reductase3t. The reactive thiol
functional i ty is masked as a tr isulf ide in the potent DNA-cleavage agents-cal ichemycin
and esperimicin4s-48. The rate-determining step in the unmasking of these DNA-cleavage
agents is the cleavage of the tr isulhde by a thiol (e.g. glutathione)48. The thiolate anion
formed undergoes intramolecular Michael-type attack on an enone system, which in turn
faci l i tates the r ing closure of the enediyne moiety to form the reactive aromatic diradical.

Thiolate anion is a strong nucleophile and a good leaving group because of i ts high
polarizabi l i ty and low degree of solvation. The thiol group is less strongly hydrogen-
bonded, and the thiolate anion is less solvated, than the alkoxide anion. The value of
pKu of the SH group of butanethiol in DMSO (ca 17) is 7 units higher than in water
(ca 10); the corresponding pKu value for the OH group of butanol is 12 units higher in
DMSO (ca28) than in water (cct I6)ae-s1.

The optimum CSSC dihedral angle in the disulf ide bond is ca90 (Figure l) .  The
energy barrier to rotat ion around CSSC bond is c'u 7.5 kcalmol-1 s2. Five-membered
cycl ic disulf ides are strained and have a CSSC dihedral angle of ca 30. s3. Sulfur shows
concatenation: molecular sulfur S, exists as an eight-membered r ing; organosulfur
compounds containing tr i-  and polysulf ide l inkages (RS"R) are found in nature and have
been characterizedsa's s.

This chapter focuses on the physical-organic aspects of the thiol-disulfide interchange
reaction. The biochemical aspects of the reaction are only l ightly touched upon here,
and we recommend References 1-3 to the reader for a detailed review of the biochemistrv.

I I .  METHODS USED IN FOLLOWING THIOL-DISULFIDE INTERCHANGE

A. Spectroscopic (UV, NMR) Assays

The kinetics of thiol disulf ide interchange reactions involving formation of a
chromophoric thiolate are conveniently fol lowed by UV spectroscopy. The reaction of
thiolates with excess El lman's reagent [El lS-SEll ,  5,5'-Dithiobis(2-nitrobenzoic acid)]
is used for quanti tat ive estimation of thiol by measuring the absorption due to El lman's
thiolate (El lS ) at 412 nm (equation 5)so-su. Reactions of thiols with 4,4'-dipyridyl disulf ide
and 2,2'-dipyridyl disulf ide generate chromophoric thiols: 4-thiopyridone (r3z+n- :
19600M t  cm- 1)  and 2- th iopyr idone (e .o . ,_  :  8080M- 1 cm t )  respect ive lyso- t 'u .

The kinetics and equilibria of reactions involving cyclic five- and six-membered
disulf ides can be fol lowed at 330nm and 290 (or 310nm) respectively. Five-membered
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cyclic disulfides absorb in the UV region
membered disulfides absorb at 290 nm (e:
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a - -  t y s , s : , 6 3 - 6 s .
1H NMR spectroscopy can be used to determine the posit ion of equi l ibr ia in thiol

disulf ide interchange reactionsro'13'18, and to fol low the kinetics of the reactions (either
in the reacting system or after quenching with acid)18'66 68. This method is useful where
the methylene protons e and p to the sulfur in the reactants and products differ in chemical
sh i f t  and can be in tegrated accurate ly .  Dynamic lHNMR l ineshape analys is ls '1 'and
spin-transfer methodse'6e have been used to determine the rate constants of degenerate
intermolecular thiolate-disulf ide interchange reactions: RS- + RSSR: RSSR + RS
Analysis of 1H NMR l ineshapes, where the resonances are exchange-broadened, is useful
for determining the rates of fast degenerate intermolecular interchange reactions between
thiolates and disulf ides (f t .  c:a l0 107 M t ,-  t l ts ' tz. 16. spin-transfer method between
pairs of exchanging protons and carbons (a to sulfur) is appl icable for slower rates
( f t .  c a 2 - 6 0 M - 1  s - r 1 o ' o o .

B. Enzymatic Assays

The kinetics of reduction of oxidized glutathione (GSSG) by thiols is conveniently
fol loweds using a fast enzymatic reaction involving glyoxalase-I.  The glutathione (GSH)
that is released is converted to S-lactoyl glutathione by reaction with methylglyoxal in
the presence of glyoxalase-I (GX-I),  and the appearance of S-lactoyl glutathione is
fol lowed spectrophotometrical ly at 240nm (e :3370M-r cm 1) (equations 6 8)s. The
rates of reactions involving aminothiols cannot be determined by this method because
they react rapidly with methylglyoxal and form species that absorb strongly at 240nm
and thus interfere with the spectroscopic measurements. This assay is subject to errors
due to oxidation of thiol groups i f  air is not careful ly excluded.

RS_ +  GS-SG = RS SG + GS

GS-  +  CH3COCHO =  GS- -  CH(OH)  COCH.  (7 )

GS-CH(OH) COCH. + GX-I  =  GS-CO-CH(OH)CH1 + cX- I  (8)

The equil ibr ia of thiol disulf ide interchange reactions between ry,o-dithiols and
l ipoamide can be determined conveniently by the addit ion of l ipoamide dehydrogenase
and NAD*. NADH is produced; this compound is coveniently monitored at 340 nms't0

(6)
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(equations 9 and 10). The equil ibr ium constants for e,to-dithiol and l ipoamide are then
calculated from the measured equil ibr ium constant of the z,o-dithiol with respect to
NAD* and from the standard value of the equil ibr ium constant for l inoamide and
NADH.

C. Assays Based on Chromatography

The kinetics and equil ibr ium constants of thiol-disulf ide interchange reactions
involving cysteine derivatives or peptides containing cysteine have been determined by
HPLC71 and gel-f i l t rat ion chromatographyl2 on the reaction mixtures after quenching
with acid. The equil ibr ium products of the reaction of glutathione and cystine have been
separated by ion-exchange chromatographyT3 or by electrophoresis of the 3sS-labeled

compoundsTa. Gas chromatography of the equil ibr ium mixture of alkanethiols and
disulf ides has been used to estimate equil ibr ium constantsTs.

I I I .  MECHANISM

A. Products

Thiol disulf ide interchange of a monothiol (RSH) with a disulf ide (R'SSR') involves
mult iple equi l ibr ia (equations 1 and 11): the reaction products include al l  possible thiols
(RSH and R'SH), symmetrical disulf ides (RSSR, R'SSR') and mixed or unsymmetrical
disulf ides (RSSR').

R S H  +  R S - S R , =  R S -  S R  +  R , S H

B. Dependence on Solut ion pH, and on the pK" Values of Thiols

Because the thiol-disulf ide interchange reaction requires thiolate anion, the observed
rate of reaction (and, in systems in which the part icipating thiols have dif ferent values
of pKu, the observed posit ion of equi l ibr ium) depends upon the pH of the solut ion and
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the extent of ionization of the various thiols. For a thiol of pK" 10, only 0.1?; of thiol
is present as thiolate at pH J, and l l"  of thiol is in thiolate form at pH 8; the observed
rate constant of the thiol-disulf ide interchange at pH 8 is therefore l0 t imes faster than
that at pH 7.The thiolate can be generated by addit ion of base, e.g. potassium /-butoxide,
in polar aprotic solvents (DMSO, DMF)1s. Thiol is a much weaker nucleophile than
thiolate, and direct reaction between thiol and disulfide has not been observed. The
reaction of thiolate with disulfide is effectively quenched by addition of acid and
convers ion of  RS-  to  RSH.

