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ABSTRACT: Glutathione reductase catalyzes the reduction of glutathione disulfide by NADPH. The FAD
of the reductase is reduced by NADPH, and reducing equivalents are passed to a redox-active disulfide
to complete the first half-reaction. The nascent dithiol of two-electron reduced enzyme (EH2) interchanges
with glutathione disulfide forming two molecules of glutathione in the second half-reaction. It has long
been assumed that a mixed disulfide (MDS) between one of the nascent thiols and glutathione is an
intermediate in this reaction. In addition to the nascent dithiol composed of Cys45 and Cys50, the enzyme
contains an acid catalyst, His456, having a pKa of 9.2 that protonates the first glutathione (residue numbers
refer to the yeast enzyme sequence). Reduction of yeast glutathione reductase by glutathione and reoxidation
of EH2 by glutathione disulfide indicate that the mixed disulfide accumulates, in particular, at low pH.
The reaction of glutathione disulfide with EH2 is stoichiometric in the absence of an excess of glutathione.
The equilibrium position among Eox, MDS, and EH2 is determined by the glutathione concentration and
is not markedly influenced by pH between 6.2 and 8.5. The mixed disulfide is the principal product in the
reaction of glutathione with oxidized enzyme (Eox) at pH 6.2. Its spectrum can be distinguished from that
of EH2 by a slightly lower thiolate (Cys50)-FAD charge-transfer absorbance at 540 nm. The high GSH/
GSSG ratio in the cytoplasm dictates that the mixed disulfide will be the major enzyme species.

Glutathione was discovered by F. G. Hopkins in 1921 (1).
The glutathione-glutathione disulfide couple is present in
most cells at a higher concentration than any other thiol/
disulfide pair (2). Following elimination of glutathione as a
hydrogen carrier to oxygen in 1922 (3), a consensus gradually
emerged that it maintained the thiol-disulfide potential of
the cytoplasm via thiol-disulfide interchange and that this
was important because many enzymes were activated and
deactivated via thiol-disulfide interchange (4). Glutathione
also reduces harmful hydrogen peroxide, produced by the
action of glutathione peroxidase. The glutathione-glu-
tathione disulfide couple is maintained largely in the reduced
state by glutathione reductase and the glutathione-glutathione
disulfide ratio is between 20 and 1000 depending on cellular
conditions (5).

Catalysis of cellular thiol-disulfide interchange reactions
was not clear until only relatively recently, as enzymes
catalyzing these interchanges, protein disulfide isomerase
(PDI) in eukaryotes and DsbA inEscherichia coli, were
discovered. In the past few years, a more complete under-
standing of the relationships between cellular thiol-disulfides
has emerged (6). An important insight is that mixed disulfides
are intermediates in the reactions and can accumulate (7-
10). Thus,

Attack on the disulfide by the thiolate usually favors one
sulfur or the other, and this is determined chiefly by the
relative electrophilicity of the two sulfur atoms in R-S-S-R′
(10-16). That is, if R and R′ impose differential electro-
philicity on the two sulfurs, the disulfide bond will be
polarized influencing which sulfur is attacked by the nu-
cleophile. An extreme example of this is the mixed disulfide
R-S-S-TNB, where TNB-S is 5-thio-2-nitrobenzoate and R-S
is a cysteine residue within a protein. In an attack on this
mixed disulfide by another cysteine residue, TNB-S- will
be the leaving group in almost all cases, since the nitroben-
zoate is more electron withdrawing than most proteinmilieux.
PDI and DsbA contain reactive thiols that participate directly
in the catalysis of interchange. Thus, mixed disulfides
between the enzyme and the substrate are intermediates in
catalysis (7-9).

The flavoenzyme, glutathione reductase, contains a redox-
active disulfide that is reduced by NADPH via the flavin,
constituting the reductive half-reaction. The resulting dithiol
reacts with the second substrate, glutathione disulfide,
yielding two molecules of glutathione in the oxidative half-
reaction. It was assumed that a mixed disulfide would be an
intermediate in the oxidative half-reaction (17, 18). Direct
evidence for the mixed disulfide was provided by X-ray
crystallography using crystals soaked with glutathione (19,
20) and by chemical modification (21). Glutathione reductase
belongs to the pyridine nucleotide-disulfide oxidoreductase
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family which includes lipoamide dehydrogenase and thiore-
doxin reductase. Glutathione reductase differs from the other
two enzymes in that two molecules of the monothiol
glutathione are produced, whereas in lipoamide dehydroge-
nase, the substrate is a dithiol and, in thioredoxin reductase,
the product is a dithiol.

The reaction catalyzed by glutathione reductase shows
ping-pong steady-state kinetics (22), but under the nonphysi-
ological condition where the ratio of glutathione disulfide
to glutathione is high, a ternary complex mechanism applies
(23). In two-electron reduced enzyme (EH2)1 at equilibrium,
a charge-transfer complex predominates; one of the nascent
thiols (as a thiolate), referred to as the charge transfer or
proximal thiol, is the donor, and FAD is the acceptor in this
complex (24). This species can be detected by its absorbance
beyond 540 nm where the oxidized and fully reduced enzyme
(EH4) has little absorbance. The other nascent thiol referred
to as the interchange or distal thiol initiates the dithiol-
disulfide interchange with glutathione disulfide that involves
a transient mixed disulfide between glutathione and the
interchange thiol (18-20).

The acid-base catalyst of the interchange, a histidine
residue paired with a glutamate, is seen in the crystal
structures of lipoamide dehydrogenase and glutathione re-
ductase (25, 26). The primary function of the acid catalyst
in glutathione reductase is to protonate the first departing
molecule of glutathione, inhibiting the back-reaction, attack
of glutathione thiolate on the mixed disulfide (21). A
secondary function of the base is in the electron transfer from
reduced flavin to the disulfide by stabilizing the thiolate-
flavin charge-transfer complex (27). Thus, including the
active center acid catalyst, there are three, closely linked,
dissociable side chains in two-electron reduced glutathione
reductase. These are, respectively, in the yeast, human orE.
coli sequences: the interchange thiol, Cys45, Cys58, or Cys42;
the charge-transfer thiol, Cys50, Cys63, or Cys47; and the acid
catalyst, His456′, His467′, or His439′, paired with Glu461′, Glu472′,
or Glu444′ (28-30).

