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Equilibriun constants(K"q) for the thioltisufide interchangereactionsbetweendithiothreitol
(DTT) and lipoic acid (14.2+ 0.7),lipoic acid (Lip) and mercaptoethanol
(13.3M * 1.0 M), and
mercaptoethanol(ME) and glutathione(GSH or GSSG)(1.20* 0.10)weremeasuredin D2Oat pD
7.0by 1H NMR spectroscopy.Tbo of theseequilibrium constantsIDTT and Lip (21.3* 0.9),and
Lip andME (8.6+ 0.7)l werealsomeasuredin DzO/CDeOD.Thesevaluesare comparedwith those
obtainedby other methods. A coherentset of valuesfor the equilibrium constantsbetweenDTT
or ME and thiols havinga rangeof structureswasassembled(Table III). The recommendedvalue
for the equilibrium constant betweenDTT and GSH is 210 M (K"q = [DTTo'l [GSH1z7
([DTT''d]IGSSGI)).
Introduction
The thioltisulfide
interchange reaction is important
to a number of subjects in biochemistry:3'4renaturing of
proteins with correct cystine connectivity,s understanding
mechanisms of action of enzymes and nultienzyme
compleres such as pynrvate dehydrog€Dngs,3,6,7
studying
conformations of biomolecules,&l2stabilizing proteins in
solution, 13'14
tracing refolding pathways for proteins, 15-2r
and maintaining redox potentials in assay systems. The
reducing strength of thiols in thioldisulfide interchange
is usually measured relative to a reference thiol/disulfide
pair in an equilibrium system, rather than by an absolute
measurement (e.9.electrochemical measurement of redox
potential). The literature now contains a number of
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discordant values for the equilibrinm constants of the
thioltisulfide
interchange reactions most often used as
reference systems: that is, those involving glutathione
(GSH), mercaptoethanol (ME), lipoic acid (Lip;, or
dithiothreitol (DTT). The differences in these values are
now being resolved through the effort of several groups,5ff
and a coherent set of reference values for equilibrium
constants is emerging. Some of the li+*rature values
(including somefrom our group) are wrong. It is apparent
how the errors in certain ofthese values arose;other values
are in disagreement with the corrected consensusvalues,
but the source of the disagreement is not obvious. This
paper reports new determinations of the equilibrium
constants involving DTT and ME, DTT and GSH, 8nd
ME and GSH, obtained using lH NMR spectroscopy. It
compares these values with values published elsewhere.
It also assemblesa number of equilibrium constants from
the literature, corrects errors in them, and presents a
coherent set of values.
Results and DiscuErion
Method. The principal objective of this work was the
determination of reliable values for the two equilibria
represented by eqs 1-2. We have determined these values
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by tH NMR spectroscopy, using one or two relays; that is,
we determined values of equilibrium constants between
DTT and Lip, between Lip and ME, and between ME and
GSH. The equilibria were approached from both directions, and in each instance gave similar values (Table I).
Figure 1 shows representative spectra.
Sources of Error. We measuredintegrals representing
peaks from each of the four species (two oxidized species
(25)Chau,M.-H.;Nelson,J. W. FEBS.Lett.l99t, 29I, 296-298.
(26)Rothwarf,D. M.; Scheraga,
H. A. &oc. NotI. Acad.Sci. U.S.A.
1992,89,
7944-7948.
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Tablo L &

bctrcor Lipoic Acid (Lil) rrl Morc.Dtoothrlol (ME) or Dithiotbt itol (Dm) |!d b.ttr.c!
.!d M.rc.ptoeth&ol (ME)

equilibrating
species

DTT
DTT
Lip
Lip
GSH

approrirnate
ratio [A]:[B]

Lip
Lip
ME
h/tE
ME

1:1
1:1
L:20
1:20
1:1

solvent

3D

lo

14.0
DzO
CDsOD/DzO 20.7
14.8M
DzO
CDgOD/DzO 9.1M
L.23
DzO

Gtut thioD. (GgE)

