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ramet hy ladi pamide: A Readily
m eso- 2,5-Dimerca pto-N,.N,.nf',.1I'-tet
Available, Kinetically Rapid Reagent for the Reduction of Disulfides in
Aqueous Solutionr
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Department of Chemistry,Haruard Uniuersity,Cambridge,Massachusetts02138
ReceiuedJuly 1, 1991
meso-2,5-Dimercapto-N,N,N'/V'-tetramethyladipamide(nzeso-DTA)reducesdisulfide bonds up to 8 times
faster (kinetic) than does dithiothreitol (DTT) in aqueous solution at pH 7.0. rneso-DTA is easily synthesized
in five steps (39% overall yield) from adipic acid. meso-DTA, which forms a cyclic disulfide, is less reducing
than DTT by approximately 56 mV, but is much more reducing than mercaptoethanol.

Introduction
paper
This
reports the reduction of small organic disulfides and protein disulfides in water at pH 7.0 using a
new reagent, m.eso-2,5-dimercapto-N,N,N',Iy''-tetramethyladipamide (meso-DTA). Disulfide-reducingreagents are used in biochemistry to inhibit the oxidation of
thiol groups and to reduce disulfide groups in proteins.3-s
A useful thiol reducing reagent for disulfides should have
pK^ - 7.0 for the SH group, a high reduction potential,
ready availability, an unobjectionableodor, high solubility
in water, kinetic stability at room temperature, and low
toxicity.6'7
We have previously examined N,,l/'-dimethyl-N,N'(DMH),8 a reagentthat rebis(mercaptoacetyl)hydrazine
duces disulfides faster than dithiothreitol (DTT), but is
more expensiveto synthesize. Mercaptoethanol (ME) and
dithiothreitol (DTT)G are the most commonly used di(1) This research was sponsored in part by the National Science
Foundation under the Engineering ResearchCenter Initiative to the MIT
Biotechnology Process Engineering Center (Cooperative Agreement
CDR-88-03014),by the National Institutes of Health (GM 30367),and
by Firmenich SA.
(2) National Scienceand Engineering ResearchCouncil of Canada
Centennial Scholar.
(3) Jocelyn, P. C. Methods EnzymoL 1987,143,246-256.
(4) Gilbert, H.F. Adu. Enzymol.l990,63, 69-172.
(5) Jocelyn, P. C. Biochemistry of the SH Group; Academic: London,
1972. Huxtable, R. J. Biochemistry ol Sult'ur; Plenum: New York, 1986.
(6) Cleland, W. W. Biochemistry 1964,3, 480-482.
(?) Whitesides,G. M.; Lilburn, J. E.; Szajewski,R. P. J. Org. Chem.
1 9 7 7 .4 2 . 3 3 2 - 3 3 8 .
(8) Singh, R.; Whitesides,G. M. J. Org. Chem. 1991,56, 2332-2337.
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sulfide-reducing reagentsin biochemistry.3 The principal
advantage of ME is its low cost. ME has, however, the
disadvantageof a low reduction potential and a relatively
high pK", 9.6. The primary advantage of DTT is that it
is strongly reducing. DTT also has severaldisadvantages:
oxidation of DTT by O, in the presenceof transition-metal
ions can generatehydrogen peroxide;eit is a strong chelating agent and can sequesteressentialions (especially
transition metals); it is not a fast reductant (the lower pK"
of the thiol groups in DTT is 9.2;10thus only about 1%
of DTT exists as the thiolate at pH 2.0);it is expensive.ll
(For nomenclature, we indicate the oxidized form of a thiol,
*ox'and leave
the reduced
the disulfide, by the superscript
(9) Trotta, P. P.; Pinkus, L. M.; Meister, A. J. Biol. Chem. 1974,249,
1 9 1 5 - 1 9 2 1 .C o s t a ,M . ; P e c c i ,L . ; P e n s a ,B . ; C a n n e l l a , C .B i o c h e m .B i o phys. Res.Commun. 1977,78,596-603.
(10) Szajewski,R. P ; Whitesides,G. M. J. Am. Chem..Soc. 1980,-102,

20rr-2026.

