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Abstract
Glutaredoxin (Grx)-catalyzed deglutathionylation of protein–glutathione mixed disulfides
(protein-SSG) serves important roles in redox homeostasis and signal transduction, regulating
diverse physiological and pathophysiological events. Mammalian cells have two Grx isoforms:
Grx1, localized to the cytosol and mitochondrial intermembrane space, and Grx2, localized
primarily to the mitochondrial matrix [Pai, H. V., et al. (2007) Antioxid. Redox Signaling 9,
2027–2033]. The catalytic behavior of Grx1 has been characterized extensively, whereas Grx2
catalysis is less well understood. We observed that human Grx1 and Grx2 exhibit key catalytic
similarities, including selectivity for protein-SSG substrates and a nucleophilic, double-
displacement, monothiol mechanism exhibiting a strong commitment to catalysis. A key
distinction between Grx1- and Grx2-mediated deglutathionylation is decreased catalytic efficiency
(kcat/KM) of Grx2 for protein deglutathionylation (due primarily to a decreased kcat), reflecting a
higher pKa of its catalytic cysteine, as well as a decreased enhancement of nucleophilicity of the
second substrate, GSH. As documented previously for hGrx1 [Starke, D. W., et al. (2003) J. Biol.
Chem. 278, 14607–14613], hGrx2 catalyzes glutathione-thiyl radical (GS•) scavenging, and it also
mediates GS transfer (protein S-glutathionylation) reactions, where GS• serves as a superior
glutathionyl donor substrate for formation of GAPDH-SSG, compared to GSNO and GSSG. In
contrast to its lower kcat for deglutathionylation reactions, Grx2 promotes GS-transfer to the model
protein substrate GAPDH at rates equivalent to those of Grx1. Estimation of Grx1 and Grx2
concentrations within mitochondria predicts comparable deglutathionylation activities within the
mitochondrial subcompartments, suggesting localized regulatory functions for both isozymes.

Protein glutathionylation, or mixed disulfide formation between a protein cysteine moiety
and the cysteine moiety of glutathione (GSH),1 is a post-translational modification with
important roles in cellular signal transduction and sulfhydryl homeostasis within mammalian
cells (1–3). During overt oxidative stress, glutathionylation is thought to protect critical
sulfhydryl groups from irreversible oxidation to sulfinic and sulfonic acids (2, 4, 5). Under
nonstressed conditions, reversible glutathionylation modulates protein activity, through
either activation or inactivation, thereby regulating processes such as protein synthesis (6,
7), calcium homeostasis (8), cell growth (9), and transcription factor activity (10, 11).
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Although mechanisms for protein glutathionylation are not fully understood (3), multiple
studies indicate that within mammalian cells, protein deglutathionylation is catalyzed
principally by the thiol-disulfide oxidoreductase enzyme glutaredoxin (Grx, also known as
thioltransferase) (12–14).

Mammalian glutaredoxin (Grx1), localized to the cytosol and mitochondrial intermembrane
space (15), is well-characterized as a specific and efficient catalyst of deglutathionylation of
protein–SSG, proceeding via a nucleophilic, double-displacement mechanism in which the
N-terminal Cys (Cys22) of the CPY(F)C active site attacks the glutathionyl sulfur of the
protein–SSG disulfide bond, releasing protein–SH and forming a Grx1–SSG covalent
intermediate [Scheme 1 (16)]. In the second, rate-determining step of the reaction, GSH
serves as the nucleophile in the thiol–disulfide exchange with Grx1–SSG, forming Grx1–S−

and GSSG (16,17). Human Grx1 is distinguished from other thiol–disulfide oxidoreductase
enzymes, such as thioredoxin (Trx), in this monothiol mechanism; i.e., only the N-terminal
active site Cys is required for catalysis (18). In fact, the presence of the C-terminal active
site Cys limits kcat by promoting a side reaction whereby the Grx1–SSG intermediate is
converted to an intramolecular disulfide (Scheme 1) that can be recruited back into the
catalytic cycle by reaction with GSH. Rate enhancement of the Grx1-catalyzed reaction over
the nonenzymatic reaction is attributed primarily to the superior ability of the active site
thiolate to act as a leaving group in the second step of the reaction (17), due to its unusually
low pKa of 3.5 (19, 20). In addition, Grx1 appears to enhance the nucleophilicity of GSH for
the second step of the reaction (17) (Scheme 1).

A second mammalian glutaredoxin isoform (Grx2) was discovered more recently by
homology search analysis of human and rodent EST libraries (21, 22). Although it exhibits
<35% sequence homology with Grx1, Grx2 shares distinguishing structural features,
including a thioredoxin fold, a CXXC active site motif (CSYC in Grx2 vs CPYC in Grx1),
and conserved amino acids implicated in the stabilization of the adducted glutathionyl
moiety (18, 21–23). To date, three subforms of Grx2 (Grx2a,b,c) have been described that
appear to result from alternative splicing of the gene’s first exon (21, 22, 24), resulting in
distinct N-terminal sequences. The N-terminus of Grx2a contains a mitochondrial
localization sequence sufficient to target to the mitochondria either overexpressed Grx2 or a
GFP fusion protein which contains the localization sequence (21). Moreover, studies of
isolated rat mitochondria have documented that Grx2 is localized exclusively in the matrix,
whereas Grx1 is found only in the intermembrane space of mitochondria (15). Grx2b and
Grx2c share overlapping N-terminal regions transcribed from an alternatively spliced region
of exon 1 (24). The expression pattern of Grx2b and Grx2c appears to be more restricted
than that of Grx2a, being detected primarily in testes, immortalized cell lines, and tumors
(24). In contrast to that of Grx2a, the subcellular localization of Grx2b and Grx2c remains
unresolved, with reports of nuclear, perinuclear, and diffuse cytosolic and nuclear
localizations (22, 24). Within mitochondria, it has been reported that Grx2a exists in an
inactive dimer bridged by an Fe2S2 cluster (25), and Grx2c is also reported to form the Fe–S
cluster in a reconstitution assay in vitro (24). The dimeric Grx2 complex is reported to
dissociate in the presence of certain oxidants and reductants in vitro (25), and under

1Abbreviations: AMPSO, N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic acid; BSA, bovine serum albumin;
BSA–SSC, bovine serum albumin–cysteine mixed disulfide; BSA–SSG, bovine serum albumin–glutathione mixed disulfide; C40S,
cysteine 40 to serine mutant; CSSG, cysteine–glutathione disulfide; DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); DTT, dithiothreitol;
EST, expressed sequence tag; GAPDH, glyceraldehyde phosphate dehydrogenase; GFP, green fluorescent protein; GR, glutathione
reductase; Grx, glutaredoxin; GS•, glutathione thiyl radical; GSH, glutathione; GSNO, S-nitrosoglutathione; GSSG, glutathione
disulfide; H2O2, hydrogen peroxide; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HEPPSO, N-(2-
hydroxyethyl)piperazine-N′-2-hydroxypropanesulfonic acid; HRP, horseradish peroxidase; IAM, iodoacetamide; MES, 2-(N-
morpholino)ethanesulfonic acid; NADPH, nicotinamide adenine dinucleotide phosphate; NTSP, N-succinimidyl pyridyl bis(3,3′-
dithiopropionate); protein–SSG, protein–GSH mixed disulfide; TCA, trichloroacetic acid; TR, thioredoxin reductase; Trx, thioredoxin.
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conditions that promote S-nitrosylation (26); however, mechanisms of regulation of
reversible cluster formation in vivo are unknown.