C. Kinetics

1 .  Ra te  l aw

The thiol disulf ide interchange reaction is overal l  second-order: f i rst-order in thiolate
and in disulf ide6'7. For a representative reaction of a thiolate (RS )with El lman's disulf ide
(EllS-SEll ,  equation 5) the rate laws are given by equatiorrs l  2 and 1 3. The rate constant
ft*,  derived from equation 12, based on the concentrat ion of the thiolate, is independent
of pH; the observed rate constant koo.o, based on total concentrat ion of thiol (equation 13),
depends upon pH. The value of the rate constant f t*,  is useful for interpretat ions of
reactivi ty (such as Br/nsted correlat ions of rates or equi l ibr ium constants with values
of pK" of thiols). The calculat ion of the observed rate constant kou.a 3t the pH of reaction
is straightforward from equation 13 using the value of the total thiol present in solut ion,

[RSH],o,u,: IRS ] + [RSH], and is useful for predict ing rates at the same pH. The two
rate constants koo.o and ft*,  are related to each other by equation 14 and can be
interconverted uding the values of the pK" of thiol and the pH of solut ions'o. Table I
l ists the values of rate constants for representative thiol-disulf ide interchange reactions
in water.

(d IE l lS f ld t ) :  kRS [RS- ]  [E l lS-SEl l ]

(dIEl lS ]/dr) :  f t"b,,r[RSH],.,"r[El lS-SEll ]

k* ,  :  koo.u( l  +  lo ' (a-PH)

TABLE 1.  Representat ive rate constants of  th io l -d isul f ide interchange react ions in water

Reactants

Thiol Disulfide
pKo k*, f tnb., l"  Temp

( t h i o l )  ( M  I  m i n  ' )  ( M  
-  I  m i n  ' )  (  c )  R e f .

(t2)

( 1 3 )

( 14 \

Mercaptoethanol
3-Mercaptopropa-

noic acid
Mercaptoethanol
Propanethio l
Thiophenol
Di th iothrei to l
Di th iothrei to l

Oxidized glutath ione
Oxidized glutath ione

Ellman's disulhde
Ellman's disulfide
El lman's d isul f ide
Papain-S-SCH-.,
Oxidized mercapto-

ethanol

It.7 30 5
3.2 30 5

3.7 x  104 30 6
2.0 x  104 25 7
9.6 x  10s 30 6
3 . 3  x  1 0 3  3 0  1 1
2 .3n  25  18

9.6
10 .6

9.6
10 .5
6.6
9.2
9.2

3 .4  x  103
1 . 2  x  1 0 4

1 . 5  x  1 0 7
6 .4  x  101
1 . 3  x  1 0 6
5 . 3  x  1 0 s
3 . 7  x  1 0 2

'Values of kon"o are at pH 7. hThe value of the rate constant is corrected stat ist ical ly for the presence of two thiol
g r o u p s  o n  d i t h i o t h r e i t o l .
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2. Brdnsted relatron

The log of the rate constants (/<*. ) of thiolate disulhde interchange reactions fol lows
a Br/nsted correlat ion with the values of pK" of the thiols. The Br/nsted plot for the
reaction of thiolates with oxidized glutathiones has a Br/nsted coefficient (slope), f",..
of 0.5. The Br/nsted coefficients are also ca 0.4-0.5 for the reaction of thiolates with
Ellman's disulf ide6'7. Alkyl and aryl thiolates show separate correlat ion l ines with
Ellman's disulf ideT, but show a similar slope, fnu" :0.5. An aromatic thiolate reacts with
Ellman's reagentT or the mixed disulf ide EIIS-SCH2CH2CH2OH76 at a rate faster by a
factor of 6 than an al iphatic thiolate of the same pKu. The higher reactivi ty of aromatic
thiolates in comparison to al iphatic thiolates is probably due to greater softness (and
weaker solvation)of the formerT'8. Br/nsted correlat ions have also been reported for the
reaction of thiolates with 4,4'-dipyridyl disulfidese and 2,2'-dipyridyl disulhde6o.

A Br/nsted correlat ion (equation l5) for thiol disulf ide interchange (equation l6) has
been assembled empirically by systematic examination of the influence of pKuRSH for the
nucleophil ic (nuc), central (c) and leaving group ( lg) thiols on the rate of the reaction.
Equations 17 and 18 represent different types of fits to data (ft*, is in units of
M lmin-1)s .  Equat ion lT represents  the best  f i t  to  a l l  the ava i lab le  data,  a l though i t
is suspect because the values of pn,. and Br"are not obviously compatible with a transit ion
state with charge symmetrical ly distr ibuted between the terminal sulfur atoms. The data
included in the correlat ion are taken from a range of studies and are not necessari ly
directly comparable. Several different sets of Br/nsted coefhcients give similar fits to the
observed data (equations 17 and 18); this observation suggests that the Br/nsted
coefficients are not sharply defined. We recommend equation l8 for general use based
on the symmetry of the values of / inu" and p,r.  The value of f" for the central thiol has
been estimated as ca -03 to -0.4 from a l imited set of data for reactions of RS- with
El lS-SEl l ,  RS-SEl l ,  and HOCH,CH,CH,S-SEl l76.

logk* ,  :  C + f , , "pKun ' "  * f "pKu '*  p , rpK" ' *

R 'u"S + R 'S-SRrg 
r \  

Rnucs SR" + 
-  
SRrg

l o g k * r  : 7 . 0 *  0 . 5 0 p K , " u "  - 0 . 2 7  p K u ' - 0 . 7 3 p K u r s

log f t * r -  :  6 .3  *  0 .59 pK, 'u"  -  0 .40 pKu'  -  0 .59 pK"rs

The data on which equations 17 and l8 are based cover a range of dif ferent (and
perhaps not direct ly comparable)thiol and disulf ide structures. A study of the Brpnsted
coeff icients of the nucleophil ic, central and leaving group thiols using a careful ly l imited
and consistent set of thiols and disulf ides u'oLrld be useful mechanist ical ly. In the absence
of unambiguously interpretable data, the se correlat ions (equations 17 and l8) should be
considered as kinetic models for thiolate-disulf ide interchange reactions. Although they
do not have an unimpeachable mechanist ic foundation, they are useful in predict ing
rate constants (ft*r ) in water. The value of kp" can be converted to the observed rate
constant (f t .0.0) at the pH of reaction using equation 14.

The optimum value of pK" of the nucleophil ic thiol for the maximum observed rate
(koo.o) of thiol-disulfide interchange at a given pH can be predicted by a Brdnsted
correlat ion (equation l9)t 'u.The optimum value of pKu of the nucleophil ic thiol (based
on the assumption of pnu":0.50)is therefore the value of the pH of the reaction mixture;
at pH 7 a nucleophil ic thiol of pKu: 7 wil l  show the maximum observed rate of
thiol-disulf ide interchange (Figure 2). This predict ion closely matches the observed rates
of thiol-disulfide interchanges'6 and is useful in designing reagents that reduce disulfide
bonds rapidly at pH 718'20. For a thiol of pKu>>pH, only a small  fract ion of the total
thiol is present as thiolate; for a thiol of pKu << pH, thiol is present as thiolate. but i ts

Y

( 1 5 )

( 1 6 )

(17)

( 1 8 )
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FIGURE 2. Comparison of plots of the log ol rate constant of the
thiolate-disulfide interchange reaction (1og k*, , -) vs pK" of a nucleophilic
thiol, and of the degree of dissociation at pH I (), ----) vs pKu of thiol. The
values of rate constant (k*, ) are calculated using equation 17, assuming
the value of 0.u" as 0.5, and the value of pKu of both the central and leaving
group thiols as 8.5. The observed rate constant (koo.o) in terms of the total
concentrat ion of  th io l  and th io late in solut ion is  g iven by kou,o:9l rns-

A thiol of pK": pH balances the proport ion of thiol present as
nucleophil ici ty of the thiolate.

pH: pK" + log[(1 - p)lp] ( l  e)

a. Steric. The steric effect is most pronounced when all three thiols in the transition
state are fully substituted at the carbon I to sulfur. It is significantly large even when
two of the three adjacent thiols in the transition state are fully substituted at the carbon
r to sulfur. The rate constant for reaction of r-butyl thiolate with bis(r-butyl) disulfide
(k .  :10-7M 's  11 in  butanol  is  ca 106- fo ld  s lower  than that  for  1-buty l  th io la te  wi th
bis( 1-butyl) disulf ide (/c. :  0.26 M 

- I  s 
- 1)24. The observed rate constant for the reaction

of penici l lamine (-OOC-CH(NHJ)-C(CH3)2SH) with the mixed disulf ide of penici l-
lamine and glutathione at pH J .4 ( l ;"b,d: 0.00047 M 

- 1 min 
- 1.;  is ca 10s-fold slower than

that of penicillamine with glutathione disulfide which contains no substitution n to sulfur
(ko6.6:37M lmin-1166.  The observed ra te  constant  for  the react ion o f  g lu ta th ione
with penici l lamine disulf ide (0.012M lmin t) is also ca2000-fold lower than for
glutathione with mixed penici l lamine-glutathione disulf i  de (27 M 

- 1 min 1166. The equil i -
brium constant for the formation of bis(r-butyl) disulfide is small in the reaction of r-butyl
thiol with mixed 1-butyl /-butyl disulf ide, i .e. the formation of bis(r-butyl) disulf ide is
disfavoredTs'7 7.