(11) The present price of DTT is $8?0/mol from Aldrich.
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Table L Rates of Rcduction of Disulfides with meso-DTA
and DTT
DTAa
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0.50

0.065

7.7

1.1

0.31
26A
78

0.056
58
23

5.5
4.5
3.4

0.15
0.5

0.19

1.8

0.4

mercaptoethanol
disulfide

glutathionedisulfide
papain-S-S-Me
creatine
kinase-S-S-glutathione
DNase

Mtl

'6
.ADD

A"ooo"o

ft"ooo-,o

0.34

o The rate constants are for aqueous
solutions at pH 7.0 and 2g8
K. b Data taken from ref 8.

form, the thiol, unsuperscripted:e.g.,DTT (dithiol) vs
DTT.' (disulfide).)
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On the basis of earlier studies of thiol-disulfide interchange,8'l2we hypothesized that meso-2,5-dimercaptolUgJg Jv'-tetramethyladipamide (meso-DTA, eq 1) would
have many properties desirable for a disulfide-reducing
reagent. This paper describesthe synthesis and properties
of. rneso-DTA and compares this reagent to DTT and
DMH.
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Results
meso-DTA (3) was synthesizedin 39% overall yield on
a 100-mmol scaleaccording to SchemeI. The only purification step (excluding extractions) is the final recrystallization. The bromination of adipoyl chloride leads to
two products in a 1.6:1.0ratio (probably meso:dl isomer;
seebeiow) as determined by integration of the lH NMR
spectrum. Addition of dimethylamine to the crude mixture
results in two products, 2, again in about a 1.6:1.0ratio.
If 2 is recrystallized,then only one product (probably meso;
seebelow) is obtained in greater than 50% overall yield
basedon 1. Reaction of crude 2 (1.6:1.0)with thiola-cetic
acid and sodium methoxide in methanol at reflux produces
only one stereoisomer,in high yield. We believe that the
production of only one stereoisomerreflects isomerization
under the reaction conditions. Deacetylation of the thiolacetate produces only one stereoisomer, meso-DTA.
Oxidation of the dithiol, meso-DTA, to the disulfide,
meso-DTAo",and subsequent analysis of the tH NMR
coupling constants at 20 and -60 oc established that the
dithiol was the meso isomer. The dt isomer of DTA (dlDTA) could be isolated as a minor product by following
a similar route except that the addition of thioiacetic acid
( 1 2 ) H o u k , J . ; W h i t e s i d e s ,G . M . J . A m . C h e m . S o c . l g g 7 ,
109,
6825-6836.

Table II. PhysicalPropertiesof DTA, DTT, and DMII"
physical
property
to,bV

pK^
m p , oo C
fr"00,"
M-l s-l
K.d M
solubility,''"
mM
odoro

rneso-DTA dr-DTA
DTT
-0.300
-0.328
-0.356
7.8,8.9
9 . 2 ,1 0 . 1
1 1 8( 1 3 7 )
42 (132)
0.b0
0.065
103
104
105
80 (80)
high

DMH

-0.300
7 . 6 ,g . g
38 (155)
0.52
103
250 (23)

weak (none)
weak (none) weak (none)
oData in parenthesesare for the oxidized form containing a disulfide group. bAll values of eo are relative to mercaptoethanol
(-0.209V). 'The apparentrate constant(A"no)is for the reduction
of mercaptoethanoldisulfide (MEox, at pH'7.0 in aqueousphosphate buffer (50 mM). dThe values of equilibrium constant (K)
are for the reduction of MEox with the dithiol in water, pH ?.0,
= ([ME..d]2[cyclicdisulfide]/
.00 11M phosphate buffer, K"o
IMEoxl[dithiol]). "The solubilitibsweredeterminedin phosphate
buffer (pH 7.0, 100mM phosphate,25 "C).
and sodium methoxide to crude 2 was performed at 0 oC.
Isolation of the dl isomer required several chromatographic
steps.13
The rates of reduction of various disulfides with rneso-