To date, several studies of Grx2 have emphasized apparent differences in catalytic activity
in comparison to Grx1 (22, 27, 28). In contrast, this report describes identical behavior for
Grx2 in many of the characteristic features of the catalytic mechanism delineated previously
for Grx1-mediated deglutathionylation. In particular, Grx2 displays specificity for
glutathione-containing mixed disulfides, and a double displacement kinetic mechanism with
strong commitment to catalysis that precludes reversible binding of substrates. In addition,
we observed that Grx2, like Grx1, exhibits glutathionyl-thiyl radical (GS•)-scavenging and
GS•-mediated protein S-glutathionylation activities, suggesting specific roles in redox and
sulfhydryl homeostasis within the mitochondrial matrix under conditions of oxidative stress.

EXPERIMENTAL PROCEDURES
Materials

Cysteinyl–glutathione mixed disulfide was purchased from Toronto Research Chemicals,
and NADPH was from Roche. Plasmid DNA (pET-24d, Novagen) encoding human Grx1
was prepared as described by Chrestensen et al. (29). Plasmids encoding mature (i.e., exons
2–4, amino acids 41–164) human or mouse Grx2a were kindly provided by V. Gladyshev
(University of Nebraska, Lincoln, NE). All other routine chemicals were reagent grade or
better and obtained from Sigma.

(i) Enzymes
Recombinant human Grx1 (hGrx1) and Grx2 (hGrx2) and mouse Grx2 (mGrx2) were
purified as described previously (30) from their respective plasmid DNA constructs (see
above). Purified hGrx2 C40S protein was kindly provided by C. Johansson and A.
Holmgren (Karolinska Institute, Stockholm, Sweden). Glutathione disulfide reductase from
baker’s yeast (~170 units/mg), thioredoxin reductase from rat liver (~170 units/mg), and
glutathione peroxidase from bovine erythrocytes (680 units/mg) were purchased from
Sigma. Horseradish peroxidase (~225 units/mg) was obtained from Roche.

(ii) Synthesis of the [3H]BSA–SS–Glutathione Substrate
Synthesis was performed as described in ref 12 with minor modifications. In brief, a 1.4-fold
molar excess of N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (dissolved in dry
dimethylformamide) was added to 3 mM S-carboxymethyl-BSA slowly with constant
stirring at room temperature in phosphate-buffered saline (PBS) [137 mM NaCl, 2.7 mM
KCl, 4.3 mM sodium phosphate, and 1.4 mM potassium phosphate (pH 7.4)] over 1 h. The
BSA derivative was then treated with 5 mM [3H]GSH (~1 nCi/nmol) for 1 h at room
temperature. Excess [3H]GSH and SPDP were separated from the [3H]BSA-SSG by
Sephadex G-25 column chromatography (pre-equilibrated with PBS). The protein fractions
(with radiolabel) were pooled and concentrated to ~1 mM with respect to [3H]GS
equivalents. [35S]BSA–SSG was prepared by a completely analogous procedure, except that
[35S]GSH was substituted for [3H]GSH. Both radiolabeled substrates reacted
indistinguishably in deglutathionylation assays.

(iii) Synthesis of the BSA–SS–[14C]Cysteine Substrate
BSA–SS–[14C]cysteine (BSA-SSC) was prepared as described by Yang et al. (18).
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General Methods
Deionized, distilled water used in all enzyme assays was pretreated with 5 g/L Chelex resin
to chelate metal cations.

Specific Methods
(i) Spectrophotometric Assay of Grx Activity—The coupled spectrophotometric
assay for Grx activity was performed as described previously (17, 18, 30). Reaction
mixtures containing Na/K phosphate buffer (0.1 mM, pH 7.5), NADPH (0.2 mM), GSSG
reductase (2 units/ mL), GSH (0.02–3 mM), and Grx (0–135 nM) were prepared in
microwells of a 96-well plate (final volume of 200 µL) and incubated for 5 min at 30 °C. For
CSSG and BSA–SSG, reaction rates were determined within a range of concentrations from
0.25 to 4 times the apparent KM, while for GSH, the high nonenzymatic rate observed at
high substrate concentrations prevented determinations at GSH concentrations greater than
~2KM. For the cysteine–SS–glutathione substrate (CSSG), reactions were initiated by
addition of CSSG (0.002–0.5 mM); for the BSA–SS–glutathione substrate (BSA–SSG),
initial mixtures contained BSA–SSG (5–40 µM), and deglutathionylation reactions were
initiated by addition of GSH (0.1–1 mM). NADPH oxidation (equivalent to GSSG
formation) was monitored according to the decreasing absorbance at 340 nm over 5 min
(during which reaction rates remained linear with time) using a ThermoMax microplate
reader (Molecular Devices). Non-enzymatic rates were subtracted from total rates to give
enzymatic rates, and the number of nanomoles of NADPH oxidized per minute per
nanomole of enzyme (i.e., turnover, min−1) was calculated using the standard extinction
coefficient of NADPH (ε = 6.2 mM−1 cm−1), along with factors correcting for path length
and actual NADPH absorptivity in the plate reader. Specific activity determinations were
performed in the presence of 0.1 mM CSSG and 0.5 mM GSH; units of activity per milliliter
were divided by the Grx protein concentration to yield units per milligram. For the BSA–
SS–glutathione substrate (BSA–SSG), experiments were conducted as described except that
BSA–SSG was substituted for CSSG. All velocity versus substrate plots were fit to the
Michaelis–Menten equation, and apparent kinetic constants for CSSG, BSA–SSG, and GSH
were calculated accordingly. Standard error values for kinetic constants were calculated
using Prism (GraphPad Software). Aliquots of standard hGrx1 protein were assayed under
standard conditions periodically for monitoring the consistency of assay solutions,
temperature, and plate reader conditions during the accumulation of other kinetic data.
When small deviations from the established values for standard Grx1 activity were noted,
the companion data were normalized accordingly.