In yeast glutathione reductase, a pKa value of 3.7 (EH3
+

to EH2 transition) has been assigned to Cys50 based on its
charge-transfer behavior in enzyme having Cys45 alkylated
(31), and a pKa value of 9.2 (EH- to E2- transition) has been
assigned to the acid-base catalyst, His456′, from both
absorbance and kinetic properties (31, 32). The EH2 to EH-

transition of yeast enzyme could be associated with pKa

values of 6.2-8.4 (18, 31-34). The pKa values associated
with glutathione reductase have been summarized (24, 34).
The three groups have pKa ranges that vary widely. While
lipoamide dehydrogenase cycles in catalysis only between
Eox and EH2 (35), glutathione reductase from yeast cycles
either between Eox and EH2 or, less efficiently, between Eox

and EH-.2

The high ratio of glutathione to glutathione disulfide in
the cell suggests that the mixed disulfide may be a major
form of the enzyme. We have therefore sought to evaluate

potential accumulation of the mixed disulfide in a study of
the reaction of two-electron reduced glutathione reductase,
EH2 with glutathione disulfide, as well as the back reaction
of Eox with glutathione. In an effort to better understand the
acid-base dynamics, we have investigated the equilibria as
a function of pH.

MATERIALS AND METHODS

Materials. Yeast glutathione reductase was prepared as
previously described (34). GSH, free acid, and GSSG were
purchased from Sigma. All other reagents were of the highest
quality available.

Solutions. The buffers have been described (34). Enzyme
concentrations were 12-45µM. Concentrated stock of yeast
enzyme was stored in 25 mM Na/K phosphate, 0.3 mM
EDTA, pH 7.6. Large supplies were kept frozen. Changes
to the desired pH and buffer concentrations were made either
by diluting a highly concentrated stock of enzyme with the
desired buffer or by passage through a Bio-Rad Bio-Gel
P-6DG desalting column equilibrated with the desired buffer.
GSH, free acid form, was dissolved in the desired buffer
then titrated to the same pH as the enzyme using NaOH.
Quantitation of the thiol titer was determined using DTNB.
GSSG in the GSH solutions varies from prep to prep but is
always less than 2%; it was not removed. This GSSG was
shown to have very little influence on the subsequent
experiments. Solutions of GSSG were dissolved in the
desired buffer.

Reduction of Glutathione Reductase with GSH( GSSG.
Oxidized enzyme was added to a cuvette having a syringe
port, and a stopcock and the solution was made anaerobic
using alternating cycles of vacuum and nitrogen (36). A
gastight Hamilton syringe was used to add an appropriate
concentrated solution of anaerobic GSSG into the enzyme
solution. A separate solution of GSH∼50-100 equiv/20µL
was also made anaerobic and was titrated into the enzyme/
GSSG mixture. The mixture was allowed to equilibrate
between additions. Equilibration was determined by follow-
ing the absorbance change at 540 nm until no further change
could be detected. A Perkin-Elmer Lambda 6 UV spectro-
photometer was used to monitor the reaction at 20°C.

Oxidation of Two-Electron Reduced Glutathione Reductase
with GSSG( GSH.Yeast glutathione reductase was reacted
with a 50-fold excess of DTT for 30 min, then applied to a
2 × 24.5 cm Sephadex G-25 desalting column equilibrated
in the desired buffer to remove the excess thiol reagent. The
concentration of reduced enzyme was determined from the
extinction of the free FAD following guanidinium chloride
denaturation. Extinction values for full EH2 formation were
derived from previous dithionite titrations (18), and theε540nm

for Eox was taken to be 200-300 M-1 cm-1. Samples of
DTT-reduced enzyme were monitored for aerobic stability
for 48 h in a separate experiment and showed only minor
reoxidation. Glutathione reductase from yeast has the lowest
oxidase activity among the enzymes of this family (24).
Titrations were performed under anaerobic conditions as
described for the reductive half-reaction modified such that
an appropriate concentrated solution of anaerobic GSH was
titrated into the reduced enzyme prior to titration with GSSG.
Oxidized glutathione was added at∼1 equiv/10µL.

Redox Potential of the Glutathione-Glutathione Disulfide
Couple. A wide range of values exist in the literature for

1 Abbreviations: GR, glutathione reductase; GSH, glutathione;
GSSG, glutathione disulfide; Eox, oxidized enzyme; MDS, enzyme
mixed disulfide with glutathione; EH2, two-electron reduced enzyme;
EH4, 4-electron reduced enzyme; DTT, dithiothreitol; DTNB, 5,5′-
dithiobis-(2-nitrobenzoic acid); SVD, singular value decomposition.

2 Veine, D. M., Arscott, L. D., and Williams, C. H., Jr., unpublished
results.
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this redox couple. These have been “analyzed in retrospect”
(24). We used a value of-234 mV at pH 7.0 and 20°C.
We have also used a value of 1.4 mV/°C for the standard
hydrogen electrode to correct from the temperature of
measurement to 20°C (37). We are not aware of any
systematic study of the influence of temperature on thiol-
disulfide systems; a more extensive discussion of this
deficiency will be found in Lennon and Williams (38).

Data Analysis.Spectral analysis of titrations were per-
formed using a singular value decomposition (SVD) algo-
rithm provided in SPECFIT software, a product of Spectrum
Software Associates, Chapel Hill, NC.