14.1
2L.4
12.7M
8.1 M
1.15

L5.2
22.3
13.1M
7.7M
L.27

averagee

13.7
2L.5
13.0M
9.0M
1.15

13.S
20.5',
13.0Md
8.9Md

L4.2+ 0.7
21.3+ 0.9
13.3+ 1.0M
8.6+ 0.7M
1.20+ 0.10

!
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Figure l. lH NMR spectrum of the equilibria between ME and
GSSG (I), ME and Lip (II), and Lip and DTT (IIIX a is GSH,
b is MEo', c is GSSG, d is MEd, e is Lipo', f is Lipd, g is MEo',
h is Dff'"d, i is DTTb', j is Lipo', and k is Lipd * Lipo'. The
peaks denoted in each spectrum are thoge used to determine the
equilibritrm constants using procedures described in detail in
the Erperimental Section.

and two reduced species)to eliminate errors due to
adventitioug air oridation and due to uncertainties in
weighingmaterialsand measuringvolumesof solution. In
someinstances,where it was not possibleto identify a
for a species,
conplete nonoverlappingset of resonances
the integral of the speciesof interest wasdetermined by
subtracting one integral from another or by integrating
the portion of the resonancethat wasobservable(seethe
Erperimental Section). To minimize the uncertainties
introducedby subtracting integrals,wejudiciously chose
the initid concentrationsof the equilibrating species.2?
As a check on the consist€ncyof the integration, the
gummationof the integralsof onecompoundin its oxidized
andreducedgtate(i.e.Lipo' + Lipd) wascomparedto the
summationof the integrals of the other compoundin its
oridizedandreducedgtate(i.e.MEo'+ ME'd). Thie ratio
waswithin *t5% of the ratio cdculated usingthe initial
weights of each compound and the number of protons
contributingto eachintegral. Theaeresidualdiscrepancies
betweenthe eummationof the integrsls and the weights
(2?)For the equilibrationsof DTT and Lip, and GSSGand ME, the
ratioe of initial concentrationswere elightly g3eaterthan 1. ln the case
of DTT and Lip, thig would mi"ir',ize the [Lipo'] substractedfrom
(se€the Erperimental Section). In the caseof GSSGand ME,
tmTq
this would allow the result to be doublecheckedby intcgrating (tGSSGl
+ tGSMEl) and (tMEo'l + IGSMEI) and ehowingtbat they were
approrinately equivalent;thereforeK.q = ([GSHI/[ME "a1)z.