DTA and DTT were compared (Table I). meso-DTA
reducesthe disulfide linkage of small organic disulfides
and dipeptides 5-8 times faster than DTT in water at pH
7.0, and the disulfide bond in proteins 2-5 times faster.
In papain and creatine kinase,the disulfide being reduced
is derived from an essentialactive site cysteine,laand the
rate measured is the rate of reactivation of the modified
protein.rs DNase is deactivated by the reduction of an
16
internal disulfide.15'
meso-D'lA completely reduces noncyclic disulfides
(mercaptoethanol disulfide or glutathione disulfide) as
determined by lH NMR spectroscopy. meso-DTA only
partially reducesDTTb'in 50 mM phosphatebuffer at pD
7.0 (K"q = lmeso-DTAo'ltDTTl llmeso-DTAItDTTo'i 0.010). dl-DTA is more reducing than meso-DTA by a
factor of 10 in 100 mJVIphosphate buffer at pD 7.0 (Kuq
= lmes o-DTA*l tdl-DT Al I [meso-DTA][dl-DTAo'] = 0.10):
We used the equilibrium constant between nzeso-DTAand
DTT to determine the values of eoand K(ME) of mesoDTA. Some other useful physical properties of rneso-DTA,
DTT, and DMH are listed in Table II.
Discussion
The pK" of the first thiol in meso-DTA is 7.8 + 0.2:
therefore, at pH 7.0 approximately ISVo of nreso-DTA
exists as the thiolate. On the basis of this pK", we calculatelo that meso-DTA should reduce disulfides 4.4 times
faster than DTT at pH 7.A.17 The relative rate of reduction of disulfides by rneso-DTA compared to DTT is
approximately 6 for small peptides and small organic disulfides (Table I), a value that is slightly above that calculated. For proteins, the relative rate of meso-DTA vs
DTT (2-5-fold faster) is lessthan or equal to the calculated
value (4.4-fold faster). The difference between the calculated and the actual value for proteins could be due to
(13) We also attempted the synthesis of the diethanolamine, instead
of the dimethyl, derivative of DTA, but we were unable to synthesizethis
derivative conveniently.
(14) Smith, D. J.; Maggio,E. T.; Kenyon, G.L. Biochemistry 1978,14,
766-77L.
(15) Shaked, Z.; Szajewski,R. P.; Whitesides, G. M. Biochemistry
1980,/9, 4156-4166.
(16)Price,P. A.; Stein,W. H.; Moore,S. J. Biol. Chem.1969,244,
929-932.
(17) Using the Bronstedt0equation log & = 7.0 + 0.5 pK,n" - 0.27 pK""
- 0 . 7 3 p K u l s a n d t h e e q u a t i o n , Q = p a u u ( l * l g n l t a r o H )w, e c a l u l a i e
hurr^"t*"o /ft"onDlT = 4.4.
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steric interactions,becausemeso-DTA is a secondarythiol
and DTT is a primary thiol. The difference in rates could
also be due to the relative difference in hydrophobicities
of the two compounds.
The equilibrium constant for reduction of MEo' by
nr.eso-DTAis less than that of DTT by a factor of 102,
probably due to the l,3-diaxial interaction in meso-DTAo".
In nzeso-DTAo',the l,3-diaxial interaction between the
axial hydrogen and axial dimethylamido group will destabilize the cyclic disulfide (meso-DTAo') relative to the
noncyclic dithiol (nzeso-DTA). This inference is supported
by the fact that dl-DTA is 10 times more reducing than
nzeso-DTA. In DTTb'there are no l,3-diaxial interactions
to destabilizethe oxidized form relative to the unoxidized
form (DTT).