Steric effects are small for alkyl substitution at carbon p to sulfur: the rate constant
for degenerate thiolate disulfide interchange of neopentyl thiolate with its disulfide is
only threefold lower than that of 1-butyl thiolate with i ts disulf idels. The reaction of
thiol group of the Bovine serum albumin (BSA) with El lman's disulhde is anomalously
slower, by a factor of 14, than that with cystamine (* H3NCH2CH2SSCH2CH2NH3 * 

)78.

-
a
E
+

Ia
tr

I.n
E

il
G

nucleophil ici ty is low.
thiolate and adequate

3. Subsl i fuent effects
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The thiol groups in some proteins appear to be relat ively inaccessible, possibly due to
a combination of steric effect and other factors such as local hydrophobicitv or charse
charge repulsion.

b. Acidity. The rate constants of thiolate disulf ide interchange reactions vary
signif icantly with the acidit ies of the substrate thiols: The reaction of mercaptoethanol
wi th  E l lman 's  d isu l f ide (kns :1 .5  x  107 M rmin r )6  is  s ign i f icant ly  fas ter  than that  o f
mercaptoethanol  w i th  g lu ta th ione d isu l f ide ( / . * ,  :3 .4  x  l0r  M rmin r )s  in  water :  the
relevant values of pK" are 4.5 for EIISH and 8.7 for GSH. Brdnsted correlat ions
(equations 15-18) describe the effect of acidit ies (pK^) of the nucleophil ic, cenrral and
leaving group thiols on the rate constants of thiolate disulf ide inteichange reactions.
The rate constants for thiolate-disulf ide interchangc (kns ) arc larger for incrcasing
values of pK" for nucleophil ic thiols, and for decreasing pKu values for central and leaving
group thiols. The rate constant should be affected more by a change in the pK" valuei
of the nucleophil ic and leaving group thiols than that for the central thiol,  beciuse the
Br/nsted coeff icients are larger for the nucleophil ic and leaving group thiols than for
the central thiols.

A mixed disulf ide (R'SSR") may have two consti tuent thiols of dif ferent acidit ies
(pKu*'t t  )  pK.n"sH;. The cleavage of the mixed disulhde R'SSR" by a nucleophil ic thiolate
RS- occurs favourably with release of the more acidic thiol (R"SH), and the less aci<i ic
R'S group is retained in the new mixed disulf ide (RSSR')76.

c. Charqe. The rates of thiol-disulf ide interchange reactions in aqueous solut ions
with charged substi tuents vary by as much as a factor of 2.5 from the predicted rate
constants based on structure reactivi ty correlat ions with uncharged substi tuents'e. The
deviations from predicted values based on uncharged substituents are the greatest when
the charge is on the central grolrp, and the deviat ions decrease with increasing distance of
the charge from the reactive sitete;e.g., both the rates of reactions of OTCCHTCH2S with
the  m ixed  d i su l f i des 'O2CCH2CH2SSC6H*NOr -p  and  O2CCH2CH,CH,SSC6H4-
NOz-P are lower than the predicted values based on the Br/nsted correlat ion with
uncharged subst i tuents ,  but  the dev ia t ion is  lower  wi th  O,CCIH2CH,CH,SSC6H4-
NOr-ptn.A similar effect of the negative charge on R groups is sein in the raG constants for
degenerate RS /RSSR interchange reactionse. Thiolates without charged substituents, such
as mercaptoethanol thiolate, react 25 times faster with a positively charged analog of
El lman's disulf ide than with the negatively charged Ellman's disulf ide; this rzi t io decreases
to ca I to 3.5 for a thiolate with a posit ively charged substi tuent three bonds from sulfur
(cysteine ethyl ester),  and increases to 120 for a thiolate with a nesativelv charsed
subst i tuent  ( -  O2CCHTS 

- ) to .

The electrostat ic inf luence of the local cysteine environments in peptides has been
observed in thiol-disulf ide interchange reactionsrt 'at.76. rate constants in water for
the reaction of the negatively charged Ellman's disulf ide and a peptide containing cysteine
with two posit ive neighbors, one posit ive and one neutral neighbor, or two neutral
ne ighbors  are 130,000,  3350 and 370M-1s-r  respect ive ly  a t  pH 7 and 20mM ion ic
s t rength8 l .  E lect rosta t ic  cont r ibut ions to ta l ing a  f ic tor  o i  ZOOb (AG:4.3kca lmol - r )
have been estimated for the fastest and the slowest thiol-disulfide interchange reactions
of small  charged substrates in 50\ methanol-water mixture; these contr ibutions to
the free energy comprise *3.0kcalmol I  from attract ion and - 1.3 kcalmol- 1 from
repulsionT l .

d. Hydroglen bonding. The rates of thiolate-disulfide interchange in polar aprotic
solvents are not significantly affected by groups capable of intramolecuiar hydiogen
bondingls. The rate constant for the degenerate thioiate disulf ide interchang. reaction



13. Thio l -d isul f ide interchange

TABLE 2. Comparison of rate constants for degenerate thiolate disull ide
RSSR=RSSR + 

-SR) 
in polar  prot ic  and polar  aprot ic  solvents
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in terchange (RS +

R S _ M -

19- :  ; , c , t t  AGI
( M  1 s  1 . 1  ( k c a l m o l - t )  L H I

Solvent  (297 K) (297 K) (kcal  mol  t )
AS+

( c a l K  
- l m o l  t )

HOCH,CH.S

cH3cH2cH2cH2s -

cH3c(cH3)2cH2s-

HOC(CH3)2CH2S 
-

HOCHTC(CH 3)2CH2S

N a '  D r O
K '  D r O
K *  C D 3 O D
K*  DMF-d?
K '  DMSO-d6
Na*  DMF-d?
K*  DMSO-d6
K-  DMF-d7
K*  DMSO-d6
K-  DMSO-d6
K n  DMSO- /6

0.0077
0.0095
0.0040

20
2 l
43
54
l 5
t 6
1 . 1
0.67

16.2
l 6 .  r
16.6
I  1 . 5
r r.5
1 1 . 1
I  1 . 0
1t.1
| . 7
13.2
1 3 . 5

- 1 0
- 1 1

l ' )

l a

l - )

_ t J
t a
I --)

13
IJ

t 0
o

- 1 0
-  1 6

' l j n c e r t a i n t i e s a r e :  f t ,  t l 0 ' l ; , ' A G l .  + 0 . l k c a l  m o l  t ;  A H ; .  f  l k c a l  m o l  1 . A S ] .  
t 2 c a l  K  l m o l  I .

bRate  cons tan ts  were  in fe r red  f rom v isua l  compar ison  o f  the  s imu la ted  'H  NMR l ine  shapes w i th  the  exper imenta l
l ine  shapes.  The va lues  fo r  CD.OD are  unpub l ishcd observa t ions  o f  R.  S ingh nnd G.  M.  Whi tes ides :  a l l  o ther
values are frogr reference I 5.