Equilibrium and Model Equations.For Scheme 1,

the eqs 1-4 are employed, where eq 1 is the equilibrium
expression for the half-reaction of glutathione reductase with
glutathione. The minus sign associated with the above
equilibrium constant signifies the reverse physiological
reaction; the absence of a minus sign indicates that the
physiological half-reaction is under consideration (reoxida-
tion of EH2 with GSSG). Thus:K-eq ) 1/Keq. [GSHi] and
[GSH] are the initial and free equilibrium concentrations of
GSH, respectively. The amount of GSSG formed is assumed
to be equal to the amount of EH2 formed.

The observed extinction at 540 nm,ε540nm,obs, contains a small
contribution from Eox and a large contribution from EH2.

For Scheme 2,

a mixed-disulfide (MDS) forms as a discrete intermediate
species between Eox and EH2 and is the intermediate in the
dithiol-disulfide interchange between Cys45 and GSSG.
GSH-I and GSH-II are from the nomenclature of Pai and
Schulz (19). GSH-I is bound on the same monomeric unit
as Cys45. GSH-II, however, is seen in the crystal structure
to be primarily bound via salt linkages with residues on the
adjacent monomeric unit at the interface of the two mono-
mers. As with any pair of reactions having a common
intermediate, MDS, the following equilibria are linked:

The product ofK-2 andK-1 yields anappK-eq for the reductive
half-reaction of Scheme 2, and its value may or may not
equalK-eq of Scheme 1, this being apparent only after the
appropriate models have been evaluated.

The concentration of GSH total is equal to the amount of
GSH added plus the amount of MDS and EH2 calculated.
The amount of [GSSG] total, for example, as seen on the
x-axis of Figure 5, is equal to the amount of GSSG added
plus the amount of Eox and MDS calculated. The amount of
GSSG free, on the other hand, for the inclusion into the
common denominator in eqs 9-11 (below) is computer
generated from 0 to 300µM for 100 data points which covers
the entire spread of the titration experiment. Using eq 8 to
solve for the equilibrium concentration of each species from
eq 5 and 6, yields eq 9-11, where the common denominator
is equal to

For eq 12 to be useful, the assumption is made that the
spectra of MDS and EH2 can be distinguished.

RESULTS

Reduction of Glutathione Reductase with GSH( GSSG.
The physiological product of the reaction catalyzed by
glutathione reductase, glutathione, is also capable of reducing
oxidized enzyme (Eox) (22, 24). Figure 1 shows typical
titrations of oxidized glutathione reductase with GSH, at pH
6.3 and 8.4, respectively. An increase in absorbance at 540
nm appears, indicating the formation of the thiolate-FAD
charge-transfer complex, the predominant species in two-
electron reduced enzyme, EH2 (Scheme 3, species I). Since
the donor of the charge-transfer interaction is a thiolate, the
extinction coefficient of the complex is pH dependent as seen
by comparing the two titrations (18, 31). The four isosbestics
in the spectra for the low pH titration indicate that there are
only two species present. However, in the titration at pH
8.4, the isosbestic at 353 nm is not maintained, and this
suggests the presence of an intermediate, perhaps a mixed
disulfide (MDS).

The analysis that follows will show that Scheme 1 (lacking
a MDS) is inadequate to describe the data even at low pH.
A plot of the extinction values at 540 nm vs [GSH] shown
in Figure 2, panels A and B (closed circles) conforms to a

Scheme 1

Eox + 2GSH798
K-eq

EH2 + GSSG

K-eq )
[EH2][GSSG]

[Eox][GSH]2
(1)

[GSH] ) [GSHi] - 2[GSSG] (2)

[Et] ) [Eox] + [EH2] (3)

ε540nm,obs) [ε540nm,Eox
(Eox/Et)] + [ε540nmEH2

(EH2/Et)] (4)

Scheme 2

Eox + GSH-I798
K-2

MDS

MDS + GSH-II 798
K-1

EH2 + GSSG

K-2 )
[MDS]

[Eox][GSH]
(5)

K-1 )
[EH2][GSSG]

[MDS][GSH]
(6)

K-2K-1 ) appK-eq (7)

[Et] ) [Eox] + [MDS] + [EH2] (8)

{GSH+ [GSSG/(GSH× K-1K-2)] + (GSSG/K-1)}

[Eox] ) {(GSSG× Et)/(GSH× K-1K-2}/Denominator
(9)

[MDS] ) {(GSSG× Et)/K-1)/Denominator (10)

[EH2] ) {GSH× Et}/Denominator (11)

ε540nm,obs) [ε540nm,Eox
(Eox/Et)] + [ε540nm,MDS(MDS/Et)] +

[ε540nm,EH2
(EH2/Et)] (12)
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rectangular hyperbola (fitting not shown) (39). It is assumed
that the MDS has absorbance due to the thiolate-FAD
charge-transfer complex (Scheme 3, species V). The extinc-
tion coefficient maximum calculated from this hyperbola
could then, a priori, contain contributions from the MDS and
from EH2 (species I) (as well as a small contribution from
Eox). The fact that isosbestics are observed in these titrations
suggests that the spectra of EH2 and MDS are very similar
(see below). The extinctions at 540 nm for 11 similar titration
experiments, ranging in pH from 6.0 to 9.4, were almost the
same (average 2.0( 7.2% higher) as those determined by
dithionite reduction, indicating both that these reductions give
rise to similar pH profiles and that, at high GSH concentra-
tion, EH2 is fully formed (18). The extinction coefficients
and equilibrium constants given in Table 1 have been
optimized to give the best fit in various models, but the
extinction coefficients differ from those determined in the
GSH and dithionite titrations by less than 4% except at pH
7 where the deviation is 10%. The lower curves in both
panels A and B of Figure 2 (open triangles) are for titrations
done in the presence of 200 and 390µM GSSG, for the pH
values of 6.3 and 8.4, respectively. As expected, more GSH
is required to approach the same extinction values as those
observed in the absence of GSSG. Clear isosbestic points
were observed in titrations similar to those observed in the

upper curves of Figures 1A and 2B, suggesting that no new
or different species other than Eox and MDS or EH2 or both
are present (data not shown).