(ii) pH Dependence of Grx2 Inactivation by Iodoacetamide (IAM)—The pH
dependence of inactivation of Grx2 by IAM was determined out as described previously (19,
30) with minor modifications. Grx2 (3 µM) was preincubated in the following buffers with
or without IAM (0.3 mM) for 3 min: sodium citrate at pH 3.5; sodium acetate at pH 3.5, 4.0,
4.5, and 5.0; and MES at pH 5.0, 5.5, and 6.0. All buffers were at a concentration of 10 mM,
and the ionic strength was adjusted to 0.5 M in all cases by addition of the appropriate
amount of NaCl or KCl. Following preincubation, Grx activity was determined by adding an
aliquot (4 µL) of the preincubation mixture to the spectrophotometric assay system
described above. Percent activity remaining was calculated by dividing rates of
deglutathionylation after preincubation with IAM by rates in the absence of IAM and
multiplying the result by 100%. Percent activity was plotted versus pH, and an adaptation of
the Henderson–Hasselbalch equation was used to solve for pKa:
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(iii) Relative Rates of Dethiolation of Radiolabeled BSA Mixed Disulfide
Substrates by the Grx Isoform—The standard radiolabel assay for Grx activity was
performed as described previously (17, 18, 31). Reaction mixtures containing Na/K
phosphate buffer (0.1 M, pH 7.5), GSH (0.5 mM), and Grx2 (0–110 nM) were prepared in
Eppendorf tubes and placed in a 37 °C water bath for 5 min. Following preincubation,
reactions were initiated by addition of [3H]BSA–SSG or [14C]BSA–SS–Cys (0.1 mM final
concentration). Aliquots of the reaction mixture were removed at 0.5, 1, 2, and 3 min, and
reactions were quenched by addition to an equal volume of 20% ice-cold TCA. Precipitated
protein was sedimented by centrifugation at 13000g for 5 min at 4 °C, and supernatants were
analyzed for non-protein-associated radioactivity (i.e., radiolabeled GSSG or GSS–Cys).
Background radioactivity contributed by the nonprecipitated BSA–SSR substrate (<0.2%
total) was measured independently and subtracted from each time point. Enzyme-mediated
dethiolation rates were determined by calculating the difference in time-dependent
radiolabel release in the presence and absence of Grx. To measure the pH dependence of
hGRx2-catalyzed deglutathionylation (pH–rate profile), assays were performed as described
above, except that the concentration of GSH was reduced to 0.25 mM to minimize
nonenzymatic rates of deglutathionylation. Also, Na/K phosphate buffer was replaced with
MES (pH 5.5–6.5), HEPES (pH 7–8), HEPPSO (pH 8.5), or glycine (pH 9–10.5). All
buffers were at 0.1 M, and the ionic strength was adjusted to 0.3 M using NaCl. Rates of
hGrx2-dependent deglutathionylation (expressed as turnover, min−1) were expressed as %
maximal activity, and plots of activity versus pH were fit to a derivation of the Henderson–
Hasselbalch equation:

For comparison of deglutathionylation rate constants in the presence of alternative RSH
substrates, i.e., GSH or cysteinylglycine, the concentration of RSH was 0.25 mM, and
reactions were carried out in AMPSO buffer (0.1 M, pH 9.5). Second-order rate constants
for formation of the respective R-SSG products (GSSG or Gly–Cys–SSG) were calculated
by dividing the concentration of R–SSG produced per minute by the concentration of BSA–
SSG substrate for the uncatalyzed rate, or by dividing by the concentration of Grx for the
catalyzed reaction, as described previously (17). In both cases, the quotients were then
divided by the concentration of RSH, and the second-order rate constants (knonenz and kGrx)
are expressed in units of M−1 min−1.

(iv) Comparison of Grx-Mediated Rates of Deglutathionylation of CSSG in the
Presence of TR or GSH and GR—hGrx activity was determined by the
spectrophotometric assay described above with minor changes in component concentrations.
All assays contained Na/K phosphate buffer (0.1 M, pH 7.5) and NADPH (0.2 mM),and
were initiated by addition of CSSG (0.5 mM final concentration). To measure catalytic rates
in the presence of TR, the hGrx1 or -2 concentration was 3.7 µM and the TR concentration
230 nM. TR activity was confirmed independently by assessing NADPH-dependent
reduction of DTNB in Na/K phosphate buffer (0.1 M, pH 7), and this activity matched the
value reported by the supplier (reported, 29.4 units/mL; observed, 29.3 ± 1.9 units/mL; 1
unit = Δ1 AU412/min). For measurement of turnover under low-GSH conditions, hGrx1
concentration was adjusted to 0.37 µM (to achieve a linear dependence on enzyme
concentration) the Grx2 concentration was 3.7 µM, the GSH concentration was 0.1 mM, and
the GR concentration was 0.01 µM. Concentrations of GSH and GR were deliberately
chosen to represent one-tenth of estimated intracellular concentrations (as described in ref
32).
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(v) Glutathionyl–Thiyl Radical (GS•) Scavenging Activity of hGrx2—GS•

scavenging activity was measured as described by Starke et al. (33). Reaction mixtures were
prepared as described for the standard spectrophotometric assay [0.1 M Na/K phosphate
buffer (pH 7.5), 0.2 mM NADPH, 0.5 mM GSH, 2 units/mL GSSG reductase, and 0.01–1
µM hGrx1 or 0.03–0.1 µM hGrx2] and preincubated for 5 min at 30 °C. Then a premade
complex containing FeCl2 (0.5 mM) and ADP (2.5 mM) was added to each, and the
reactions were initiated by addition of H2O2 (50 µM). Reactions were monitored according
to the decrease in A340 over 5 min (within the linear range of time dependence). Rates of
GSSG formation were determined by measuring the time-dependent decrease in A340 (i.e.,
NADPH oxidation by GSSG reductase), and enzyme-catalyzed scavenging was calculated
by determining the difference in reaction rates in the presence and absence of Grx and
expressed as units per milliliter in the reaction mixture (1 unit = 1 µmol of NADPH
oxidized/min).

(vi) GSH Peroxidase Activity of hGrx Isoforms—GSH-dependent peroxidase activity
was measured via a coupled, spectrophotometric assay identical to that of CSSG
deglutathionylation, except that reactions were initiated by addition of H2O2 (500 µM final
concentration). Enzyme concentrations were as follows: 1 µM hGrx1, 1 µM hGrx2, and 5
nM bovine glutathione peroxidase (GPx).