of 2-hydroxyethanethiolate is only twofold lower than that of 1-butanethiolatc. In
sterical ly hindered thiolates, introduction of a hydroxy group either P or ";  to the C- S
bond slows the interchange by approximately a factor of 15 in DMSO (Table 2). A
gem-dimethyl effect and weaker solvation of the hydroxyl group in the sterical ly hindered
substrate may result in greater intramolecular hydrogen bonding than in the sterical ly
unhindered 2-hydroxyethanethiolater s.

e. Reactions int'oltin(J c),clic disul/ides. The rate constant for degenerate intermolecular
thiolate-disulf ide interchange involving cycl ic f ive-membered disulf ides (1,2-dithiolane)

is higher than that involvingcycl ic six-membered disulf ides (1,2-dithiane) by a factor of
ca 650 (AACI  ca 3 .8  kca l  mol  t ) t t .  The ra te  constants  for  the cyc l ic  s ix -  and
seven-membered disulf ides are similar to those for noncycl ic disulf ides't .  The r ing strain
of 1,2-dithiolane (estimated by calorimetry) is higher than that of 1,2-dithiane by
3.7 kcalmol 

- 1 82. The agreement of the value of AAGI (3.8 kcal mol 1; from kinetics and
the value of r ing strain (3.7kcalmol ' )  from calorimetry suggests that the r ing strain
in the cycl ic f ive-membered disulf-rde is completely released in the transit ion stater ' .  In
the transit ion state, the S-S bond is expected to be longer than in the ground state of
disulf ide, and the CSS angle at the central carbon is energetical ly most favorable at
ca90"s: 'a+. 161r geometry expected for the transit ion state is better matched by the
structure of the ground state of the cycl ic f ive-membered disulf ide than that of cyst ine,
based on X-ray crys la l lographic  s t ructura l  parametersr ' .

4. Solvent effects

The rates of thiolate disulfide interchange reactions are larger in polar aprotic solvents
(DMSO, DMF) than in polar prot ic solvents (water, methanol) by a factor of ca 103
(Table  2)1s.  The nature o f  the counter  ions (Na* ,  K*) ,  or  add i t ion o f  18-crown-6 to  the
reaction involving potassium alkanethiolate, has no effect on the rate of thiolate disulfide
in te r chanse  i n  DMSOt5 .
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The transit ion state is expected to have a more delocal ized negative charge and
therefore to be less inf luenced by solvation than the ground state thiolate. The higher
rates of thiolate-disulf ide interchange in polar aprotic solvents (DMSO, DMF) than in
polar prot ic solvents (water, methanol) may be explained by a smaller destabi l izarion
of the transit ion state than that of the ground state thiolate, in going from polar prot ic
solvents to polar aprotic solvents (Figure 3)15. The log of the rate constant depends
l inear ly  on the so lvent  composi t ion in  mix tures o f  water  and DMSO (F igure4 l ts ' t r .

DMSO,  DMF

water, methanol
RS 

-  
+ RSSR RS 

- 
+ RSSR

+
r R l-T

LRS..s..r*J

FIGURE 3. Hypothetical plot
thiolate-disulhde interchange
methanol) and in polar aprotic

of free energy vs reaction coordinate for
react ion in polar  prot ic  solvents (water.
so l ven ts  (DMSO,  DMF)

*
ctl
o

0 2 0 4 0 6 0 8 0
moloh DrO (or CD3OD)

1 0 0

FIGURE 4 .  E f fec t  o f  add i t i on  o i  D rO ( l )  o r  CD3OD (O)  on  log
of rate constants (k) ol thiolate-disulfide interchange of potassium
2-hydroxyethanethiolate and bis(2-hydroxyethyl) disulfide in DM SO-
du. The values of rate constants are for 297 K and are in M I s 

- t
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The corresponding plot for methanol-DMSO mixture, although not l inear, also shows
a gradual decrease in the log of the rate constant with an increasing mole fract ion of
methanol (Figure 418s. The absence of a sharp drop in rate on addit ion of small  mole
fract ions of water or methanol to DMSO suggests the absence of specif ic solvation of
thiolate by polar prot ic solvents. In going from polar prot ic to polar aprotic solvents.
the increase of approximately 103 in rate of reaction involving thiolate anion (RS-) is
less than that  (106-107) invo lv ing S,2 react ions o f  a lkox ide an ion (RO-; ts .  The a lkox ide
anions are more solvated in water than are thiolate anionss6'87.

The rate of thiolate disulf ide interchange of 1,3-propanedithiolate and 1,2-dithiolane
(cyc l ic  f ive-membered d isu l f ide)  is  ext remely  fas t  in  DMSO ( tRS c 'c l  l08M 1s-r )  and
only ca 102 slower than the dif fusion l imittT (equation 20). This large rate arises from
two factors: ( i)  the ground state of 1.2-dithiolzrne is destabi l ized relat ive to the transit ion
state because of r ing strain, and ( i i ) the thiolate is relat ively more destabi l ized in DMSO
than is the transit ion state with i ts more delocal ized charse17.

645

(20)+O=-O+O
S - S  S - S  S _ S _

A compar ison of  the s t rengths o f  the RS-"HOR complexes and RO-"HOR
complexes by pulsed high-pressure mass spectrometry shows that complexes incorporat-
ing a lkox ides are more s tab le  by 2  Tkca lmol - r than those incorporat ing th io la tess8.
The weak contr ibutions of ionic hydrogen bond to solvation in RS-(HzO), complexes
are effect ively dissipated within the f irst 2-3 solvent molecules (rt  :  2 -3)tt .

5 .  Gas-phase s lud ies

The reaction of ethanethiolate (CrHrS ) with dimethyl disulf ide (CH-rSSCH.,) in the
gas phase occurs exclusively with thiolate disulf ide interchange; this reaction yields
methanethiolate (CH35 ) and mixed ethyl methyl disulf ide (CH3SSC2HT)tn. A possible
s ide react ion,  the carbon-centered subst i tu t ion to  y ie ld  CHlSS and CH.SCrHr . is  not
observed8e. The value of the rate constant for the reaction of ethanethiolate with dimethyl
disulf ide in the gas phase is est imated as 3 x 10e M I s 1. Comparison of this rate
constant with the col l isional rate constant sussests that the reaction occurs with a
probabil i ty of 0.003 per col l is ionse.

6. Catalysis

A number of species aromatic thiols, nonthiol nucleophiles and cations have been
surveyed as potential catalysts for thiol-disulf ide interchange in waterls; catalysis is
observed on ly  wi th  se lenols 's ' to ,  and even wi th  these spec ies the magni tudes of  the
catalysis are not largc.

Selenols are only effect ive as catalysts for thiol disulf ide interchange reactions
involving strongly reducing dithiolsle. The observed rate of reduction of bis(2-
hydroxyethyl) disulhde b-v- '  di thiothreitol in water at pH 7 is enhanced by a factor of 15
in  the presence of  5molu, ,2-aminoethaneselenol .  Th is  cata ly t ic  act iv i ty  o f  se lenols  is
probably due to a combination of the low pK^(ca 5.5 to 7) (and hence signif icantly high
concentrat ion of RSe at pH 7) for selenols, and weak solvation and high polarizabi l i ty
(and hence high nucleophil ici ty) of the selenolate anion. The precursors of selenols.
diselenides (RSeSeR) and selenocyanates (RSeCN) can also be conveniently used to
catalyze the thiol-disulf ide interchange reactions involving strongly reducing dithiols'e.
Thiol-disulf ide interchange reactions involving monothiols are not catalyzed by selenols.
because these disulf ides oxidize the selenols to diselenides. Strongly reducins dithiols at

S _  S _
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even moderate concentrat ions can reduce diselenides to selenols. and therefore in the
thiol-disulf ide interchange reactions involving strongly reducing dithiols, the selenol
remains in the reduced (and catalyt ic) statele.