could arise from errors in weighing, absorption of water
by the starting materials, errors in syringe volu.mea,or
errors in the integration. It was essential to allow a
sufficient delay time between pulses to avoid marginsl
differentid saturation of the signals being integrated: we
used delays of 40 s. The precision of the measurement of
the equilibrium constant was, in the worst case,+8% at
the 95Vo confidence level. The error in the accuracy of
the equilibrium constaDt measurement is slightly greater
than the precision due to systematic errolt in the integrals.
Conttants. Table II gummarizeg
Equilibrium
values of equilibrium congtants obtained by ug and by
Our valueg obtained by lH NMR specetr[s8.16,25,26,2&30
are
in good ag:reementwith the vduee of
trccopy in DzO
Chau and Nelsons and of Rothwarf and Scheraga26
obtained in HzO which are based on HPLC analysis. We
erpect the values of K* (eq 1) obtained in D2O and HzO
to be very similar.3l
In the HPLC measurements, the equilibrium mirture
between DTT and GSH wagquenched with acid or methyl
methanethiosulfonate (MMTS) and loaded onto a C-18
HPLC column. The eluents were detected by a UV
detector and a disulfide detection system. Using the
extinction coefficients of the compounds at 210 n- and
the relative area of the p€alrs, Rothwarf and Scheraga26
calculated the equilibrium const€nt between the thiol and
disulfide. ID this method, the quenching of the reaction
mixture is critical and potentially problematic; excha''ge
that takes place during this step may cause a systematic
error in the final equilibrium congtant. Historically the
quenching of thiol-digulfide reactions has been difficult,rs
but with MMTS, a kinetically fast queashing reagent, the
systenatic error in the above systen ig legsthan 5%.4#2
The values of Houk and Whitesidesa have been
corrected for a consistent error of 1S in the original paper.
(This error resulted from a migtake in manipulating units;
M was ueed instead of mM in a key calculation.) Thig
(28) Houk, J.; Whiteeides,G. M. J. Am.Chem. Soc. 1987, 109,ffiz56836.
(29) Szajewski, R. P.; Whitesides, G. M. J. Am. Chem. Soc. 19t0, 102,
20Lt-2026.
(30) Cleland, W. W. Biochemistry 1964, 3, 48f482.
(31) The pK" of a thiol is approrirnately 0.5 units higher in D2O tban
in HzO. Hence, when the pH of the equilibrium mirture is close to the
pK" of the thiol, the reeulting NMR epectra in DsO and HzO could be
ionsiderably differenL The value of K* for eq 1 ehould, bowever, be
conetant regardlese of pH (only the protonated forms of the thiol are
involved in the equilibrium expreesion). The loweet p& (HzO) of the
thiols used in this paper is 8.7 (glutathione). See: Keire, D. A.; Straus8,
E.; Guo, W.; Noezal, B.; Rabenst€in, D. L. J. Org. Chem. 1992,57, Lz3L27.
(32) We erpect the eyatematic error r:sing thie aseay to be greateet
with l,3-dithiole since l,3-dithiole form dieulfides with &membered ringu
at a faster rate (20 times) than 1,4-dithiols fotn dieuffidea with &membered
ringe. See: Singh, R.; Whiteeidee, G. M. J. Am. Chem. Soc. 199), II2,
6304{309.
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Table II.
RSHor
HSR'SH

Lees and Whitesides

Values of Equilibrium

Conetante for the Reaction of Mono- or Dithiols with Disulfides

R"SSR"
or SR"'S

DTT
DTT
DTT
DTT
LiP'*
DTT

Meor
Meor

Med

GSSG

DTT
DTT

cyetine
GSSG

DTT
DTT
Me'd
DTT

GSSG
lipoamide
GSSG
MEo'

GSSG
GSSG
GSSG
Lipo'

K*o

2OO
M
190M
230M
L4.2
13.3M
190M
1.20
13000M
1160M
(390M)d
8800 M
15
L.2
94M

method

conditions
Current Values (Published f ggl-92)
HPLC
pH 7.0,0.1M Tris, b0 mM P;,0.2M KCI
HPLC
pH 7.0,0.1M Pi
NMR
pD 7.0,0.1M Pi
NMR
pD 7.0,0.1M pi
NMR
pD 7.0,0.1M pi
NMR
pD 7.0,0.1M Pi
NMR
pD 7.0,0.1M Pi
Previor,rsValues (Published prior to 1991)
enzymatic
pH 7.0,0.2M pi
electrophoretic
pH 8.?,0.1M Tris,0.2 M KCI
enzlmatic
enzynatic
enzymatic
NMR

pH 7.0,2f50 mM P;
pH 7.0,2f50 mM P,
pH 7.0,20-50mM Pi
CDgOD/DzO(pD ?.0,50mM Pi)

Chau and Nelsons
Rothwarfand Scheraga%
this work, derived constantb
thig work
this work
this work, derived const+ntb
thie work
Clelande
Creighton and Goldberg,
derived const'nn1l6'b
Szajewrki and Whitesidests
Szajennki and Whitceideea
Szajewakiand Whitridesa
Houk and Whitceides28
(cprrected).