(vii) Determination of Grx-Mediated Protein Glutathionylation in the Presence
of GS•, GSNO, and GSSG—To ensure that the GAPDH used as a substrate for
glutathionylation was fully reduced, DTT (5 mM final concentration) was added to stock
solutions [~5 mg/mL GAPDH in 0.1 M Na/K phosphate buffer (pH 7.5)] followed by
incubation at 4 °C for 1 h. To remove DTT, the mixture was passed over a DG-10 size
exclusion column pre-equilibrated with Na/K phosphate buffer. Protein-containing fractions
(identified by the absorbance at 280 nm) were pooled and concentrated to 150–450 µM for
use in glutathionylation assays. Glutathionyl radicals were generated by horseradish
peroxidase utilizing H2O2 and GSH according to an adaptation of the method of Harman et
al. (34), who confirmed formation of GS• by EPR spectroscopy. Briefly, [35S]GSH (0.5
mM) and horseradish peroxidase (HRP, 0.2 mg/mL) were included in reaction mixtures (see
below), and GS• formation was initiated by addition of H2O2 (50 µM) as described by Starke
et al. (33). The GS• concentration achieved by this radical-generating system (i.e., HRP,
GSH, and H2O2) was estimated previously (33) to be ≤10 µM based on the amount of GSSG
that accumulated (GSSG reductase assay); formation of GS-radicals was confirmed by EPR
spectroscopy (data not shown). For GSNO and GSSG, the radiolabeled GSH derivatives
were prepared in advance and used to initiate each reaction. S-Nitrosoglutathione
([35S]GSNO) was prepared as described by Starke et al. (33) by combining equimolar
amounts of HCl, NaNO2, and [35S]GSH and incubating the mixture at room temperature for
15 min. Essentially stoichiometric conversion of GSH to GSNO was verified by diluting the
stock solution into 15 mM HEPES (pH 7.6), conditions under which ε338 was previously
reported for GSNO [980 M−1 cm−1 (35)]. GSH disulfide ([35S]GSSG) was prepared by
incubating GSSG with trace amounts of [35S]GSH for 30 min at room temperature. For
kinetic assays, reaction mixtures contained Na/K phosphate buffer (0.1 M, pH 7.5), rabbit
muscle GAPDH (25 µM), Grx (0.02–0.25 µM), and S-carboxymethyl BSA (7 mg/mL) as a
coprecipitant to facilitate precipitation of the radiolabeled products. For GS•-mediated
glutathionylation, HRP (0.2 mg/mL) and GSH (0.5 mM) were also included. Reactions were
initiated with H2O2 (0.05 mM) (for GS•-mediated glutathionylation), [35S]GSNO (0.05–0.5
mM), or [35S]GSSG (0.1–0.3 mM). All reactions took place at room temperature and were
quenched by addition of an equal volume of 20% ice-cold TCA. Precipitated proteins were
sedimented by centrifugation at 10000g for 5 min at 4 °C, washed, and analyzed for bound
radioactivity. Grx-mediated GAPDH-SSG formation was calculated by comparing the
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bound radioactivity in the presence and absence of enzyme. For determination of the rate of
turnover, rates of protein glutathionylation with and without Grx were determined within the
initial, linear phase of the reaction (i.e., first 30 s), by dividing the number of nanomoles of
protein–SSG formed per second by the number of nanomoles of Grx in each reaction (i.e.,
turnover number, s−1). All reported turnover values were determined under conditions in
which reaction rates exhibited a linear dependence on Grx concentration.

(viii) Estimation of Concentrations of Grx Isoforms in Mitochondrial
Subcompartments—The Grx content (nanograms per milligram of total mitochondrial
protein) determined previously (15) was divided by the estimated volume of the
mitochondrial space per milligram of mitochondrial protein [i.e., 1 µL/mg for the matrix
(36) or 1.5 µL/mg for the intermembrane space (37)] and then by the molecular mass of
hGrx1 (11.7 kDa) (38) in the case of the intermembrane space or mature hGrx2a [15 kDa
(24)] for the matrix. The Grx concentration in milligrams per milliliter was used to calculate
the total potential deglutathionylation activity by dividing by specific activity [units per mg
(Table 1)].

(ix) Calculation of R-Helix 2 Dipole Moments of hGrx1 and hGrx2—Partial PDB
files of each hGrx isoform containing both the catalytic cysteine and helix 2 [hGrx1, PDB
entry 1JHB (23), C22–S33; hGrx2, PDB entry 2FLS (39), C37–M50] were submitted to the
Protein Dipole Moments Server (40) for calculation of the helix 2 dipole moment and helix–
thiolate angle (i.e., the angle θ formed by the intersection of the helix 2 axis with a line
projecting from the base of the helix to the catalytic cysteine). By representing the
component of the helix dipole directed toward the cysteine thiolate as the base of a right
triangle, with the helix axis (full dipole vector) as the hypotenuse, the magnitude of this
component is determined by multiplying the value of the full dipole by cos θ (adjacent =
hypotenuse × cos θ). For hGrx1, we submitted four of 20 total NMR structural solutions
[structures 1, 6, 16, and 20 (23)] shown in a separate study (30) to predict a C22 pKa close to
the empirical value of 3.5 (19, 20). The structure of hGrx2, obtained by X-ray
crystallography, contained an associated GSH molecule, which was not included in our
calculations.

RESULTS
hGrx2 Is Selective for Glutathione-Containing Mixed Disulfides

To test whether Grx2, like Grx1, is selective for glutathione-containing protein mixed
disulfides (i.e., protein–SSG), we compared the rates of GSH-dependent reduction of two
mixed disulfides of bovine serum albumin (BSA) in the absence and presence of Grx2 or
Grx1. The first, BSA–SS–glutathione (BSA–SSG), was specifically prepared to contain a
single disulfide-adducted glutathionyl moiety (see Experimental Procedures), and this has
been our prototype protein–SSG substrate for kinetic analysis of glutaredoxin (16–18). The
second, BSA–SS–cysteine (BSA–SSC), has the same disulfide bond to the BSA protein (but
not the γ-glutamyl and glycyl moieties of GSH), yet it does not serve as a substrate for Grx1
(16, 18). Like hGrx1, hGrx2 (Figure 1) does catalyze GSH-dependent dethiolation of BSA–
SSG but does not catalyze dethiolation of BSA–SSC even when a 10-fold excess of enzyme
is added, documenting high selectivity for glutathione-containing mixed disulfide substrates.
Notably, the rate of turnover of BSA–SSG by Grx2 (39 ± 5 min−1) was ~10-fold lower than
the rate for hGrx1 (457 ± 91 min−1), analogous to the 10-fold lower activity of hGrx2
reported previously (22) for the prosubstrate hydroxyethyl disulfide (which converts to
hydroxyethyl-SSG).
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Grx2 Utilizes a Nucleophilic, Double-Displacement (Ping-Pong) Catalytic Mechanism
To determine the catalytic mechanism of Grx2, we performed two-substrate kinetic analysis
in which the concentrations of CSSG or BSA–SSG were varied at several fixed
concentrations of the second substrate, GSH, and vice versa, and double reciprocal plots (v
vs 1/[RSSG] or 1/[GSH]) were generated for each fixed concentration of the other substrate.
As observed for hGrx1 (16, 17), the kinetic analyses of hGrx2 (Figure 2) and mGrx2 (data
not shown) produced parallel line patterns, characteristic of a nucleophilic, double-
displacement (i.e., ping-pong) mechanism. Secondary plots of 1/Vmax versus 1/[S] revealed
x-intercepts approaching zero (Figure 2, insets), indicative of “true KM” values approaching
infinity for each of the substrates. These observations reflect a high commitment to catalysis,
precluding reversible enzyme–substrate complexes in the catalytic mechanism,
corresponding to the kinetic behavior characteristic of hGrx1 (16). Additional support for
this essentially irreversible encounter-type mechanism was the observation that neither
hGrx2 or mGrx2 was inhibited by the GSH analogue S-methylglutathione at concentrations
of up to 3 mM [in 6-fold excess of GSH (data not shown)], a behavior also reported for
hGrx1 (17).