meso-DTAq

dFDTAq

nzeso-DTAand DMH have similar reduction potentials
and pK"'s, but DMH reduces hindered disulfides more
rapidly than does meso-DTA. This increasedrate of reduction of hindered disulfides is probably due to differences in steric interactions and hydrophobicities since
DMH contains a primary thiol while meso-DTA contains
a secondary thiol.
meso-DTA is less soluble in water than DTT. Since
nearly all applications in protein chemistry require a
concentration of reducing agent lessthan 50 mM, the lower
solubility of meso-DTA should not be disadvantageous. In
fact, the lower solubility of meso-DTA in water permits
its extraction from water with organic solvents.
In conclusion,none of the reagentsmentioned-ME,
DTT, DMH, and meso-DTA-is clearly superior as a reducing agent for biochemical applications. ME is inexpensive and commercially available, but is weally reducing
and kinetically slow. DTT is commercially available and
strongly reducing, but is reasonably expensive and kinetically slow. DMH is strongly reducing and kinetically
fast, but is not commercially available and is expensiveto
synthesize(primarily because1,2-dimethylhydrazine, the
starting material, is expensive). meso-DTA is strongly
reducing, relatively inexpensive to synthesize,and kinetically fast, but is not commercially available. We believe
that for most applications nteso-DTA would be superior
or equal to DTT.
Experimental Section
General. Starting materials were commercialproducts:
Thionyl chloride,bromine,and thiolaceticacid (Fluka); dimethylamineand adipic acid (Aldrich);papain (Boehringer
I, DNA,
deoxyribonuclease
Mannheim);creatinephosphokinase,
p-nitroanilide(Sigma).NMR spectra
and N-benzoyl-t-aryinine
wererecordedin CDCI3.Chemicalshiftsarereportedin 6 (ppm)
usingCHCI39.24) asan internalstandard.Elementalanalyses
wereperformedby OneidaResearchServices.
meso -2,5-Dimercapto-N,N,N',N'-tetramet hyladi pamide
(meso-VIA) (3).t8 Adipicacid(1,832mmol,120.0g) andthionvl
chloride(2.33mol, 170mL) wereheatedat refluxfor 90min with
no solventin a three-neckedl-L flask equippedwith a reflux
and an additionfunnel. The exhaustgasesfrom the
condenser
reflux condenserwereneutralizedby bubblingthrough a 5 M
NaOH solution. The 13CNMR (?5 MHz) spectrumof the re-
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sulting oil showedpeaks at 6 173.1,46.2,and 23.5. Bromine (1.88
oC and the reaction mixture
mol, 97 mL) was added over 5 h at 95
oC
being
h
cooled at 25 oC. The
3
before
for another
kept at 95
tH NMR spectrum of the product showed trro major components:
tneso- and dl-2,5-dibromoadipoyl chloride in a 1.6:1.0ratio. The
solution was dissolved in CH2CI2(70 mL) and added over 2 h to
a biphasic mixture of CH2CI2(1 L) and dimethylamine (600 mL
of a 4AVow/w aqueoussolution) in a 3-L flask cooledby an ice/salt
bath. The temperature of the reaction mixture was kept at 18
oC or less. The resulting biphasic mixture was acidified to pH
4.0 with concentrated hydrochloric acid (ca. 30 mL). The organic
layer was separated and extracted with saturated aqueous sodium
bicarbonate (150 mL), dried with MgSOa,and concentrated under
aspirator pressure to provide L97 g of a crude mixture of meso
and dt product 2 (1.6:1.0ratio). A small portion (ca. 50 mg) was
separated by chromatography on silica gel (eluant: 1:1 ethyl
lH NMR
acetatc/hexane going to ethyl acetate). Major product:
(400 MHz) 6 4.42-4.36(m, 2 H),3.04 (s, 3 H), 2.94 (s, 3 H),