=
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€Hl,/
?,,.
' Tbere
(.._"nntttsHP-lR'ssR'1).
val'eewere
notpeasured
direc*iy
anrti"quiiii -Jiipri,ug t*
or
equililriuu
coo"tarte,
MErccuatff.q(DTT'
Lip)
!d,
urtiptied
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i1i1{<"elorr'
orro"ro

erlErDarca.Deltor i! D&ipulatiDg units. d Corrcctedto pF f.d ugUga pX.tGSX)

valueof 94 M for the equilibrium betweenDTT and ME
differs from the value of 180M obtained in this paper by
approrim,ntelya factorof 2. The valuefor the equilibrium
constantbetweenDTT and Lip obtained by Houk and
whitesides(1/(0.04t1
+ 0.002)or 20.9+ 0.8i is indistinguishablefrom the value obtainedin this work (21.g*
0.9)' but the valuefor the equilibri'm constantbetween
ME and Lip (g.S+ 1.0 M) is different from the value
obtainedin this work (8.6+ 0.?M). This differencecould
be due to an underestimationof the error involved in
calculatingthe concentrationof Lipo' from the concentration of MEq at equilibrium andthe initial concentration
of lipoic acid, or due to adventitious oxidation of the
mercaptoethnnol
(ca.0.4%would be required).
The resultsof SzajewskiandWhitesidespandCletarrdeo
wereobtainedby enzlmatic assays,in which the concentrations of thiols were coupledthrough lipoamide and
lipoamide dehydrogenaseto the reduction of NAD+.
Although the value of KeqbetweenDTT and glutathione
or cygtinefrom thesetwo gimilar assaysare irreasonable
agreement,
weconclude,basedontheir disagreement
with
the more direct NMR and HPLC assays,that both are
incorrect. The values for the equilibrium constants
betweenDTT and liponmide,and betweenGSH and ME
obtainedin the lipoamide/lipoanidedehydrogenase
assy,D are indistinguishablefrom the valuesobt io.d io
lh!1_wor\by NMR with DTT and lipoic acid (Lip), 8nd
GSH and ME. This observationsuggeststhat the error
originates in coupling the reduction of Lipor to the
oridation of GSH or ME. Theseenzlmatic assaysare
complicated,and we have not traced the sourc. of th.
systematicenor in them. one suggestionis that the
lipoamidedehydrogenase
maybeinactivatedor inhibited
beforethe reactionhasreachedeeuilibrirrrn.26
The valuesof K* determinedby Creightonand Goldenbergt6werebasedon the ratios of the iates of reaction
of DTTb' or DTThd and GSSGor GSH with reducedor
oridizedbovinepancreatictr.lpsin inhibitor (BpTI). We
q{usted the value of the equilibri'm congtant between
DTT and glutathioneobtainedby Creightonand Gold_
enbergat pH 8.? q_e = 1160M), usingvaluesof the pK"
of DTT (9.2)and GSH (8.?),sothat it couldbe compared

""toe

oi a.Zaoa FK.tOfn iJue o,fb.Z."
"