Grx2 Exhibits Decreased Catalytic Efficiency toward Cysteine–SSG
Previously, hGrx2 was reported to exhibit ~5-fold lower apparent KM values for
multiglutathionylated BSA and RNase substrates relative to hGrx1, leading to the proposal
that Grx2 exhibits a high affinity for glutathionylated proteins (27). On the other hand, 1/v
versus 1/[S] curves from double-reciprocal plots (above, Figure 2) indicated that apparent
KM values for the monoglutathionylated BSA–SSG substrate remained within a factor of 2
for both Grx isoforms (Table 2A). On the other hand, a marked decrease in the apparent kcat
of ~10-fold (Grx2 < Grx1) was observed when either BSA-SSG or GSH was used as the
substrate whose concentration was varied. This diminution in kcat corresponds to a
diminished catalytic efficiency for Grx2 (human and mouse) relative to that for Grx1 (Table
2).

The reason for the discrepancy between KM,app values in this study compared to a previous
report (27) is not clear; however, it is conceivable that the observed differences in KM,app
reflect differences in the glutathionylated protein substrates used by each group. To
eliminate steric considerations contributed by glutathionylated protein substrates, we
determined apparent kinetic constants for each Grx isoform using the prototype substrate
cysteine–SSG (CSSG). An additional advantage to the CSSG substrate is that it represents
the conserved moiety among all protein–cysteinyl–SS–glutathione (protein–SSG) substrates,
making it the logical focus of the “high affinity” of protein–SSG for Grx2, if this is an
intrinsic property of the enzyme. Under standard assay conditions (see Experimental
Procedures), human and mouse Grx2 both exhibited ~9-fold lower kcat values for CSSG
compared to hGrx1, while apparent KM values differed by only 1.2-fold, resulting in a
decreased catalytic efficiency of Grx2 similar to that observed for BSA–SSG (Table 2C).
Thus, for all substrates tested, the ratio of kcat,app to KM,app (i.e., catalytic efficiency) was
decreased by nearly 10-fold for human and mouse Grx2 compared to Grx1, with the
decrease driven primarily by a diminished apparent kcat.

Grx2-Mediated Deglutathionylation Operates via a Monothiol Mechanism
Mammalian thiol–disulfide oxidoreductase enzymes utilize distinct catalytic mechanisms, as
exemplified by Grx1 (i.e., monothiol mechanism) and Trx (i.e., dithiol mechanism), as
illustrated in Scheme 1 [reviewed by Mieyal et al. (5)]. To determine which mechanism is
utilized by Grx2, we compared the activity of the wild-type enzyme to the activity of one in
which the second cysteine at the active site was mutated to serine (i.e., C40S). Like the
analogous hGrx1 mutant (i.e., C25S), hGrx2 C40S exhibited increased specific activity
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compared to wild-type hGrx2 (Table 1), suggesting that C40 is not required for catalysis,
and it actually detracts from the catalytic rate. Under standard assay conditions, hGrx2 C40S
exhibits a lower KM,app for GSH (Figure 3A) than the wild-type enzyme and approximately
2-fold increases in kcat,app and KM,app for CSSG (Figure 3B). These results suggest that the
C-terminal cysteine at the active site of Grx2, like that of hGrx1 (18), competes with GSH
for nucleophilic attack on the hGrx2–SSG intermediate and forms the hGrx2–intramolecular
disulfide as shown in Scheme 1A. Notably, the magnitude of the increases in kcat and KM
for CSSG exhibited by hGrx2 C40S is similar to that observed for the analogous hGrx1
mutant [Grx1 C25S (18)], suggesting the relative steady-state concentrations of the Grx–
SSG and intramolecular disulfide forms are approximately the same for the two Grx
isoenzymes.

pH–Rate Profile of hGrx2-Dependent Deglutathionylation
The pH–rate profile of hGrx1-catalyzed deglutathionylation of BSA–SSG displays a typical
sigmoid titration curve with an inflection point near pH 8.5, corresponding to the pKa of
GSH and indicating the rate-determining step of catalysis as nucleophilic attack of the GS–
thiolate on the hGRx1–SSG intermediate [i.e., Scheme 1A, step 2 (17)]. Likewise, the pH
dependence of hGrx2-mediated deglutathionylation of BSA–SSG also exhibits an inflection
point near 8.5 (Figure 4), which can be superimposed on the pH–rate profile of the
nonenzymatic reaction of GSH with BSA–SSG (Figure 4, inset), indicating the limiting
factor in both reactions is the titration of the GSH–thiol, as observed previously for Grx1
(17). Thus, the Grx2-mediated reaction displays the same rate-determining step (Scheme
1A, step 2). This observation differs from previous reports of maximal activity at pH 8.5
(i.e., a bell-shaped curve) for rat liver Grx1 (41), and for human Grx1 and Grx2 (27). This
discrepancy likely relates to an artifact of the assay for Grx activity in these previous
reports. In the GR-coupled assay, an apparent maximum near pH 8.5 is observed because of
the pH sensitivity of GR activity. If enough GR is added at higher pH, a typical single-
component titration curve is achieved (as described for Grx1 in ref 16). To avoid this artifact
here, we used the radiolabel assay which monitors formation of GSSG in the absence of GR.

The pKa of Grx2’s Catalytic Cys Is 4.6
For typical thiol–disulfide exchange reactions, each 1 pH unit decrease in the pKa of the
leaving group thiol predicts an ~4-fold increase in the second-order rate constant (42). For
Grx1-catalyzed protein deglutathionylation, the rate-determining step is thiol–disulfide
exchange between the Grx1–SSG intermediate and GSH (17), and the difference in pKa
between the leaving group in that reaction (i.e., ~3.5 for Grx1–SH) and the leaving group of
the uncatalyzed reaction (i.e., ~8.5 for a typical protein–SH) accounts for the majority of the
rate enhancement of Grx1-mediated deglutathionylation [4ΔpKa = 45 = 1024-fold (17)].
Here, we have shown that Grx2 operates via an analogous ping-pong mechanism (Figure 2),
in which attack of GS− on the Grx2–SSG intermediate is also rate-determining (Figure 4).
To investigate whether the diminished kcat of hGrx2 toward glutathionylated substrates
could be explained by a higher pKa of its catalytic cysteine, we determined its pKa
according to the pH dependence of hGrx2 inactivation by iodoacetamide (IAM). hGrx2’s
catalytic Cys was found to have a pKa of 4.6 (Figure 5), approximately 1 pH unit higher
than that of Grx1, accounting for approximately half of the ~10-fold decrease in specific
activity (see Discussion).