(m, 2 H); 13CNMR (100 MHz) d
2.29-2.20(m, 2 H), 2.01c_L.92
Minor product lH NMR (400MHz)
168.2,42.4,37.4,36.2,33.0.
6 4 . 4 2 - 4 . 3 6( m , 2 H ) , 3 . 0 4 ( s , 3 H ) , 2 . 9 2 ( s , 3 H ) , 2 . 1 9 - 2 . 0 8( m , 4
H): t3CNMR (100MHz) 6 168.3,42.7,37.4,36.2,32.9. The crude
product was divided into two portions: 97.5 g and 100 g.
The first portion was recrystallized from CH2CI2 (ca. 500 mL)
and ether (ca. 500 mL) to provide 74.8S (51% overall yield) of
a single diastereomer 2 (which we presume to be the meso isomer;
C,33.54;H,5.07;
seebelow). Anal. Calcd for Cr6H1sN2O2Br2:
N, ?.82. Found: C, 33.27;H, 4.91;N, 7.73. A secondrecrys'
tallization from a mirture of ether (200 mL) and CH2CI2(100 mL)
produced 14.0 g of a mixture of meso and dl product (5:1 ratio,
the major product being the same as the product from the first
recrystallization).
The secondportion of crude dibromide mentioned above (279
mmol, lffi g) and thiolacetic acid (923 mmol, 66 mL) were dissolved in methanol (500 mL). Sodium methoxide (700 mmol,37.8
g) was added at a rate that maintained reflux (over 30 min). The
oC. The solution
solution was stirred for I h as it cooled to 25
was concentrated under aspirator pressure and partitioned between CH2CI2 (500 mL) and 300 mL of 5% aqueous sodium
bicarbonate solution. The organic layer was separated,and the
aqueouslayer was extracted with CH2CL,(2 x 100 mL). The
combined organic layers were dried (MgSOn) and concentrated
under aspirator pressure to provide a crude yellow solid (the
diacetate of rneso-DTA; 99.6 g). Only one stereoisomerwas observedby tH NMR: tH NMR (a00 MHz) 6 4.44-4.40(m, 2 H),
3.02 (s, 3 H), 2.92 (s,3 H), 2.30 (s, 3 H), 2.07-2.00(m, 2 H),
L.72-1.661m,2H); 13CNMR (100MHz) 6194.6,L70.2,42.2,37.4,
36.1,30.2,30.1.
The yellow solid and potassium carbonate (655 mmol,S.5 g)
were added to methanol (400 mL) that had been purged with
argon. The mixture was stirred for 14 h under argon. CH2CI2
(200 mL) was added and the solution acidified to pH 3.0 with
concentrated sulfuric acid (ca. 35 mL) over t h. The solution was
partitioned between ethyl acetat€ (1000 mL) and water (600 mL).
The layers were separated, and the water layer was extracted with
ethyl acetate (2 x 300 mL). The combined organic layers were
dried (MgSOa) and concentrated under reduced pressure to
provide 77.6 g of crude product, which was recrystallized from
THF (ca. 100 mL) to provide 37.9 g of neeso-DTA. The mother
liquor was dissolved in CH2CI2(200 mL) and extracted with 100
mL of 0.2 N HCl. The organic layer was concentrated in vacuo
and recrystallized from THF to provide a further 5.7 g of
nzeso-DTA (39% total overall yield from adipic acid): rH NMR
( 5 0 0 M H z ) 6 3 . 4 3 - 3 . 3 5( m , 2 H ) , 3 . 0 2 ( s , 3 H ) , 2 . 9 2 ( s , 3 H ) ,
2.07-1.98(m, 2 H), 1.92 (d, J = 10.5Hz,2 H), 1.68-1.58(m, 2
Anal. Calcd
H);t3C NMR (125MHz) 6L72.A,37.4,37.2,35.0,34.9.
C,,45.43;H,7.62;N, 10.59.Found: C,45.32;
for C16H26N2O2S2:
H , 7 . 4 1 ;N , 1 0 . 3 9 .
Oxidized meso-DTA. Ellmarr's reagent (2.0 9,6.45 mmol)
was added to water (75 mL), and the pH was adjusted to 7.0 with
saturated aqueous NaHCO3 solution. nzeso-DTA(1.03 g, 3.89
mmol) was added, and the solution was stirred for 15 min. CH2CI2
(25 mL) was added, and the Iayers were separated. The water
layer was back-extracted with CH2CI2(2 x SOmL). The combined
organics were dried (MgSOr) and concentrated at aspirator
pressureto provide 981 mg (%%) of product tH NMR (400 MHz,