7. Compartson wrth selenolate-drselenrde rnterchange

The observed rate of selenolate-diselenide interchange for selenocysteamine and
selenocystamine (koo.o:  1 .65 x  107 M-1s t )un in  water  a t  pH 7 is  fas te i  by  a  fac tor  o f
107 than the corresponding thiol <l isulf ide interchange reaction of cysteamine and
cystamine ( f to t .a :  1 .4M-ts  1) ,  poss ib ly  due to  ( i )  bet ter  nuc leophi l ic t ty  and bet ter
leaving group abi l i ty of selenolate than for thiolate, and ( i i )  low pK, of selenols (c,a 5.5
to 7) and therefore high concentrat ion of the nucleophil ic selenolatc anion at pH 76e.
In this system, the absolute rate constant (k*s" ) for the selenolate diselenide inteichange
is higher than that of the structural ly analogous thiolate-disulf ide interchange (ft*s ) by
2.4 x  l }s .

D. Transit ion State Structure

A study of crystal structures of compounds containing divalent sulfur (Y S Z:
Y,Z + H) shows that nonbonded contacts of nucleophiles are directed along the extension
of one of the covalent bonds to sulfur26. According to the frontier-orbial model. the
HOMO of the nucleophile interacts preferential ly with the LUMO (o*) orbital of S y
or S-2. Attract ive nonbonded interactions may represent the incipient stages of
chemical reactions26 The preferred attack of the thiolate nucleophile on the di iul f ide
(S-S) bond is therefore along the extension of the S S bond.

In the transit ion state the negative charge rnust be delocal ized over the three sulfur
atoms. The transit ion state is qual i tat ively pictured as having greater negative charge
at the terminal sulfurs than at the central sulfur, based on the value of ihe BrdnstJd
coef f ic ients :  fn , . :  lJ r r :0 .5  (by symmetry) :  f i ,=  -0 .3  to  -0 .4s 8 .  The absence of
curvature in the Br/nsted plots for attack of thiolate anions having a range of pK"
values on a single disulf ide suggests that the transit ion state structure cloes not .hang.
with changes in structure of the thiolate anions or the disulf ide groups for theie
thiol-disulf ide interchange reactionss 7. Superposit ion of plots of log kl,  (rate constant)
vs log K. (equi l ibr ium constant) for zr serics of thiol disulf ide interchanee reactions.
vary ing in  equi l ib r ium constant  by a  fac tor  o f  approx imate ly  102 ' .  shows gradual
c_urvature of the type expected on the basis of the Hammond postulatcs. Although these
data indicate a change in transit ion state structures, factors other than Hammond
postulate behavior, such as solvation, can cause curvature in Brdnsted plots. Although
thiolate anions are not as strongly solvated as alkoxide anions, interpretai ions suggesting
a change in structure of the transit ion state from a curved Brdnsted plot should Ue
t reated wi th  caut ionso 'eo 'e  1 .

The va lue of  AS;  for  th io l  d isu l f ide in terchange in  po lar  prot ic  (water .  methanol )  and
p o l a r  a p r o t i c  ( D M S O ,  D M F )  s o l v e n t s  i s  c ' a  - 1 0  t o  - l 6 c a l K - 1 m o l  I  ( T a b l e 2 ) t s .
This value is less than that expected for complete local izat ion of two part icles in the
transit ion state, and suggests that the decrease in entropy in the transit ion state relat ive
to two part icles in the ground state is part ial ly compensated either by release of solvent
molecules attached to the thiolate in lhe ground statel s, or by a relat ively loose transit ion-
state structure (with two weak, part ial  S..S bonds) or both.

E. Theoretical Calculat ions on Thiol-Disulf ide Interchange

An ab init io MO study on the thiolate-disulf ide interchange reaction indicates that
the reaction is a typical S"2 reaction and proceeds via a singlelransit ion state with l i t t le
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conformational distort ione2. The charge distr ibution in the transit ion state is calculated
to be higher on the two terminal sulfurs and lower on the central sulfur, in agreement
with the experimental results based on Br/nsted coeflicientse2. The geometry of the
transition state has been suggested to be a trigonal bipyramidal configuration at the
central sulfur with the nucleophil ic and leaving sulfurs in apical posit ions83. The
part icipation of d orbitals is noi essential in stabi l izat ion of the transit ion state83.

0 .4 -  0 .2 -  0 .4 -

R S  . . . S  . . . S R

R

F. Mechanist ic Uncertaint ies

The geometry of the transit ion state is unclear: the relat ive disposit ions of the alkyl
groups on the three sulfur atoms in the transit ion state are not known. The symmetry
of the transit ion state with respect to the nucleophil ic and leaving group thiols is st i l l
ambiguous, although microscopic reversibi l i ty would indicate a symmetrical structure
if  there is a single transit ion state. Unsymmetrical transit ion states connected by a
symmetrical intermediate are possible, but seem unlikely. A more complete character-
ization of the Br/nsted coefficients, and appropriate calculations, will both be useful
in understanding this issue. The transit ion state seems to be less solvated than the ground
state thiolate, but the degree of solvation of the transit ion state is not known. Resolving
the question of solvation may be useful in designing strategies for catalysis of
thiol-disulf ide interchange. Strategies for catalysis based on desolvation and destabi l iz-
at ion of the ground state thiolates seem unlikely to produce large effects. A more plausible
strategy (although one that represents a difficult problem in molecular design) will be
to stabilize the transition state of the catalyzed reaction, perhaps by appropriate charge-
charse interactions in the charse-delocal ized transit ion state.

IV.  EQUILIBRIUM IN THIOL-DISULFIDE INTERCHANGE REACTIONS

A. Equi l ib r ia  Invo lv ing Monoth io ls

In the equil ibr ia involving a monothiol (RSH) and a disulf ide (R'SSR') (equations 1

and l1), the distr ibution of species is nearly random or stat ist ical i f  the pKu values of
the thiols (RSH and R'SH) are similar, i .e.

K r  :  { ( IRSSR ' , ] [R 'SH ] ) ^ [RSH] IR ' ,SSR ' ]  ) l  t  2

and

Kz  :  \ ( IRSSR]  IR ' ,SH ]X [RSH]  IRSSR ' , ] )  I  :  0 .5

The experimental values of equilibrium constants for the interchange involving glutathione
(RSH) and cystine (R'SSR') in water at pH 7 are similar to those expected from random
dis t r ibut io f l ,  Kr  :3 .7  and Kz:0.7923 '73 'e3.

The equil ibr ium constants for thiol disulf ide interchange reactions for a series of
monothiols and disulf ides, at values of pH in which the equil ibr ium concentrat ion of
thiolate anion is small ,  are relat ively insensit ive to changes in substi tuents (except for

sterical ly hindered structures with alkyl substi tuents at carbon 1 to sulfur)68. The
formation of bis(r-butyl) disulf ides is disfavored in equi l ibr ia involving t-butyl thiol and
mixed r -buty l  l -buty l  d isu l f ideTs '71 'e4,  and the format ion of  pen ic i l lamine d isu l f ide is

disfavored in equi l ibr ia involving penici l lamine and mixed penici l lamine cysteine
disulf ide68.

The equil ibr ium constant for the interchange of a monothiol (RSH) with a disulf ide
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(R'SSR') is pH dependent i f  the values of pK" of the thiols (RSH and R'SH) are dif ferent.
In general,  the equil ibr ium mixture favours the most stable thiolate: the equil ibr ium is,
in effect, driven to one side by the free energy of ionization of the most acidic thiol.

At a value of pH between the values of pK" of RSH and R'SH, the formation of the
thiolate corresponding to the thiol of lower pK, is preferreds. The equil ibr ium of the
thiol-disulf ide interchange reaction involving mercapioethanol (pK" : 4.0)ano Ellman's
disulfide (pK" of EIISH ca 4.5) in aqueous buffer at pH 7 8 is shifted entirely toward
the formation of Ellman's thiolate and the disulfrde of mercaptoethanol. The amount of
El lman's thiolate is approximately quanti tat ively equal to thaf of ini t ial  mercaptoethanol,
and hence the utility of Ellman's assay.