Contribution of the Grx Helix 2 Dipole Moment to Stabilization of the Catalytic Cysteine
Thiolate

The basis for the low pKa of hGrx1’s catalytic cysteine is uncertain, but interaction with the
dipole of helix 2 has been suggested to contribute (30, 43). To determine whether a
weakened ion–dipole interaction between helix 2 and the catalytic cysteine thiolate
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explained the higher pKa of hGrx2, we used published structures of hGrx1 and hGrx2, in
combination with a dipole calculation program [http://bioportal.weizmann.ac.il/dipol/ (40)],
to determine the component of the helix 2 dipole moment directed toward each enzyme’s
catalytic cysteine (see Experimental Procedures). Surprisingly, the component of the helix 2
dipole was greater for hGrx2 than for each of the hGrx1 structures analyzed (Table 3),
predicting greater stabilization of its catalytic cysteine thiolate by the helix. Therefore, the
increased pKa of hGrx2 cannot be explained by a weakened ion–dipole interaction with
helix 2 and is likely explained by other electrostatic interactions (see Discussion).

Grx2 Exhibits Decreased Enhancement of the Nucleophilicity of GSH Compared to Grx1
Rate enhancement of protein deglutathionylation by Grx1 is attributed both to the low pKa
of its catalytic cysteine (see above) and to its ability to enhance the nucleophilicity of the
second substrate, GSH, beyond that predicted by its pKa, as shown by Bronsted analysis
(17). The preference for GSH as the second substrate appears to be due mainly to the γ-
glutamylcysteine moiety as demonstrated in previous studies of hGrx1 (17) and Escherichia
coli Grx1 (44). To determine whether hGrx2, like hGrx1, enhances the nucleophilicity of
GSH, we determined the rate enhancement of hGrx1- and hGrx2-mediated
deglutathionylation of BSA–SSG using GSH, and the closely related cysteinylglycine, the
nucleophilicity of which is not enhanced by human Grx1 (17). Indeed, second-order rate
constants for deglutathionylation by cysteinylglycine reflected the rate enhancement
predicted by the pKa of each GRx enzyme’s catalytic cysteine (Table 4 and Discussion).
When cysteinylglycine was replaced with GSH, rate enhancement was further augmented by
~20-fold for hGRx1, but by less than 10-fold for hGRx2 (Table 4). Thus, hGRx1 appears to
enhance GSH’s ability to serve as a second substrate to a greater degree than does hGRx2.

The GSH/GR System Is the Preferred Coupling System for Grx1 and Grx2 Even under
“Oxidative Stress” Conditions

In the absence of GSH, hGrx2-mediated reduction of CSSG was shown to be augmented
somewhat by NADPH and thioredoxin reductase (TR) (27). Under GSH-free conditions, we
observed TR-facilitated CSSG reduction by both Grx1 and Grx2, displaying similar rates for
the two isoforms, comparable to the rate reported previously for hGrx2 (27). Remarkably,
replacement of TR with GSH and GSSG reductase (GR), at concentrations 10-fold lower
than those found in cells (45), increased CSSG deglutathionylation rates by 20-fold for Grx2
and >200-fold for Grx1 (Table 5). Addition of TR (with or without Trx) to the reaction
mixtures containing GSH and GR did not further augment CSSG turnover in either case.
Therefore, while TR can assist deglutathionylation by both Grx isoforms to some degree, it
is substantially less efficient than the GSH/GR system, even under conditions of depleted
GSH, which might occur under oxidative stress conditions in vivo (see Discussion).

Like Grx1, Grx2 Exhibits Glutathione–Thiyl Radical Scavenging Activity
Under conditions of glutathione-thiyl radical (GS•) generation, Grx1 catalyzes GSSG
formation (33). Likewise, in this study, we observed that hGrx2 catalyzed GSSG formation
when GS• was produced; however, turnover was ~10-fold slower than that of hGrx1 (Figure
6A). As shown previously for hGrx1 (33), hGrx2-mediated formation of GSSG under GS
radical generating conditions could not be explained by the enzyme acting as a GSH
peroxidase (Figure 6B).

Like Grx1, Grx2 Can Promote Protein S-Glutathionylation in the Presence of Various
Activated Glutathionyl Donors

Previously, we demonstrated that hGrx1 promotes protein S-glutathionylation of model
protein substrates in the presence of GS•, GSNO, or GSSG, with GS• being the most
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efficient GS donor (33). Here we compared rates of glutathionylation of the model protein
GAPDH by hGrx1 and hGrx2. For all substrates tested, the majority of GAPDH
glutathionylation occurred within the initial, linear phase of the reaction time course [≤30 s
(data not shown)]. Like hGrx1, hGrx2 promoted GAPDH–SSG formation in the presence of
all three GS donors, with GS• being far superior as a substrate compared to GSNO and
GSSG (Table 6). With GSSG, hGrx1 was a better catalyst of GAPDH glutathionylation than
Grx2 (i.e., ~4-fold higher turnover); however, equivalent rates of GAPDH glutathionylation
for the two Grx isoforms were observed with GS• and GSNO.

DISCUSSION
Kinetic Comparison of Mammalian Grx Isoforms

Earlier reports have emphasized differences between the human Grx isoforms (26–28). In
contrast, we have documented remarkable catalytic similarities between Grx2 and Grx1,
including a ping-pong deglutathionylation mechanism (Scheme 1A) with the same rate-
determining step, which cycles through an intermediate involving only the N-terminal active
site cysteine residue (monothiol mechanism) and exhibits strong commitment to catalysis.
An important consequence of this mechanism in vivo is that kcat and KM values for protein–
SSG substrates increase or decrease in parallel with the concentration of GSH; therefore,
maximal rates of deglutathionylation by both enzymes will depend up on the redox balance
of the local environment. Another similarity between the Grx enzymes is that the GSH/GR
system is superior to the Trx system in supporting deglutathionylation, even when GSH and
GR were diminished to one-tenth of their predicted intracellular concentrations. Finally,
hGrx2 (like hGrx1) exhibited GS• scavenging activity, as well as catalysis of protein–SSG
formation, with GS• acting as the best activated glutathionyl cosubstrate.