Using the Em7 for Eox/EH2 of -237 mV at 20°C for
glutathione reductase from yeast (34) and the Em7 -234 mV
at 20 °C for the glutathione-glutathione disulfide couple
(24), the∆Em of -3 mV for the redox equilibrium of Scheme
1 and eq 1 predicts aK-eq of 0.79 M-1 at pH 7. The redox
potential for glutathione reductase was determined relative
to the well-established NAD+-NADH couple in order to
avoid known complexes between EH2 and NADPH or
NADP+ and to avoid MDS (34). Evaluation ofK- eq using
Scheme 1 and eqs 1-4 for each titration point in Figure 2,
panels A and B, is shown in panels C and D (closed circles).
It can be seen thatK-eq is not constant. This is true at both
pH 6.3 and 8.4 and also in the presence of GSSG (shown as
open triangles). Moreover, at no point in the titration in the
absence of GSSG is the apparent equilibrium constant near
the predictedK-eqof 0.79 M-1. A theoretical curve, generated

FIGURE 1: Titration of oxidized yeast glutathione reductase with
GSH at pH 6.3 and 8.4. (A) The buffer was 70 mM Na/K phosphate,
0.3 mM EDTA, pH 6.3, 20°C. The GSH concentration (mM) added
to 18 µM Eox was as follows: curves 1, 0; 2, 0.096; 3, 0.19; 4,
0.57; 5, 1.32; 6, 7.56. (B) The buffer was 70 mM Tris/HCl, 0.3
mM EDTA, pH 8.4, 20°C. The GSH concentration (mM) added
to 24µM Eox was as follows: curves 1, 0; 2, 0.17; 3, 0.50; 4, 1.16;
5, 3.23; 6, 7.52.

FIGURE 2: Observed increase in 540 nm extinction coefficient upon
titration with GSH, in the absence and in the presence of GSSG.
(A) Conditions were as in Figure 1A; data: closed circles, no
GSSG; open triangles, 200 mM GSSG. The curve represented by
small open diamonds shows for comparison the expected theoretical
titration using Scheme 1 with aK-eq of 0.79 M-1. (B) conditions
were as in Figure 1B; data: closed circles, no GSSG; open triangles,
395 mM GSSG. The dotted and dash-dot lines in both panels A
and B were modeled using Scheme 2 as explained in the text and
associated eq 5-12. (C)K-eq was evaluated for both titrations in
panel A using Scheme 1 with eq 1-4. (D) shows the same type of
evaluation for both titrations in panel B. Both panels C and D
demonstrate the inadequate description of the experimental data
using Scheme 1. Note that the closed circles in panels C and D use
the left-hand ordinate and that the open triangles use the right-
hand ordinate.
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using the experimental parameters and aK-eq of 0.79 M-1

is included for comparison in Figure 2A (small open
diamonds). This curve (plotted versus GSH rather than GSH2

for comparison) yields an apparentK-eq of 4.9 mM-1. None
of the four actual titrations shown in Figure 2, panels A and
B, comes close to this theoretical curve. Thus, Scheme 1
does not describe these equilibria.

This paradoxical result could have been due to differential
binding of glutathione to Eox or EH2, but this seems unlikely
in view of the very small changes in structure of the GSH-
binding site upon reduction (20). However, an alternate
explanation is shown in Scheme 2. This model has equilib-
rium characteristics similar to earlier schemes incorporating
mixed disulfides as intermediates (9, 40-42). A MDS in
glutathione reductase has not previously been considered in
spectral analysis. This MDS, however, has been included as

an intermediate in the overall catalytic mechanisms (18, 27,
32) and seen directly by X-ray crystallography (19, 20).

The reduction of oxidized enzyme by GSH is detected as
the formation of the thiolate-FAD charge-transfer complex,
and it is now proposed that this dithiol form of two-electron
reduced enzyme (EH2) is in equilibrium with the MDS
which, as subsequent data indicates, has an absorbance
spectrum similar to that of EH2 (Scheme 3, species I and
V). It will be shown that the two equilibria of Scheme 2
have different pH dependencies (pH Dependence of the
Equilibria of Scheme 2, below; 24, 34). The pKa values
associated with glutathione reductase will be reviewed in
the Discussion.

The data in Figure 2, panels A and B, can be modeled
according to Scheme 2 and eq 12. Equations 9-11 give the
concentrations of the three-enzyme species needed in eq 12.

Scheme 3: Intermediates in the Oxidative Half-Reactiona

a Species I is the thiolate-FAD charge-transfer complex. Species IV and V are the mixed disulfide. A water molecule is hydrogen bonded to
imidazole N3 in oxidized enzyme(20).

Table 1: Values for Individual Extinction Coefficients and Equilibrium Constants Used to model the observed titrations of Figures 2, panels A
and B, and 5, panels A-Ca

EH- H+ + 1GSSG2 798
K1

1GS-MDS-H+ + 2GS-H+

1GS-MDS-H+ 798
K2

Eox + 1GS-H+

EH2 MDS Eox

ε 540 nm (M-1 cm-1)
pH [GSH]

(µM)
K1 K2

(M)
appKeq

(M)
pHKeq

(M)

6.2 100-8000 2650 2000 206 170 0.0005 0.085 0.097
7.0 540 2800 2200 206 170 0.0004 0.068 0.085
8.5 510 & 1000 3650 2200 206 170 0.0005 0.085 0.074

Eox + 1GS-H+ 798
K-2

1GS-MDS-H+

1GS-MDS-H+ + 2GS-H+ 798
K-1

EH-H+ + 1GSSG2

EH2 MDS Eox

ε 540 nm (M-1 cm-1)
pH [GSSG]

(µM)
K-1 K-2

(M-1)
appKeq

(M-1)
pHKeq

(M-1)

6.3 0 & 200 2700 2700 206 0.0015 1100 1.65 13.56
8.4 0 & 395 3650 3500 206 0.006 500 3.0 11.76

a
pHKeq andpHK-eq, are equilibrium constants calculated using the pKa values from Table 2 and eq 13-19.
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The values used forK-1 andK-2 and the 540 nm extinction
coefficients used for species, EH2, MDS, and Eox are given
in Table 1. The modeled lines are overlaid on the data, and
it can be seen that fits are good. It is important to note that
the equilibria of Scheme 2 are linked. Therefore, the
equilibrium constants may not give a simple qualitative
feeling for the position of the equilibrium.