The values of the equil ibr ium constant (K'o'a, of thiol-disulf ide interchange in aqueous
medium can be dissected int.o KsH (defined for thiols) and Ks (defined for thioiates;s.
The equil ibr ium constant KsH shows no obvious correlat ion with the values of pKu, but
t1 i{199.1tced by.steric effects. The plot of the log of the equilibrium constanf Kb vs
2(PK,*tn-pKuR'sH) is l inear (slope ia 1.2)s. xs is=therefore strongly inf luenced by the
acidit ies of the part icipating thiolss.

Electrostat ic effects on equil ibr ia of thiol-disulf ide interchange reactions are small  in
magnitude, but occur in the expected direct ion. The formation of mixed disulf ide with
unl ike charges on the two component thiols is favored, and the formation of mixed
disulf ide with l ike charges on the two component thiols is disfavoredT2. In the equil ibr ium
involving N-acetylcysteine (A, bearing one negative charge on the cysteine caiboxylate)
and, the 85 114 peptide fragment of Kunitz soybean trypsin inhibitor (B, bearing one
posit ive charge on the N-terminal leucine residue next to cysteine), the proport ions of
disulf ides A-B, A-A and B-B in water at pH 7 and,lowionic strengih (20mM) are
72%,10% and 181" respectively, and at high ionic strength (1 M) are 6lg;,  15,1; and 24.,, ,
respectively. The expected stat ist ical distr ibutions are 50.t. ,25';  an<i 25"., ,  reipectively.
The electrostat ic effect at low ionic strength (20mM) favors the formation of A B. and
disfavors the formation of A A more than that of B - B. because the two negative
charges on A-A are closer to each other than are the posit ive charges on B- B. At
high ionic strengths the electrostat ic effects are shieldecl and the obseived distr ibution
is similar to that stat ist ical ly expectedT2.

B.  Equi l ib r ia  Invo lv ing a,oDi th io ls

Thiol-disulf ide interchange of a,rr;-dithiols (HS R SH) with a disulhde (R'SSR')
can generate a variety of products ranging from cycl ic monomeric disulf ide, cycl ic dimeric

6S-SR'  4S-SR'

Lrt 
+ 

L,- ,*'

dH 
*t"  

a l
[ + R',s-sR
\sH \{

.S-S\
R R
Ls-sJ

mixed
disulf ides

cycl ic
monomenc  (21 )
disulf ide

cycl ic
d imer ic
b is  (d isu lhde)

ol igomer
(cycl ic or l inear)

-I-s-R-s+



7
13. Thiol-disulhde interchange 649

bis(disulf ide) to ol igomeric disulhde (equation 2l).  The product distr ibution depends
on the nature of R, and on the concentrat ions of the dithiol and the disulf ide.

Cyclic monomeric disulfides are the major products for the thiol'_disulfide interchange
reactions of 1,3-dithiols to 1,6-dithiols in which the two thiol groups are separated by
three to six atoms (equations 22 and 23). The formation of the cyclic monomeric disulfide
occurs via the intramolecular thiol disulfide interchange reaction of the intermediate
mixed disulfide (kr, equati on 22): this reaction is significantly faster than the corres-
ponding intermolecular reaction. High effect ive concentrat ion (EC, see below and also
Table 3, for footnote c) favors the formation of the cyclic monomeric disulfrdelt.

.SH
R + R/S-SR/
Ltt

k 1

k _ 1

4S-SR'
R
l t "

+ R'SH + R'SH

(22)

SA : _ ; l
- r .  i  I' \_s

K"q : (  ISRS] [R',SH]2)/([HS-R--SH] [R',SSR',]  ) (23)

The stabi l i ty of the cycl ic disulf ide is an important factor in the overal l  equi l ibr ium.
Cyclic six-membered disulfides have a CSSC dihedral angle of ca 60. and are more stable
than cycl ic f ive-membered disulf ides, which have a CSSC dihedral angle of ca 30'ra.
The r ing strain in cycl ic f ive-membered disulfrdes has been estimated as 3.Tkcalmol-1
higher than that for the cyclic six-membered disulhdest'. It has been estimated that the
ring cleavage (k ,, equation 22) of cyclic five-membered disulfides is faster by a factor
of ca 600 than that of cycl ic six-membered disulf idesr 7. On the other hand, the formation
of the cycl ic f ive-membered disulf ide(kr, equation 22)is faster by a factor of ca 20 than
that of the cyclic six-membered disulhde, based on values of kinetic effective concentrations
for analogous reactionslT. The overal l  result is that K"o for formation of a six-membered
disulfide from the corresponding dithiol is more favorable than that for a five-membered
disulf ide from its dithiol by a factor of ca 3013'17.

The reducing ability of s,rr-r-dithiols depends on two factors: (i) the stability of the
monomeric cyclic disulfide, and (ii) the kinetic effective concentration for the intra-
molecular r ing-closure step (kr, equation22). 1,4-Alkanedithiols that form strain-free
cycl ic six-membered disulf ides are the most reducing (K", ca 10-103M, equation 23);
1,3- and 1,5-alkanedithiols that form f ive- and seven-membered r ings respectively are
ca 10-fold less reducing (Table 3). Rings smaller than six-membered are less favored
primari ly for enthalpic reasons (r ing strain, including angle strain in the CSSC group).
Rings larger than six-membered are less favored because of conformational entropy (low
kinetic effect ive concentrat ion for the intramolecular r ing-closure)t: ' t0. In 1,8-dithiols,
the effect ive concentrat ion for intramolecular r ing-closure is suff iciently low that
intermolecular ol igomeric disulf ide formation becomes competit ive with cycl ic
monomeric disulf ide formationl3. The reduction potentials of dithiols that form
oligomeric products are similar to those for monothiolss'13. 1,2-Dithiols form cycl ic
bis(disulf ide) dimers in relat ively di lute solut ion (r 'a l  mM), but polymerize aI higher
concentrat ions 1 3.

Molecular mechanics calculat ions of equi l ibr ia of thiol-disulf ide interchange reactions
involving a,o-dithiols with 1,2-dithiane correlate well  with experimental results, but do
not give the absolute values of energiestu. The empir ical relat ionship between calculated
differences in strain energy (ASE) and the experimental values of AG is: AG c'a 0.4ASE.
Why the molecular mechanics calculat ions overestimate strain is not known. This
correlation may be a useful guide for designing e,rr;-dithiols of appropriate reduction
potential.
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TABLE 3. Equilibrium constants for thiol disulfide interchange

Structure K(ME") €o(V)"
Eq.

againstD References

Dithiols that form
cyclic monomers'

(^Y-rt
\-/---sH

ff,"
\-\-s"

HoF.,-,

"n'1"-;;
a---su
\,,-sH

l

/\
2 \stL S H

or\f=-- sH
'c

oZ\-,-- sn

r^r"|\._jn

H'c'6-1^su

".6,s-s"
/PH,c1
,N-\

r t "
\  , ,SH

N J

H.c--(
o

"'tV-
H,c- \---^..^..

: )H

(Yt'n')4co:H
H S  S H

/--\/-sH
\ / L q H

1500 M

670 M

180  M

7 7 M

6 5 M

6 3 M

44M

1 9 M

r 5 M

- 0.354

-0.344

-0.327

-  0 .316

-  0 .314

-  0 . 3 1 3

-0.309

- 0.298

-0.295

-0.294

- 0.288

-0.287

DTT

DTT

Lip

DTT

DTT

DTT

DTT

DTT

DTT

DTT

ME. DTT

DTT

d.e

d,e

d.e

d.e

d,e

d.e

1 4 M

8.6 M

8.0 M

d.e

d.e

d.e

(r 'ont inued I
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TABLE 3.  (cont inuedl

Structure K(ME'-) eo(V)'
Eq.

againstb References

/"-- _ .sH
S.*s"