A striking distinction between mammalian Grx1 and Grx2 is their difference in catalytic
efficiency, reflecting ~10-fold lower kcat values for hGrx2 toward CSSG, BSA–SSG, and
GSH, accompanied by only minor changes in KM,app. We used our understanding of the
basis for Grx1-mediated rate enhancement to investigate why Grx2 exhibits a lower kcat and
found that the ~10-fold difference in kcat between hGrx1 and h/mGrx2 can be explained by
two factors: (1) a 1 pH unit increase in the pKa of Grx2’s catalytic cysteine, which predicts
an ~4-fold smaller rate enhancement versus hGrx1 (i.e., 4ΔpKa = 44, or 256-fold vs 1024-
fold), and (2) a diminished enhancement of the nucleophilicity of GSH.

For Grx1, the basis for enhancement of GSH nucleophilicty, as well as for the low pKa of its
catalytic cysteine, is not fully understood; however, structural and site-directed mutagenesis
studies provide some insight. For example, a recent analysis of the role of K19 in rate
enhancement by hGrx1 (30) suggested that the primary role of this moiety is not to stabilize
the catalytic cysteine thiolate [as was inferred from its proximity to C22 in the average NMR
structure (23)] but rather to enhance deglutathionylation by another mechanism, such as
enhancing the nucleophilicity of GSH. Interestingly, structural comparison of reduced
hGrx1 (23) and hGrx2 (39) indicates a substantial shift in the orientation of hGrx2’s K34
(homologous to K19 of hGrx1) to a position farther from the catalytic cysteine (~3 Å for
hGrx1 vs 8.2 Å for hGrx2). The effect of this shift in orientation on enzyme–substrate
interactions is unknown but could be explored by determining the effect of the K34 mutation
on the rate enhancement (and pKa) of hGrx2.

Several hypotheses have been proposed to explain the low pKa of Grx1’s catalytic cysteine
(C22) besides the proximity of positively charged residues, including ion–dipole interactions
between C22 and helix 2 (30, 43), H bonding between the C22-thiolate and C25 and/or T21
side chains (23, 30), and H bonds between the C22-thiolate and backbone residues within
the active site (46). Calculation of the helix 2 dipole moment for each hGrx isoform revealed
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that the dipole vector component was greater for Grx2 than for hGrx1, suggesting that a
diminished helix 2 dipole does not explain the higher pKa of the Grx2 catalytic thiolate.

Increased H bonding distances within the hGrx2 active site also do not explain its higher
pKa relative to that of hGrx1. Foloppe et al. (46) proposed that for pig Grx1 (pGrx), H bonds
between the catalytic cysteine thiolate and amide hydrogens of active site residues P23 and
C25 account for the low catalytic cysteine pKa (~3.5). However, calculated distances
between Grx2’s C37 and homologous Y39 and C40 amide nitrogens are all shorter than the
distances between hGrx1’s C22, Y24, and C25 backbone nitrogens. In fact, the only
interaction proposed to stabilize the hGrx1 C22-thiolate that appears to be diminished for
hGrx2 is the H bond between the catalytic cysteine thiolate and the hydroxyl group of T21,
which is supported by only one of 20 hGrx1 NMR structures (2.2 Å for hGrx1, structure 16;
9.4 Å for hGrx2). Importantly, these comparisons are complicated by the fact that the
protein structures were determined using different methodologies (i.e., NMR vs X-ray
crystallography) and that the structure of hGrx2 contains an associated GSH that may alter
active site orientation. Determination of the structure of reduced hGrx2 will facilitate more
direct structural comparison, providing additional insight into the basis for the unique pKa
values of hGrx1 and hGrx2.

Additional Activities of Grx2 and Implications of Glutathionyl Transfer Activities
hGrx1 was previously shown to scavenge glutathione thiyl radicals (GS•), likely via initial
stabilization of the radical by formation of a Grx–SSG•− disulfide anion radical intermediate
[Scheme 2 (33)]. Rate enhancement by hGrx1 was explained by the low pKa of its catalytic
cysteine (which serves as a nucleophile in the first step of the reaction and is >99% ionized
at physiological pH), as well as its ability to stabilize a covalently bound glutathionyl moiety
(18). On the basis of its low pKa (4.6, >99% ionized at physiological pH) and conserved
residues implicated in stabilization of the adducted glutathionyl moiety (21, 22), we
hypothesized that hGrx2 would also exhibit GS• scavenging activity. The 10-fold lower rate
of GS• scavenging by hGrx2 compared to that of hGrx1 suggests that the final step of the
reaction (i.e., Scheme 2, step 3), which is identical to the rate-limiting step of
deglutathionylation (i.e., Scheme 1A, step 2), is also rate-determining for GS• scavenging.
As shown previously for hGrx1 (33), hGrx2-mediated GS• scavenging cannot be explained
by the enzyme acting as a GSH peroxidase. Although GSH peroxidase activities were
reported recently for hGrx2 (28), >5 µM Grx2 was required for detection of activity, a
concentration more than 100 times what was effective in GS• scavenging and more than 5
times the predicted Grx2 concentration within the mitochondrial matrix (see below).

Mechanisms of protein S-glutathionylation in vivo have not yet been elucidated; however,
the involvement of oxidized derivatives of GSH has been proposed (1–3, 47, 48), and Starke
et al. (33) provided evidence that such reactions may be mediated by hGrx1. Like hGrx1,
hGrx2 promoted transfer of a glutathionyl moiety to GAPDH in the presence of various
oxidized derivatives of GSH, with GS• acting as a far superior substrate compared to GSNO
and GSSG. For GSSG, hGrx2 exhibited approximately one-fourth of the glutathionylation
rate of hGrx1. This observation suggests that the protein glutathionylation reaction with
GSSG proceeds via a thiol–disulfide exchange mechanism analogous to the
deglutathionylation reaction [i.e., Scheme 1A, with protein-SSG replaced with GSSG and
GSH replaced with protein–SH, as documented previously for hGrx1 (19) and discussed in
ref 5]. The decreased activity of hGrx2 in this case is ascribed entirely to the difference in
pKa of the catalytic cysteine, because there is no enhancement of nucleophilicity for the
GAPDH–cysteine–thiol moiety by either enzyme. Importantly, the GSSG concentration
required to achieve turnover by this mechanism (≥0.1 mM) suggests that it is unlikely to
contribute significantly to protein glutathionylation under redox signaling conditions in vivo,
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in which the GSH:GSSG ratio does not deviate substantially from the typical value of 100,
corresponding to micromolar concentrations of GSSG for most cells.

For GS• and GSNO, hGrx2 promoted GAPDH glutathionylation at rates equivalent to those
of hGrx1, representing a remarkable contrast to its lower deglutathionylation and GS•

scavenging activities. These equivalent catalytic rates suggest that the rate-determining step
of Grx-mediated protein–SSG formation, in contrast to catalysis of deglutahionylation, does
not involve the catalytic cysteine serving as a leaving group. This concept is consistent with
the mechanism proposed previously for GS• transfer by hGrx1 [Scheme 3 (33)]. For both
Grx enzymes, GS• was a much better glutathionyl donor substrate than GSNO or GSSG and
thus represents a more likely substrate for protein S-glutathionylation by Grx in the absence
of overt oxidative or nitrosative stress. Interestingly, while GSNO may not serve as a direct
substrate for Grx-mediated glutathionylation under resting conditions, it may still contribute
to protein–SSG formation by reacting with GSH to form the superior substrate, GS• (49).
The possibility of GSNO dismutation, combined with the observation that a 10-fold molar
excess of GSNO disrupted inactive Grx2 dimers in vitro (26), suggests a potential role for
GSNO as an activator of Grx2-mediated glutathionylation in vivo, first by releasing the
enzyme from its inactive form and then by reacting with GSH to generate a more efficient
substrate for protein glutathionylation.