Oxidation of Two-Electron Reduced Glutathione Reductase
with GSSG( GSH. Yeast glutathione reductase has a very
low oxidase rate. This property allows EH2 to be prepared
by reduction with DTT and the excess reagent removed using
an aerobic column. DTT reduces the enzyme to the EH2 state
and not to EH4. A representative spectral titration of EH2

with GSSG in the absence and presence of 1.08 mM GSH
is shown in panels A and B of Figure 3, respectively, the
former showing a clear set of isosbestic points and the latter
showing three isosbestics that do not include the last point
in the titration or the spectrum of Eox, suggesting the presence
of a MDS intermediate. Titrations of EH2 with GSSG in the
absence of added GSH show stoichiometric reoxidation at
pH 6.3 and substoichiometric, biphasic reoxidation at pH
values of 7.0 and 8.5 as shown in Figure 4. The two
substoichiometric, biphasic titrations are not fully understood,
but the stoichiometry may arise from the fact that the

extinction coefficient of the observed thiolate-flavin charge-
transfer complex changes with pH (Figure 4, panels B and
C). Thus, depending on the pH, the extinction at 540 nm
may reflect different ratios of MDS and EH2, (see Figure 9
and Table 1). Alternatively, as suggested by a reviewer, the
quantitation of the GSSG may be inaccurate.

To establish equilibrium conditions, varying amounts of
GSH were added to EH2 prior to titrating the mixture with
GSSG (Figure 5). In the presence of increasing concentra-
tions of GSH, a biphasic titration results, in which the first
phase appears close to stoichiometric at the low concentra-
tions of GSH but the amount of the first phase becomes less
as the concentration of GSH increases (Figure 5A, curves 5
to 1). A further gradual loss in extinction is observed with
the addition of up to 10-12 equiv of GSSG. Control
titrations of EH2 with GSH show only a very small
reoxidation due to contaminating GSSG, followed by rer-
eduction to near 100% EH2 (data not shown). Evaluation of
the data in Figure 5, using Scheme 1, only in the reverse
(physiological) direction, gives values forKeq, which have
no discernible pattern (data not shown) just as was found in
the analysis of data for the reaction in the opposite direction.

Scheme 2 incorporates a MDS as an intermediate. The
observed data of Figure 5 can be overlaid with model curves,
using eq 12. The reciprocal of eqs 9-11 give the concentra-
tions of the three enzyme species needed in eq 12. The values
used forK1 andK2 and the 540 nm extinction coefficients
used for species, EH2, MDS, and Eox are given in Table 1.
These model overlays do not match the data as well as those
in Figure 2. This is due to the fact that eqs 9-11 require the
concentration of GSSG free in solution, and this parameter
cannot be determined experimentally. The match in curve 1
is better than that in curve 5, because in curve 1, very little
of the added GSSG reacts so that GSSG free is essentially
equal to GSSG added. The values forK1 andK2 in Table 1

FIGURE 3: Titration of two-electron reduced yeast glutathione
reductase with glutathione disulfide, (A) in the absence of GSH,
and (B) in the presence of 1.08 mM GSH. The buffer was 70 mM
Na/K phosphate, 0.3 mM EDTA, pH 6.2, 20°C. (A) An equivalent
of GSSG added to 20µM EH2: curves 1, 0; 2, 0.15; 3, 0.31; 4,
0.46; 5, 0.61; 6, 0.77; 7, 1.08. (B) An equivalent of GSSG added
to 18µM EH2: curves 1, 0; 2, 0.17; 3, 0.5; 4, 1.0; 5, 3.0; 6, 15.1;
7, cf. Eox.

FIGURE 4: Observed decrease in the 540 nm extinction coefficient
upon titration of two-electron reduced yeast glutathione reductase
with GSSG, in the absence of GSH. (A) pH 6.2, conditions as in
Figure 1A. (B) pH 7.0 and (C) pH 8.5.
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are not equal to the reciprocal ofK-1 andK-2, suggesting
an inadequacy in Scheme 2 that does not consider the
protonation state of the various enzyme species. The presence
of ionizable groups near the FAD affect this facile redox
equilibrium and will be discussed later.

Spectral Analysis.The spectral data for the titration of EH2

with GSSG in the absence and presence of GSH (e.g., Figure
3) were originally analyzed by creating a set of difference
spectra, subtracting the spectrum of each equilibrium mixture
from the spectrum of EH2. These had a maximum at 524
nm and minima at 462 and 492 nm. The five difference
spectra at the beginning of the titration constituted a subset
having two tight isosbestics; the final six difference spectra
formed a distinct subset with two good isosbestics; a single
difference spectrum in the middle of the titration did not fit
with either subset. These data clearly show the presence of
an intermediate in the conversion of EH2 to Eox, presumably
MDS. However, the presence of one or more difference
spectra that do not fit either subset indicates that the spectrum
of MDS cannot be derived from this analysis. Indeed, a
different “MDS spectrum” was derived from the data for
each level of GSH, and this analysis showed that theA462/
A492 ratio changed in a characteristic fashion (see below).