m eso-2,l-Dimercapto-N/V,N',N'-tetramethyiad

ipamid e

2 9 3K ) 6 3 . 6 9( b r d d , J = 6 . 7 , 2 . 2 H 2 , 2H ) , 3 . 0 4( s , 6 H ) , 2 . g 2( s ,
6 H), 2.81-2.74(m,2 H),2.00-1.92(m,2 H); tsCNMR (100MHz,
2 9 3K ) 6 1 6 9 . 8 , 4 3 . (8b r ) , 3 7 . 7 , 3 5 . 9 , 2 7 . 7 ; tN
HM R ( 4 0 0M H z , 2 1 3
K) 6 4.00 (br d, J = L2.0Hz, L H), 3.46 (br s, 1 H), 3.06 (br s, 3
H), 3.01 (br s, 3 H), 3.09-3.00(br, 1 H), 2.95 (br s, 3 H), 2.88 (br
s, 3 H), 2.43(br d, J = I2.3H2,1 H), 2.06-1.94(br, 2 H); t3CNMR
(100MHz, 213 K) 6 170.0,169.5,51.5,37.9,3?.3,35.8,35.4,95.2,
29.3,25.7. Anal. Calcd for C1gH16N2O2S2:
C, 45.78;H, 6.91;N,
1 0 . 6 8 .F o u n d ; C , 4 5 . 5 3 ;H , 6 . 9 7 ; N , 1 0 . 5 4 .
d/-DTA. The product of the secondary recrystallization of
2 (5:1 ratio of rnesoto dI,2.50 g) was chromatographedon silica
gel (ethyl acetate/hexane, 3:1 going to 5:1) to provide 448 mg of
a 1:1 (meso:dl)mixture. This mixture was dissolvedin 30 mL
of methanol and cooled to 0 oC. Sodium methoxide (160 mg) and
thiolacetic acid (3ffi pL) were added. After 15 min at 0 oC, the
solution was warmed to room temperature, concentrated in vacuo,
and partitioned between water (10 mL) and CH2CI2(20 mL). The
organic layer was dried (MgSOn), concentrated in vacuo, and
chromatographed on silica gel (ethyl acetate going to ethyl acetate/methanol, 10:1)to provide 169 mg of the dl-dithiolacetate
of DTA. The dl-dithiolacetate of DTA was dissolved in 10 mt
of methanol. After addition of sodium methoxide (48 mg), the
solution was stirred for 20 min, acidified with Dowex 50X8 ionexchange resin (H+ form), filtered. and partially concentrated
under aspirator pressure (2 mL). The methanolic solution was
added to an aqueoussolution of Eilman's reagent (210 mg, adjusted to pH 7.0 with saturated NaHCOJ. After 10 min, the
solution was extracted with CH"CI2 Q x 20 mL). The combined
organics were dried (MgSOa), concentrated under aspirator
pressure,and chromatographedon silica gei (ethyl acetate going
to ethyl acetatefmethanol, 10:1)to provide 58 mg of dl-DTA'*:
t H N M R ( 5 0 0M H z ) 6 3 . 9 4( b r , 2 H ) , 3 . 1 2( s , 6
H ) , 2 . 9 2( s , 6 H ) ,
2.27 (br, 4 H).
Equilibration of d/-DTA and zreso-DTA. dl-DTA" {2mg
in 0.5 mL of buffered D2O (100 mM NaPOa, pD 2.0)) and
meso-DTA (6 mg in 1.5 mL of buffered D2O (100 mM NaPOa,
pD 7.0)) were mixed in an NMR tube, and lH NMR spectra were
taken at various times. The value of K"o was calculated from the
tH NMR integrals.
Determination of the pK" of nreso-DTA.le The absorbance
at 238 nm of meso-DTA (100 pL of an 8 mM ethanolic solution
of meso-DTA) in various aqueous buffers (3 mL, b0 mM: Z,Zdimethylsuccinate,pH 6.0,6.4,6.8;Tris, pH 2.0,?.3,2.7,8.0,8.9,
8.7;glycine,pH 9.0,9.5, 10.0)was plotted against pH. This curve
was then compared with plots derived from theory. The best fit
was obtained when the first pK" was 7.8 + 0.2 and the second
was 8.9 + 0.2.
Kinetics of Reduction of Glutathione Disulfide by
meso-DTA and DTT Using lH NMR Spectroscopy. The
following solutions were prepared using a b0 mM phosphate buffer
solution (pD 7.0 in D2O) that had been deoxygenatedby bubbling
argon through it for 30 min: l0 mM glutathione disulfide solution