directly with the values of the equiribriun constant
obtainedat pH ?.0usingthe NMR and HpLC methods.
Afberadjustme"!, !\. equilibrium constantobtainedby
equilibration with BFTI (K"q = 390M) i8 within a factoi
of 2 of the results obtained by methods basedon NMR
spectroscopy
and HPLC. This residualdifferencereeults
from possibleerrom related to quenchingof the thioldisulfi deinterchangereactionwith iodoacJtate,lsor other
unidentified experimentalerrors.
The recent results using HPLC2s,Z;and the NMR
spectroscopicassaysdescribedhere provide the moet
accuratevaluesof the K* betweenDT,T and GSSGnow
available.The precisionof eithert11pe
of assayfor a single
mearlurement
is *t0% at the g5% confidencelevel. Due
to the similaritiesin precision,eachtechniqueshouldbe
asaccuarteasthe other for a singleset of measurements.
The NMR spectroscopicassayrequiresthree separatesets
of measurementsto generatea valueof K* betweenDTT
*q gSq_(K* betweenDT'T and Lip, K* betweenLip
and ME, K* betweenME and GSSG). B".aue" threl
separatemeasurenentsare required,the resultingvalue
is inherently slightly less accurate (+Lg% based on
propagatingerrors) than the value of K* obtained from
the HPLC assay,which requiresonly one'setof measurements (K* betweenDT'T and GSSG),providedthat the
systematicerron in both tlpes of assaysare equal.
_TheNMR spectroscopicassayhas, however,several
advantagesrelativeto the HPLC assay:it measuesthe
equilibrium in situ, without quenchingof the reaction
mixture; it doesnot rely on the calcurationof ertinction
coefficients;and it is less susceptibleto enors due to
oridation durign manipulations. This assay also has
severaldisadvantages:it has a smaller dyroamicrangeof
K* valuesfor a singleset of measurementsthan doel the
HPLC method; to be useful, it must have at least one
distinguishableresonancefor eachspecies.
In s'nmary, the three bestvaluesnow availablefor the
equilibrium constantbetweenGSSGand DTT are200M
from Chau and Nelson; 190 M from Rothwarf and
Scheraga;230 M from this work. There is still a 20%
differencebetweenthe high and the low varues,but there
is no obvious basis for choosingnmsng them, or for
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believingthat oneis intrinsically nore acctuatpthsn the
othen. iVe intend to usethe averageoftheeethreevalues,
K"q = 210 M, in our future and preaentwork.
Collectad Valuer fron the Lit rature. Table Itr
collectga nunber ofvaluesfor equilibrium clrstonts from
the literature, cogects errors in-thesevalues,and adjusts
then (if needed to the consensusvaluesof equilibriun
of theee
constarts for ref€rencereactions. The najority
values are from Houk and \flhitesides.a Many of the
valuesin that paper weresysteinaticallytoo large by 103
Table III.
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Table III (Continued)
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and mercaptoethanolin water (1.2). Hencewe futher
adjustcdthe referencevalueof Keq(DTT, MEo') for the
data of Houk and Whitesidesto 1b0M.
The Formal Reduction potentiar of Glutathione
Disulfide. we estimatedthe formal reductionpotential
ofglutathionedisulfide(E",(GSSG),
pD ?.0,0.10I\i NapO4)
to be{.252 V in
(Lip, MEo') andK"q (ME,
Pr9, rryingK* 'Ed
for lipoic acid ib.288
9SSG) in Dzo (TableI), and
V).P Due to solventeffects,the valueoiK"q (Lip, MEo,;
iLOrO (13.3M) is differentfrom the valueof K"q (Lip,
MEo') in DzO/CDgOD(9.6 M). This differenceln the
valuesof K* (Lip, MEo')in DzO/CDgOD
andin DzOwould
result in different valuesof E.,(GSSG)in thesesolvents.
Since-K* (ME, GSSG)wasonly measuredin D2O(Table
I) and not in DzO/CD'OD,we havenot includeda value
for Ed(GSSG)in DzO/CDaOD
in Table III (mostof the
equilibriumconstantsin TableIII weremeasuredin Dzo/
CDsOD).
Choice of D' for NAD+ and for Lipoic Acid. A
numberof different valueshavebeenreportedfor the Ed
value6f |r[!+-ea of thesevalues,thJmost commonly
referenced,but not necessarilythe most accurat€,is the
valueof Burton and Wilson({.320 V at 25 og;.zs,eo,ar-rz
^ (33)Clqlke, W. M, O-zidation-Reductionpotentials of Organic
Sys{ens;lVilliameand Willlns: Baltimoie, 1960;pp 4g9-496.- '
{?11pufrgr,-K. ; Wils-on,T. H. Biochen.',t. iii{,7 i,- fr.4i:
of Biochemitry',iii"a.;Sober,
_- (35)Loach,P. A. InCBC Handbo_ok
H. 4.. B.i Th" ChemicarRubberCo-iay,- Ci.;;6h;-19i0,'i"l-gg.
(36)W4sh,C.T. EnzymaticReactioi Liechanis-r;Vi'_U.fi""-*
and Co.: NewYork, 19?9;p 813.

s"r",,E:i.;ird.;i;'c;-riiii,*",

co_"..r"