Singular value decomposition (SVD) is a more rigorous
tool for spectral analysis, especially for the analysis of kinetic
data, e.g., A going to C via B where the spectra of A and C
are known and SVD produces the spectrum of B (43). Indeed,
SVD analysis of the spectra obtained during rapid (kinetic)
reoxidation ofPlasmodium falciparumglutathione reductase

by GSSG( GSH does give a spectrum for the putative MDS
which is also dependent on the GSSG/GSH ratio (44).3 The
spectra from the titration experiments used for Figure 5 were
analyzed by SVD giving three unique spectral eigenvectors
for each experiment. The first spectral eigenvector was that
of the starting species (in this case of EH2) while the third
spectral eigenvector had the general characteristics of Eox.
The problem with this type of analysis is best illustrated in
Figure 3B, where the last spectrum in the experiment, number
six, is in the presence of 1.08 mM GSH and ca. 270µM
GSSG and can be seen to still have significant absorption
due to the remaining mixture of EH2 and MDS species. Thus,
at these very high levels of GSH, there is very little Eox for
the SVD to take into account even at this very high level of
GSSG.

The intermediate (second spectral eigenvector) had con-
tinuously changing spectral characteristics, being similar to
EH2 at high concentrations of GSH and appearing more like
Eox at low GSH levels. Figure 6 shows the second spectral
eigenvectors derived from SVD analysis for each titration
experiment of Figure 5A curves 1-5. It can be seen that the
extinction at 540 nm decreases smoothly as the GSH
concentration is lowered (curves 2-6). The changes at 462
and 492 nm were more complex.

Changes in the ratio ofA462/A492, as a function of GSSG
added, observed during the course of each titration are shown
in Figure 7 and demonstrate clearly the formation of this
MDS intermediate. EH2 and Eox haveA462/A492 ratios of 1.31
and 1.24, respectively, shown as dotted lines in Figure 7.
Curve 6 shows a near linear decrease in this ratio for the
experiment without added GSH (Figure 3A), demonstrating
that EH2 is converted to Eox stoichiometrically. Note that
even though a MDS forms under these conditions, the
equilibrium favors Eox. The A462/A492 ratio changes in two
phases when GSH is added at the beginning of the titration.
The ratio increases (or remains level) as the first equivalent
of GSSG is added (Figure 7, curves 5-1) and decreases (or
increases less steeply at the highest level GSH) as the GSSG
concentration is increased. This biphasic behavior is indica-
tive of the formation of an intermediate, namely, MDS. If
the highest value ofA462/A492 reached in each GSSG titration

3 Böhme, C., Arscott, L. D., Schirmer, R. H., Becker, K., and
Williams, C. H., Jr., unpublished results.

FIGURE 5: Observed decrease in the 540 nm extinction coefficient
upon titration of two-electron reduced yeast glutathione reductase
with GSSG, in the presence of varying concentrations of GSH and
at three pH values. The EH2 concentration was ca. 20µM. (A) pH
6.2, conditions as in Figure 3. The GSH concentration (mM): curves
1, 8.0; 2, 1.08; 3, 0.50; 4, 0.28; 5, 0.11. (B) pH 7.0, conditions as
in Figure 3. The GSH concentration was 0.54 mM. (C) pH 8.5; the
buffer was as described in the Materials and Methods. The GSH
concentration (mM): curves 1, 1.0; 2, 0.51. The lines overlaying
the data are modeled as explained in the text and associated eq
5-12, using equilibria values and extinction coefficients from Table
1.

FIGURE 6: Spectral intermediates derived by SVD analysis from
the titration of two-electron reduced yeast glutathione reductase
with GSSG, in the presence of varying concentrations of GSH. The
conditions were as in Figure 5A, pH 6.2. The GSH concentration
(mM): curves 1, starting EH2; 2, 8.0; 3, 1.08; 4, 0.50; 5, 0.28; 6,
0.11; 7 cf. Eox.
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is plotted against the concentration of GSH (data not shown),
the hyperbolic curve can be extrapolated to indicate a
maximumA462/A492 ratio of 1.45 for MDS.

pH Dependence of the Equilibria of Scheme 2.Macro-
scopic pKa values associated with glutathione reductase have
been determined from spectral, steady-state kinetic and redox
data and are summarized in the Discussion. As mentioned
above, the values forK1 andK2 are not equal to the reciprocal
of K-1 and K-2, suggesting an inadequacy in Scheme 2
(Table 1). The pH dependencies of the equilibria have been
examined using eqs 13 and 14 for the reaction of EH2 with
GSSG and eqs 16 and 17 for the back reaction, reduction of
Eox by GSH. The analysis allows for one pKa on each enzyme
species as shown in Table 2. Thus, new values have been
calculated for the equilibrium constants,pHKeq applying to
the oxidative equilibria andpHK-eq referring to the reductive
equilibria (Table 1, far right column); these allow a reason-
able equality to be achieved betweenpHKeq and 1/pHK-eq (eq
19) in the pH range 6.0-8.5. This is reasonable given that
both equilibria of Scheme 2 involve forms of the enzyme
and substrate that can dissociate protons in the pH range of
the study (Table 1). Scheme 3 is an expansion of Scheme 2
that shows the various protonic forms of the enzyme required
for each step of the interconversion of EH2 and Eox.

DISCUSSION

A mixed disulfide formed from two-electron reduced
glutathione reductase and glutathione has been observed in
the structure of crystals soaked with glutathione (19, 20) and
has been postulated in most mechanisms (18, 27, 32). The
visible absorption spectrum of a MDS species has not

previously been described. These studies demonstrate the
existence of the MDS as an intermediate in both the
physiological reoxidation of EH2 by GSSG and in the reverse
half-reaction, reduction of Eox by GSH. The spectrum of the
MDS has characteristics so close to those of EH2 that its
involvement in equilibrium experiments could only recently
be appreciated when the more rigorous SVD analysis of
spectral data became available. Scheme 1, which does not
include a MDS intermediate, was shown to be inadequate
for analysis of the data.