/'-v-sHo.*sn

r', ,z-SH( X
v \_sH

rY-'"(-/ l- 511

//---SH
.^SH

HS----r z-SH

H.c\-sH

H.CX,---SH

H.C \ -SH

H.C. 
o\--

'  'N' tsH

i l s H
A.1 Y' U

6.7 M

6 .1  M

4 .4M

3.6 M

3.6 M

3 . 1 M

2.9 M

2.5 M

2.-r M

1 . 8  M

1 . 2  M

0.67 M

0.30 M

0 .21  M

- 0.285

-0.284

-0.279

-0.277

-0.277

-0.27 5

-0.274

-0.272

-0.2'71

-0.269

-0.263

* 0.255

-0.245

-0.240

DTT

DTT

DTT

DTT

DTT

DTT

DTT

DTT

DTT

DTT

M E

DTT

ME. DTT

DTT

d.e

d,e

d,e

d.e

d.e

d.e

d.e

at"\_sH
tl,e

C O N M e ,
I

a\su
(-,-t"

I
CONMet

},1-ttr \_qFl

/-SH
\-SH

6,6'-sucrose
disulfide

HS(CH2)6SH

d,e

d,e

i

d.e

(r 'ont inued I
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Structure K(ME"-) so(V)'
Eq.

againstb References

Monothiols that
form dimers

1i}--JsH\-,/
c H 3 ( c H 2 ) 6 s H

HOt^\--sH

A-t"
Y/
Dithiols that.fbrm

cvclic dimers

r--rlt"
t l
\---\SH

a^"'?tn
t t
\,/^.sH

zl-sH
t ( ) l

H.cr'*n

"t-,Arn

Dithiols that Jbrm
polymers

HS"*-sH

HS,, ,sH

,,A,

"rt-Vfr"

"i-Q-r"

2.6

1 . 1

1 .0

0 .31

0.40 M

0.38 M

0.32 M

0.035 M

4.8

4.0

3.4

3 . 1

3.0

2.8

-0.272

-0.261

-0.260

-0.245

-0.254

-0.254

-0.253

-0.239

-0.280

-0.278

-0.276

-0.27s

-0.275

-0.274

M E

M E

M E

ME

ME

M E

M E

M E

d.e

d,e

M E

e.g

d,e

M E

M E

ME

ME

L1

d

d

(l

(1

k

(continued I

rtt
t ^ l

HS---A\2\

S H
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TABLE 3.  (cont inued)

Structure K(ME"-) co(V)"
Eq.

againstD

-{t'
l t-1_qg

HS(CHr)8SH
HS(CH,) ,SH

HS,

YO)-s"
\ 

--l

r^\
HS-< ( ) >-Srr

\"/

References

1 . 8

1 . 7
1 . 4

1 . 3

0.20 M E

" i : , ,(V) values vs standard hydrogen electrode at pH 7.0 and 25"C. Al l  r ; , ,(V) values are calculated using the r;n(V)
va lues  fo r  l ipo ic  ac id  [ -0 .288V.  D.  R.  Sanad i ,  M.  Lang ley  and R.  L .  Sear ls ,  J .  Bb l .  Chem. .234.  178 (1959)  and
C.  V .  Massey ,  B iochem-  B iophys .  A t ' tu ,37 .314 (1960) l  and the  K"o  va lue  be tween l ipo ic  ac id  and the  compound o f

interest.
bAbbreviat ions: DTT, dithiothreitot;  Lip, l ipoic acid; ME, 2-mercaptoethand.
'The value of K(ME") for this group olcompounds is sometimes cal led the effect ive concentrat ion (EC).
dEquil ibrat ions were carr ied out at 25 C. in a l /1 mixture of do-methanoliphosphate bufier (50mM. pH 7.0) in

DrO, see Reference 13.
"The equil ibr ium constants (K) in the Houk and Whitesides paper (13) were systematical ly in correct by a factor

of 103 (originating in error in manipulat ion of units during the original calculat ions) and have been adjusted

accordingly. The values of equi l ibr ium constants, which were obtained from equil ibr ium with DTT. have also

been readjusted by a factor of approximately 2 so as to obtain a similar value to that reported in this paper.
/Equ i l ib ra t ions  were  car r ied  ou t  a t  25  C in  a  l / l  m ix tu re  o f  r / . -methano l iphosphate  bu f fe r  (50mM.  pH 7 .0)  in

DrO,  see G.  V .  Lamoureux  and G.  M.  Whi tes ides ,  J .  Orq .  ( 'hem. ,58 .633 (1993) .
,Equil ibrat ions were carr ied out in oln-methanol with 0.02mM sodium methylate added, see Reference 13.
hEqu i l ib ra t ions  were  carned ou t  in  DrO (pD 7 .0 .50mM phosphate) .  see  Reference 18 .
iEqu i l ib ra t ions  were  car r ied  ou t  in  D,O (pD 7 .0 ,50mM phosphate) .  see  Reference 20 .
iEqu i l ib ra t ions  were  car r ied  ou t  in  DrO (pD 7 .0 ,  50mM phosphate) .  see  W.J .  Lcss  and G.  M.  Whi tes ides .  J .

Orq. Chem., 58, 642 (1993).
f tEquil ibrat ions were carr ied out in r/o-benzene with 0.02mM tetramethylguanidine added, see Reference l3.

The equil ibr ium constant for the thiol disulf ide interchange of an r,co-dithiol with a
disulf ide (equations 22 and 23) has also been termed as the 'effect ive concentrat ion'
(ECles'so. The equil ibr ium expression for effect ive concentrat ion is a measure of the
propensity of thiols to form the cycl ic disulf idee6. The EC has also been interpreted in
terms of the proximitr of these thiol groups in the ground state (that is, as a kind of
localconcentrat ion), and thus used to infer information about conformation. Considering
that the value of the equil ibr ium constant is very strongly inf luenced by strain in the
CSSC group and by r ing strain (for cycl ic disulf ides), i ts interpretat ion in terms of
'proximity'  and 'concentrat ion' must be evaluated with the possibi l i ty of contr ibutions
from these terms in mindro. I f  the EC is used (and interpreted) just as an equil ibr ium
constant, but as one with an easi ly remembered reference value (EC ctt I  10 M for an
r,o-dithiol forming a strain-free cycl ic disulf ide) i t  has the virtue of being easy to
remember and to interpret.

The equilibrium expression for effective concentration (EC : K"o, equations 22 and 23)
involves a r ing-closure step (kr) in the forward reaction (k, is a measure of the kinetic
effective concentration), and a ring-cleavage reaction (k ,) in the reverse direction. The
ring-cleavage reaction, k ,, is faster for a more strained cyclic disulfide than for an
unstrained one, and correspondingly the value of the equilibrium expression for effective
concentrat ion (EC : K"u) is lower for the more strained cycl ic disulf ide.

- 0.268

-0.267
-0.265

-0.264

-0.240

ME

M E

ME
M E

.t
u

.t
u
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In cases involving cycl ic disulf ides with r ing strain, the trends of the equil ibr ium
expression for effect ive concentrat ion (equi l ibr ium EC) may be dif ferent than the trends
of the kinetic values for effect ive concentrat ion (kinetic EC). In a comparison of the
formation of cyclic five-membered disulfide and cyclic six-membered disulf-rde, the
equil ibr ium EC (related to K.o, equations 22 and 23) is favored for the formation of the
six-membered disulf ide by a factor of 30 over the f ive-memberecl disulf ide. whereas the
kinetic EC (related to k,.equation 22)is higher for the r ing-closure reaction for formation
of the f ive-membered disulf ide than that of the six-membered disulf ide by a factor of 20.
The value of the equil ibr ium EC is easier to determine than that of the kinetic EC. As
we have indicated, however, the equil ibr ium EC is a direct measure of proximity only
when there is no strain in the disulf ides or dithiols, and i t  is perhaps most useful as i
measure of proximity when these other factors (e.g. r ing strain ref lect ing an unfavorable
CSSC dihedral angle; terms destabi l izing the dithiol relat ive to disulf ide) are absent or
can be independently est imatedl6.

V.  APPLICATIONS OF THIOL-DISULFIDE INTERCHANGE IN BIOCHEMISTRY

The subject of the thiol-disulf ide interchange reaction is an important one in bio-
chemistry, and has been discussed extensively elsewhere' 3. Here we wil l  only outl ine
some of  the issues.