Anothervaluethat is lesscommonlyusedis thatof Rodkey
({.311 Y at 25 oC;.ss'ssTo easethe comparison of the
results obtained in this paper with previous values, we
chose to use the value of {.820 V for .E", (NAD+).
The value of Keqbetween lipoic acid (and/orlipoamide)
and NADH has been measured by several gtoup-s,2e,83,,t0,41
and the consensusvalue for this equilibriim constant is
0.086(pH = 7.0and 25 " C;this value of K* is for lipoamide,
but liponmide and lipoic acid are stated tolave verysi-ilar
if not equal values of Ed and thus of K*;.as,o The
calculatcd value of Ed(lipoic acid) is thus +.Zgg V. We
usedthis value of {.288 v forEd of lipoic acid asa standard
to calculate the other values of Ed listed in Table III
(Ed(compound of interest) = fo/(tipoic acid) -O.02g
Sg
log (K.q (compound of interest, Lip)). The measurements
9f Ed(lipoic acid) were done in Hzo and solvent effects
have not been taken into consideration. The systematic
error in these values of Eu could be on the order of 0.01
V due to the uncertainties mentioned above.
Conclusion
The values obtained from the HPLC 8esay25,ze
*d from
the NMR assayfor the K* between DT'T and GSSG are
t!!) {ocgJrn,P. C. Eur. J. Biochem.tg6?,2, BZZ-ggt.
tl9l F"_aFv,{. L. J. Biot.Chem.l95s,pJJ, 777-7ffi.
J. Biot.Chem. rgsg,zJ4, t88-190.
!l9l Foa\..v,_F._L.
(40)
Sanadi,D. R.;Langley,M.; Searls,ft. t ..L CfoI.-Cn"^.1969,zJ4,
._
L78-L82.
(4t) M""r.t, Y. Biochim.Biophys.Ada 1g60,gZ, g14_g26.