(19) Benesch, R. E.; Benesch, R. J. Am. Chem. Soc. 1955. 27.
5877-5881.
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(15.9mg in 2.5 mL of buffer); 10 mM DTT solution (3,1 mg in
2mL of buffer); 10 rnM meso-DTA solution (S.3rng in 2 mL of
buffer). Three NMR tubes containing 250 pL of the DTT solution
and 250 pL of the glutathione disulfide solution were prepared.
The thioldisulfide interchange reaction was quenched by addition
of 25 pL of a DCI soiution (L2 wt % in D2O) in one tube after
2 min, in another tube after 4 min, and in another tube after 6
rnin. The same seriesof experimentswas carried out with the
meso-DTA solution instead of the DTT solution. The secondorder rate constant was calculated from the integrals of the lH
NMR spectra. A similar procedure was used for studying the
kinetics of reduction of mercaptoethanol disulfide by nzeso-DTA
and DTT.
Equilibrium Experiments. A l0 mM DTTU,'solution (8.0
mg in 2.0 mL of buffer) and a lct mM rneso-DTA solution (S.3
mg in 2 mL of buffer) were made up in D2O buffer (b0 mM
phosphate, pD 7.0). The DTT,'* solution (250 pL) and the
meso-DTA solution (250rrl,) were mixed in an NMR tube. After
4 h, a lH NMR spectrum was obtained. The equilibrium constant
between meso-DTA end DTT was calculated using the integrals
obtained from the lH NMR spectrum" When meso-DTA was
equilibrated with a i.5-fold excessof mercaptoenhanoldisulfide
(6 mM) or glutathione disulfide (6 mlVI),'ne.so-DTAwas oxidized
completely, and no mixed disuifide or reduced meso-DTA was
obsen'ed by tH NMR spectro$cop)'.
Kinetics of Reactivation of Creatine Kinase-S-S-Glutathione. The solution of creatine kinase-S-S-glutathionem(10 pL)
was diluted with deoxygenatedaqueousbuffer (pH 7.0, 0.1 M
imidazole, 2 mM EDTA, 2.5 mL). the diluted solution was added
to two flasks (1.0 mL each). DTT or meso-DTA (5 pL of a 5 mM
solution in pH 6.0 aqueous imidazole buffer) was added to the
flask containing enzyme (f = 0). At various times, a b0-pl- aliquot
was withdrawn and added to an assaysolution (gb0 pL, pH 6.0,
0.1 M imidazole,2 mM EDTA, 10 mM MgCl2,2 mM ADP, 20
mM rrglucrne" 2 ml\{ NADP, 30 rnM phosphocreatine.hexokinase
(50 units/mL), glucrise-6-phosphate
dehydrogenase(Bb units/
mL)). The rate of increasein absorbanceat 840 nm was recorded.2l
Kinetics of Reactivation of Papain-S-S-Me. The papainS-S-Me was prepared as describedpreviously.!5 To assay22
for
the rate of reactivation of papain ciisulfide with DTT and
n"reso-DTA,we used a procedure similar to that described in ref
8.
Registry No. 1, 124-04-9;meso-2,1t17300-b1-7
: dl-2, 1BZg0052-8;meso -DTA dithioacetate, I 37300-53-I ; dl- DTA d ithioacetate,
137300-56-2; m.eso -DTA, 137300-54-0; mes o-DTAo', 13?300-5b-1;
dl- DTA.*, 13730G57-3; MEo', 1892-29-I;meso-2,* dibromoadipoyl,
137300-49-3;dl-2,5-dibromoadipoyl, 137300-b0-6;glutathione
disulfide. 27025-4l-8.
(20) The procedure was analogousto that of Walters and Gilbert:
Walters, D. W.: Giibert, H. F'. J. Biol.. Chem.1986, 26l. ISB72-I5977.
(21) Gerhardt, W. Methods of Enzymetic .4nol1,sis,Srd ed.; Bergmeyer,H. U., Ed.; Verlag Chemie: Weinheim, 1g8B;Vol.III, pp S08-b24.
(22) Mole, J. E.; Horton, H. R. Biochemistry tg7l, 12,416-SZZ.