The inclusion of MDS as a formal intermediate, allows
data to be modeled using Scheme 2 and the parameters listed
in Table 1. The data in Figures 2A, 2B, 5A, 5B, and 5C
have been overlaid with curves that conform to Scheme 2.
The correspondence of the curves to the data is better for
the reduction of Eox by GSH (Figure 2) than for the
reoxidation of EH2 by GSSG (Figure 5). This is due to the
fact that eqs 9-11 require the concentration of GSSG free
in solution, and this parameter is better approximated in curve
1 than in curve 5 (Figure 5A). To arrive at the approximate
extinction coefficient values given in Table 1, we have used
SVD to define the spectral features of MDS. As the second
spectral eigenvector for each titration makes evident, the ratio
GSH/GSSG determines the mixture of spectral intermediates
resulting from a facile equilibrium between EH2, MDS, and
Eox (Figure 6, curves 1-6). It should be noted that the 540
nm extinction coefficients required for the MDS in modeling
the reoxidation of EH2 with GSSG (Figure 5) are lower in
magnitude than those used to model the reduction of Eox

with GSH (Figure 2, panels A and B), at the same pH and
are lower than expected for the MDS on the basis of the
data in Figure 6. The reason for this is not known, but for
now our model must be considered a working hypothesis
which enables us to better predict the equilibria of Scheme
2.

The fact that EH2, MDS, and Eox are in a facile equilibrium
has thus far prevented the determination of the complete
spectrum of MDS by SVD. However, the data in Figure 7
allow an extrapolation that gives the ratioA462/A492 for MDS
as 1.45. As mentioned in the Results, SVD analysis of the
spectra obtained in the reoxidation ofP. falciparumGR EH2

by GSSG( GSH is able to give a similar spectrum of an
intermediate attributed to the MDS. (P. falciparum is the
major causative agent of malaria and causes the most serious
form of the disease.) As with the equilibrium data presented
here, the spectrum of the intermediate in the kinetic experi-
ment depends on the GSSG/GSH ratio. The spectrum is very
like that of EH2 with an extinction coefficient at 540 nm of
2.65 mM-1 cm-1 at the highest GSH concentration. The ratio
A462/A492 is 1.43, very similar to that of the MDS of the yeast

FIGURE 7: Spectral ratio A462/A492 nm observed on titration of
EH2 with GSSG in the absence and presence of GSH, pH 6.2.
Experimental conditions were as in Figures 3A and 5A. The dotted
lines indicate the ratio for EH2 and Eox in the absence of MDS.
The GSH concentration (mM): data sets 1, 8.0; 2, 1.08; 3, 0.50; 4,
0.28; 5, 0.11; 6, 0.

Table 2: Macroscopic pKa Values Used to Model the pH Dependence of the Equilibria Shown in Table 1

EH2 MDS Eox 2GSH 1GSH

9.0/8.0a 8.7a 5.0b 8.9c 8.9c

a See text.bMinimum value used in analogy to lipoamide dehydrogenase(45). cFrom ref46.

K1pH ) [KMDS/(KMDS + H+)][K2GSH/(K2GSH + H+)]/[KEH2/(KEH2 + H+ )] (13)
K2pH ) [KEox/(KEox + H+)][H +/(K1GSH + H+)]/[KMDS/(KMDS + H+ )] (14)
and alsopHKeq ) (K1K1pH)(K2K2pH) (15)
K-2pH ) [KMDS/(KMDS+ H+ )]/[KEox/(KEox + H+)][H +/(K1GSH + H+)] (16)
K-1pH ) [KEH2/(KEH2 + H+ )]/[KMDS/(KMDS + H+)][K2GSH/(K2GSH + H+)] (17)
and alsopHK-eq ) (K-2K-2pH)(K-1K-1pH) (18)
pHKeq ) 1/pHK-eq (19)
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enzyme (44).
Panels A-D in Figure 8 show the fraction of each species

predicted from Scheme 2 for the reduction of Eox by GSH;
the fractions give rise to the model lines overlaying the data
of Figure 2, panels A and B. It can be seen that the fraction
of MDS increases when GSSG is present and decreases at
higher pH.

The reoxidation of EH2 with GSSG, in the presence of
increasing concentrations of GSH, provides an interesting
result recalling the biphaisic nature of the titrations (Figure
5A). Figure 9 presents similar representations of the fractional
species for the predicted model curves of Figure 5A. The
biphasic nature of the titrations is obvious; at GSH concen-
trations up to 500µM, MDS, and Eox form in the first phase
with further conversion of MDS to Eox in the second phase.
The amount of MDS increases and there is progressively
less Eox as the concentration of added GSH increases.

The fact thatappKeq was not equal to the reciprocal of
appK-eq indicated that Scheme 2 was not adequate to describe

the data either at pH 6.2 or at pH 8.5 (Table 1). It should be
mentioned that several other titratable residues are near the
flavin and must be considered in acid-base catalysis, e.g.,
His456′ is ion paired with Glu461′ (19). The FAD in EH2 is
not ionized, although strongly polarized, presumably due to
the charge-transfer interaction, whereas the reduced flavin
in EH4 is anionic at pH 7 (24). In the discussion that follows,
we will focus on the three residues that participate in
catalysis, the two thiols and the acid catalyst, His456′, as
shown in Scheme 3. At the EH2 level and at neutral pH, the
nascent dithiol and the acid catalyst share two protons and
three protonic forms of the enzyme are possible (34).