Disulfrde-reducing reagents are used in biochemistry for a number of purposes,
especial ly in reduction of cystine groups in proteins and in maintaining essential thiol
groups in their reduced stateeT. e,rr-r-Dithiols, such as dithiothreitol (DTT)70,
N,l{ ' -dimethyl-N,N'-bis(mercaptoacetyl)hy drazine (DMH)t 8 and meso-2.5-d,imercapto-
A/,.4y',4/ ' ,N'-tetramethyladipamide (DTA)20, have higher reduction potential than cystine
groups in proteins, and are useful disulf ide-reducing reagents because they react
specif ical ly with the cystine disulf ide to be reduced without any unwanted sicle-reaction
with the protein. The value of the f irst pK" of DTT is 9.2s, and i t  is thereforc relat ively
s]ow as a reducing reagent at pH 7. DMH and DTA (pK^ r 'a 8) reduce small  organic
disulf ides and disulf ide bonds in proteins c'a 7 t imes faster than does DTT in water at
pH l t  8 '20.  Mercaptoethanol  (ME,  pK"  ca 9 .6)  is  inexpens ive and is  used in  large amounts
(0.1-0.7M) in bioc_hemical manipulat ions, for example in conjunction with SDS
gel-electrophoresiseT. Mercaptoethanol is weakly reducing and i t  often generates complex
reaction mixtures containinq mixed disulf idess.

HO HO

\
(

SH

nt t ,  
/CH.

N - N

^/  \ "

D M H

SH SH

DTT M E

';-61-
MerN bH ( r - r  NMe,

DTA

The cycl ic f ive-membered disulf ide l ipoamide is a cofactor of the pvruvate
dehydrogenase complexes'ee. The rate of r ing opening of this cycl ic f ive-membered
disulf ide by thiolate*disulf ide interchange is faster by a factor of ca 103 than that
involving cycl ic six- or seven-membered disulf idesrT. The evolut ionary sclect ion of
lipoamide as a cofactor in pyruvate dehydrogenase complex may reflect the fast rate of
r ing opening of the cycl ic f ive-membered r ing by nucleophiles and the result ing abi l i ty
of the l ipoamides to maintain a high f lux through the pyruvate dehydrogenase complexr 7.
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The valt tes of pK, of thiol groups in proteins have been measured kinetical ly from
the Bronstcd cor re la t ion o f  th io l  d isu l f ide in terchange react ionsr r .  The pK,  o f  the
act i rc ' -s i te  th io l  in  papain  is  est imated as c ' r r  4  a t  pH 6,  and t 'u  8 .4  a t  pH 91r .  At  low
PH { r , i  6 t the prox imate pos i t ive ly  charged group increases the ac id i ty  o f  the act ive-s i te
thro l  in  papain .  The pK"  o f  the th io l  group of  reduced lysozyme is  c , rz  11.  These va lues
rrf pN.,.  although semiquanti tat ive, are useful for comparison with the values of pK"
t ic ' tc ' r rn ined by o ther  methodsr  r .

Thc- redox equil ibr ia between the cystine-bridged cycl ic disulf ide structures in proteins
lnd thcir correiponding reduced open-chain z,r, ,r-dit i r iol  forms have been measured for
: i \  e  r i t l  p ro te ins3.  The va lue of  the equi l ib r ium constant  (or  equi l ib r ium express ion for
ci icct ire concentrat ion, equi l ibr ium EC) for the thiol disulf ide interchange reaction of
It  protein z,a-r-dithiol can be a useful measure of proximity of the two thiol groups in
the protein i f  there is no r ing strain associated with the corresponding cycl ic disulf ide.
.{ high value of the equil ibr ium EC suggests that the two thiol groups are nearby
spatial ly, are l imited in mobil i ty and can form a CSSC group with l i t t le or no angle
s t r a i n  1 6 ' e s ' e 6 .

The d isu l f ide bonds in  prote ins are formed af ter  t rans la t ionroo '101.  The pathway of
sequential disulf ide bond formation has been studied for bovine pancreit ic rrypsin
inh ib i tor  (BPTI)102 ' '0 ' r  and for  r ibonuc lease A104.  In  the case of  BPTI .  in terpreta t ions
of  d i f ferent  sets  o f  data  have led to  d i f ferent  conc lus ionsr02, l03.  The coni lus ion of
Weissman and Kim that al l  wel l-populated folding intermediates in the oxidative
folding of BPTI contain only native disulf ide bonds -, is st i l l  being actively debatecl I05. r 06.

The inclusion bodies, clbtained from the expression of eukaryotic proteins in genetical ly
engineered E. col i .  may contain protein with unformed and mismatched disulf ide
bonds I  07 '  108.  The convers ion of  the 'wrongly '  d isu l f ide-connected prote in  to  the'correctly 'disulf ide-connected 

protein is a major problem in biotechnology. The general
approach is to reduce the 'wrongly'  disulf ide-connected protein completelv and to
oxidize i t  gradually with a redox buffer containing a mixtuic of thiol anA alsutnde rou.
Protein-disulf ide isomcrase has been proposed as catalyst for the thiol-disulf ide
interchange involving proteinsttn, I ts low catalyt ic act ivi ty and absence of specif ici ty
make i ts  b io log ica l  ro le  uncer ta inr l r ' r12.  Th ioredox in  has a cyste ine of  low pK. ,  anc i  i t
reacts with disulf ides rapidl-v at pH 7. Thioredoxin is redox-coupled to NADPH via the
enzyme thioredoxin reductase, and may be of metabolic signif icance in thiol-disulf ide
in terchange react ionsr  13 I  1s .

VI .  CONCLUDING REMARKS

Thiol disulf ide interchange is a reversible Sr2 reaction that involves cleavage and
formation of a covalent S S bond. The active nucleophile is the thiolate anion (RS );
the thiol (RSH) is not act ive. The rates of reaction of thiolate anions with disulf ides
show a Br/nsted correlat ion with the values of pK" of thiols. The value of the Brdnsted
coeff icient for the nucleophil ic thiol ( t 'a0.5) is well  studied, but a more complete analysis
of the Br/nsted coeff icients for the central and leaving group thiols would be a useful
step toward a better understanding of the structure of the transit ion state.

The rate constant of the thiolate-disulf ide interchange reaction (k*, ,  based on the
concentrat ion of thiolate anion) is inf luenced by factors such as pK" of thiol and CSSC
dihedral angle in the disulf ide. The rate constant (k*, )  increases with increasing values
of pK" of the thiols because of the increasing nucleophit ici ty of the thiolate anions. The
observed rate constant of reaction (/coo.o), however, is optimum for the value of pK" of
the thiol equal to the pH of the solui ion. The most stable CSSC dihedral angle in the
disulf ide is ca 90". Cycl ic f ive-membered disulf ides, with CSSC dihedral angle of r,a 30 ,
are strained, and are cleaved c'a 103 t imes faster than the less-strained cycl ic six-membered
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disulf ide. An improved theoretical conformational analysis of the ground state of cycl ic
disulf ides-in terms of the bond angles, bond lengths, and the CSSI and CCSS dihedral
angles-would be useful to predict the r ing strains and rates of thiol disulf ide
interchange reactions involving cyclic disulfides.

Thiolate-disulf ide interchange reactions are faster in polar aprotic solvents such as
DMSO and DMF than in water. The rate enhancement in going from water to polar
aprotic solvents is lower than for reactions of alkoxide anions. The thiolate-disulf ide
interchange involving strained cycl ic f ive-membered disulf ide is extremelv fast (kp"
ca 108 M t  s - t )  in  po lar  aprot ic  so lvents .

Disulf ide bonds are present in proteins and are formed from the cysteine thiols after
translat ion. The physical-organic study of several biochemical issues related to the thiol
disulf ide interchange-the mode of formation of the'correct 'disulf ide bonds. the degree
of stabi l i ty imparted to the protein by the disulf ide bond. the strain in the large-i ing
protein disulf ides, the role of thiol-disulf ide interchange in regulat ion of prorein activi ty
and the design of reagents that can eff iciently reduce disulf ide bonds-would be
important and useful.
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