Equilibrium Conetantsfor Thiol-Disulfide Interchange Reactions

200M *, t0%,25190M + 9%,26
and230M + L3%. The
similarity of these three numbers measured by two
completelyindependentmethodsprovidesstrongsupport
that they are accurate indicators of this important
equilibrium congtant. We suggestthat the value of K*
(DTT andGSSG)beconsideredto bethe averageof these
three values: 210M.
Experimental Section
Creneral. Measurements of equilibrium constants were carried
out under an atmosphere of 8rgon. Deuterated solvents were
obtained from Cnmbridge Isotopes Limited. Other chemicals
wereobtained from Sigma ChemicalCo. orAldrich Chemicd Co.
Mercaptoethanol was further purified by distillation. rH NMR
spectra were recorded with a 90o pulse width, 64 scans,and a 40-s
receiver delay (5 times the value of ?r of the slowest relaxing
resonances(reduced mercaptoethanol)).
Thiol Equilibratione.
General. Deuterated phosphate
buffer was prepared by dissolving phosphoric acid (10 mmol,
1.19 g, 85% D3POr in DzO) in ca. 50 mL of D2O, adjusting the
pD to 7.02 with NaOD (30% solution in DzO),and diluting with
D2O to a final volume of 100 mL. The deuterated phosphate
buffer was then deoxygenated by bubbling argon through the
solution for 2 h.
Equilibrium experiments were carried out in 5-mm NMR tubes,
which had been sealed with a septum and flushed with argon
before the addition of the solutions. The tubes were stored under
an atmosphere of argon for 24-48 h, before an NMR spectrum
was acquired.
f,:rnrnple of aProcedure for Measuringthe Equilibrium
Experinent.
Lipoic acid (oridized or reduced, ca. 13 mg) was
added to a 5-mL flask. The flask was sealed with a septum and
flushed with argon for 10 min. Phosphatc buffer (3.0 mL) was
then added and the mixture sonicated for 10 min to dissolve the
lipoic acid. The sonicated lipoic acid solution (2.0 mL) was added
to a 5-mL flask containing dithiothreitol (reduced or oxidized,
ca.6 mg) under an atmosphere of argon. After swirling for 3 min,
0.5 mL of this solution was added to each of two NMR tubes, one
containing 0.5 mL of CDgOD and the other containing 0.5 mL
of phosphate buffer.
The equilibrium experiments were repeated twice from each
direction in each solvent. The experiment in one instance was
also performed with half as much oxidized dithiothreitol as the
general procedure (see Table I).
Integration of rH NMR Signals. To determine the K*
between DTT and lipoic acid in DzO, we determined the relative
concentration of each species using the areas of the following
NMR resonances: ,t[Lip"'] = (area of Lipo' resonance at 2.51
ppmI h[Lip'd] = ((area of Lip resonanceat 2.05-1.90 ppm)/2
- [Lipo']); &tDTT"'l = ((area of DTTb'resonance at 3.68 ppm)/
2X ,t[DTI""a] = ((area of DT'Thd resonanceat 3.75 ppm)/2 fr[Lip"']/2), where ft is the proportionality constant linking the
(42) The pH meter reading in D2O buffer was corrected (pD = pH
meter reading + 0.4): Glascoe,P. K.; Long, F. A. J. Phys. Chem. 1960,
64, 188-190.
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area obtained from the NMR integral to the concentration of the
speciesin solution. The correction due to &[Lip-] or A[Lip"']/2
were always less than 35% of the final value of h[Lipd] or
h IDT'T'd], respectively.
To determine the K* between DTT and lipoic acid in CDr
OD/DzO,we determinedthe relativeconcentrationof eachspeciee
using the areas of the following NMR resonances:ft[Lipo'] =
area of Lipo' resonanceat 2.49 ppm; ftll,ipd] = ((area of Lip
resonanceat 1.98-1.87ppm)lZ- &[Lip"']); A[DTTb'J = ((areaof
DTT.'resonance at 3.59ppm)/2);etDTTdl = ((areaof DTTH
resonanceat 3.71 ppm)/2).
To determine the K* betweenME and lipoic acid in DzO,we
determined the relative concentration of each speciesusing the
areas of the following NMR resonances: A[MEd] = ((area of
ME'"d resonanceat 2.70 ppm)/2); &[ME-] - ((area of MEo'
resonanceat 2.92 ppm)/4); fr[Lip"'] = ((area of Lipo' resonance
at 3.25 ppm)/2); fr[Lipd] = (ar€s of Lipd resonanceat 3.04
ppm). The concentration of MEd at equilibrium wasdetermined
from the ratio of frlME'd] to ft[ME-] and the sum of the initial
concentrations ([MEred] + [MEo']).
To determine the K* between ME and lipoic acid in CDrOD/DzO, we determined the relative concentration of eachspecies
using the areas of the following NMR resonances: ,t[ME'"4] =
((area of ME'd resonanceat 2.63 ppm)12);&[ME-J = ((area of
MEo' resonance at 2.86 ppm)/4); &[Lipo'] = ((area of Lipo'
resonanceat 3.25 ppm)/2); ft[Lip'd] = ((area of Lip resonance
at 1.92ppm) - &[Lip"']). The ratio of [Lipd]/[Lipo'] wasabout
1.0except when twice the normal concentration of ME was used.
The concentration of ME'd at equilibrium was determined from
the ratio of fr[ME'"d] to etMEo'l and the sum of the initid
concentrations ([ME'd] + [ME-]).
To determine the K* between ME and GSH in DzO, we
determined the relative concentration of each speciesusing the
areas of the following NMR resonances: k[ME d] = ((area of
ME*d resonanceat2.70 ppm)/2); lt[ME-] = (ares of downfield
peak of MEo'resonance at 3.8? ppm)i etGSHl = (ar€s of GSH
resonance at 4.58 ppmX fttGSSGl = (1.10(area of the two
downfield penks of GSSG resonance at 3.31 ppm)). The factor
of I .1 was introduced to counteract the leaning of the peak towards
higher field. The fac'tor of 1.1 wasderived from an NMR spectrun
of GSSG taken under identical conditions.
Calculation of K"q. The K* values were calculated using
standard equations and the relative concentrations obtained from
the NMR integrals.
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