Reviewing the known pKa values, three types of data have
been utilized. First, the dependence of the spectrum of EH2

in yeast glutathione reductase on pH has been well docu-
mented (18, 31); in both studies, EH2 was generated with
calibrated dithionite and subsequently titrated or rapidly
mixed with buffers having higher or lower pH values. Three
macroscopic pKa values of 4.8, 7.1, and 9.2 were determined
by observing the increase or decrease in absorbance at 540
nm as the pH of EH2 was raised (EH2 to EH-) or lowered
(EH2 to EH3

+), respectively. Second, several pKa values have
been derived from steady-state kinetics by Wong and
Blanchard:4 from plots of log(V/KGSSG) vs pH, pKa values
of 8.4 and 8.8 were attributed to ionizations on free EH2

and on GSSG, respectively, and from log(V) vs pH, values
of 6.2 and 9.2 were thought to be associated with the
interchange thiol of EH2, and the acid-base catalyst on EH2‚
GSSG, respectively. A MDS was not considered in the
interpretation of these kinetic data. Finally, the dependence
of the redox potential (Eox/EH2) on pH gives a pKa of 7.4
for the yeast enzyme (34). The yeast enzyme has a broad
pH activity optimum from pH 6.6 to 7.6 with a peak activity
near pH 7 (15 000 min-1/FAD) (22). While it is not
rigorously correct to associate macroscopic pKa values with
specific groups, it can be helpful and some of these
associations are based on strong spectroscopic data (18, 31).

Recalling that the dithiol and the acid catalyst share two
protons at neutral pH, the binding of GSSG (species I to II,
Scheme 3) is assumed to shift the protonic equilibrium in
favor of the interchange thiolate (species II to III) for
nucleophilic attack on the substrate disulfide bond (species
III to IV). On formation of the MDS (species IV), His456′,
which has become protonated in the reductive half-reaction
of Eox with NADPH, gives up its proton to the first departing
GSH molecule, GSH-II (species IV to V). This step is crucial
to prevent the back reaction of a glutathione anion attacking
the newly formed MDS (21). His456′ (pKa 9.0) and Cys50 (pKa

4 Wong, K. K., and Blanchard, J. S., Albert Einstein College of
Medicine, personal communication.

FIGURE 8: Fractional species developed for the overlaid model
curves of Figure 2, panels A and B, using parameters in Table 1.
The line type indicates: dotted, Eox; heavy solid, MDS; dashed-
dot, EH2.

FIGURE 9: Fractional species developed for the overlaid model curves of Figure 5A curves 1-5, using parameters in Table 1. The line type
indicates: dotted, Eox; heavy solid, MDS; dashed-dot, EH2.
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4.8) form an ion pair and thus strongly favor proton transfer
at neutral pH from Cys50 to His456′ (species IV to V) setting
the stage for nucleophilic attack by the thiolate of Cys50 on
the mixed disulfide and release of the second molecule of
GSH-I (species V to VI). The pKa for His456′ on Eox is less
than 5 (Table 2) by analogy with lipoamide dehydrogenase
(45). Thus, in the reductive half-reaction of Eox with GSH,
it is poised to deprotonate the first GSH molecule (species
VII to VI) prior to formation of the MDS (species VI to V).

Influence of pH on the Equilibria.The influence of pH
on the reactions involved in thiol-disulfide interchange has
been analyzed in only a very few studies (11, 42, 47), and
relatively simple enzymes have been the object of this work.
The presence of the flavin in GR is both a help and a
complication. In the pH range covered by this study, which
includes the physiological pH range, two pKa values on EH2
must be considered in its reaction with GSSG, that of the
interchange thiol with a pKa of ca. 6.2-8.4 required in its
salt form (species III to IV, see above), and that of the acid-
base catalyst, His456′ having a pKa of ca. 9.0 required in its
acid form (species IV to V).

Using pKa values for yeast GR determined in the studies
described above, reasonable predictions were made for the
ionization behavior of Eox, EH2, and MDS in equilibrium
with GSH and GSSG in the pH range from 6.2 to 8.5 as
shown in Table 2. Scheme 2, therefore, has been expanded
in Scheme 3 to encompass the protonic forms of the enzyme
required for each step in the reaction. Schemes 2 and 3
indicate that protons are not produced nor taken up in these
reactions. This suggests that the affect of pH on these
equilibria will be small. The need for expansion of Scheme
2 became apparent from the equilibrium constants for the
forward and reverse reactions. The fact thatappKeq was not
equal to the reciprocal ofappK-eq indicated that Scheme 2
required expansion (Table 1). Equations 13-18 in Table 2
still represent a rather simple model due to the fact that
application of the acid or salt pH correction factor in any
step is not obvious when two groups influence catalysis, one
in the acid form and the other in the salt form. While this
approach is not totally rigorous, rigor also proved elusive in
the study of of DsbA [protein disulfide isomerase (42)]. The
resulting so-called protonic equilibrium constants are pre-
sented in Table 1,pHKeq andpHK-eq, which are approximate
reciprocals (eq 19, Table 2). It can be seen that the protonic
equilibrium affects primarily the reductive half-reaction of
Eox with GSH (lower section of Table 1). The affect of pH
is observed graphically comparing Figure 8, panels A and
C; at low pH where deprotonation of the enzyme and GSH
is less facile, the equilibria of Scheme 3 favor the accumula-
tion of the MDS (species IV and V) over the EH2 (species
I).

Conclusion.Evaluation of our spectral data according to
Scheme 2 using SVD has allowed us to examine the spectral
properties of a MDS intermediate in the reactions of Eox with
GSH and EH2 with GSSG. These studies give strong support
to the role of a MDS in the mechanism of glutathione
reductase (27). It is proposed that MDS is the enzyme species
that moderates the thiol/disulfide redox poise via the GSSG/
GSH ratio in the cell. The graphical models aid in under-
standing the unique ability of GR to maintain a low
concentration of GSSG in the presence of 1-10 mM
cytoplasmic GSH (5). Reversal of the reaction species IV to

species V is unfavorable due to the pKa values of Cys50 (4.8)
and His456′ (9.0) (Scheme 3). Thus, the stability of the MDS
constitutes the thermodynamic barrier maintaining the high
GSH concentration.
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