In Vivo Implications of Grx2 Activities
A major distinction between mammalian Grx isoforms is their nearly 10-fold difference in
specific activity toward glutathionylated substrates. However, deglutathionylation activity in
vivo is likely to be determined by multiple additional considerations, such as intracellular
enzyme concentrations, pH [~8 in the mitochondrial matrix (50)], and activating or
inactivating factors. We estimated the intramitochondrial concentrations of Grx1 and Grx2a
using the results of our previous study of Grx content in rat mitochondria (15) in
combination with published volumes of intramitochondrial spaces (36, 37) (see
Experimental Procedures). Accordingly, the concentration of Grx2 in the mitochondrial
matrix is predicted to be ~1 µM, while that of Grx1 in the intermembrane space is
approximately 10-fold lower (~0.1 µM). Assuming that both Grx isoforms are fully active,
the 10-fold higher Grx2 concentration, balanced by its 10-fold lower kcat, predicts that total
deglutathionylation and GS• scavenging activities should be similar across mitochondrial
subcompartments. In contrast, Grx-mediated glutathionyl transfer activity, catalyzed at
equivalent rates by both Grx isoforms, would be expected to be higher in the mitochondrial
matrix, where the Grx2 concentration is 10-fold greater.

Prediction of Grx2’s intracellular activity is further complicated by the observation that the
protein may be sequestered into inactive FeS cluster dimers, according to
immunoprecipitation studies performed under resting conditions in cultured cells (25).
Regulation of dimer integrity in vivo is not yet understood, but exposure to oxidants (e.g.,
GSSG and GSNO) (25, 26) in vitro results in dimmer dissociation. The concept that Grx2
may be released (and, indeed, activated) primarily under oxidative conditions suggests that
its catalytic activities involving oxidized substrates (e.g., GS• scavenging, glutathionyl
transfer) may represent its primary functions within the mitochondria. Alternatively, Grx2
may be released upon oxidative stress but primarily catalyze deglutathionylation,
reestablishing sulfhydryl homeostasis, before being resequestered into inactive dimers.
Clearly, more studies are necessary to unravel the roles of Grx2 in situ.

Knockout and overexpression studies of hGrx2 in HeLa cells (51, 52) and transgenic mice
(53) suggest that Grx2 confers pro-survival effects during oxidative stress, but the
mechanisms of these protective effects are unknown. Our studies suggest that Grx2 could
promote protein glutathionylation or deglutathionylation depending upon the redox status of
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the local environment, and the presence of specific oxidized derivatives of GSH. The
distinct effects of glutathionylation on mitochondrial respiratory chain components suggest
that either activity could be cytoprotective. For example, glutathionylation of Complex II in
vitro increases its electron transfer efficiency and decreases O2

•− production, a trigger of
apoptosis in disease states such as cardiac ischemia-reperfusion (54). Conversely,
deglutathionylation of Complex I restores its electron transfer activity, preventing electron
leakage and O2

•− production (55, 56). Interestingly, hGrx2 (>6 µM) was recently shown to
promote glutathionylation of the 75 kDa subunit of Complex I under oxidizing conditions
(i.e., GSH:GSSG ratio of 3) in vitro (55); however, the physiological relevance of this
observation is yet to be determined. Further studies focused on the relationship between
Grx2 activity and glutathionylation status of established targets, or as yet unknown
mitochondrial targets, will improve our understanding of the mechanism by which Grx2
confers its cytoprotective effects.

In summary, we found that mammalian Grx2 exhibits catalytic properties remarkably
similar to those of hGrx1 (e.g., monothiol, nucleophilic double-displacement catalytic
mechanism, high commitment to catalysis, selectivity for protein-SSG substrates, and GS•

scavenging and glutathionyl transfer activities), as well as some unique features, such as a
higher catalytic cysteine pKa and decreased enhancement of GSH nucleophilicity, resulting
in decreased kcat,app values for both substrates in deglutathionylation reactions. The major
catalytic function of Grx2 in vivo remains to be characterized, but this pursuit represents an
exciting frontier in the fields of redox signaling, mitochondrial redox homeostasis, and
cellular viability.
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FIGURE 1.
hGrx1 and hGrx2 are selective for protein–GSH mixed disulfide substrates. Rates of Grx-
dependent reduction of BSA–SS–[14C]cysteine ([14C]BSA–SSC) and BSA–SS–
[3H]glutathione ([3H]BSA–SSG) were determined in 0.1 M Na/K phosphate buffer (pH 7.5)
containing GSH (0.5 mM) and 0.1 mM RSSG substrate (see Experimental Procedures for
details). (A) Time-dependent release of [3H]GSSG from [3H]BSA–SSG: (○) no hGrx2 and
(●) 9 nM hGrx2 (turnover rate of 39 ± 5). (B) Time-dependent release of [14C]cysteine–
SSG from [14C]BSA–SSC with or without hGrx2: (○) no hGrx2 and (▲) 110 nM Grx2
(turnover rate of 0). Each symbol represents the average of three or four experiments ± the
standard error. When error bars are not visible, they are within the symbol.
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FIGURE 2.
Two-substrate kinetic analysis of hGrx2-catalyzed deglutathionylation demonstrates a ping-
pong kinetic pattern. The substrate dependence of Grx2-mediated reduction of R–SSG was
determined using the standard spectrophotometric coupled assay (see Experimental
Procedures). Reactions were initiated by addition of CSSG (for panels A and B) or GSH (for
panels C and D). (A and B) Deglutathionylation of CSSG with or without hGrx2 in the
presence of a fixed concentration of GSH with a varied CSSG concentration (A) or a fixed
CSSG concentration with a varied GSH concentration (B): (A) (◆) 0.25 mM GSH, (◇) 0.3
mM GSH, (■) 1 mM GSH, and (□) 2 mM GSH and (B) (●) 0.01 mM CSSG, (○) 0.02 mM
CSSG, (▲) 0.05 mM CSSG, and (△) 0.1 mM CSSG. (C and D) Deglutathionylation of
BSA–SSG with or without hGrx2 in the presence of a fixed GSH concentration and a varied
BSA–SSG concentration (C) or a fixed BSA–SSG concentration and a varied GSH
concentration (D): (C) (◆) 0.1 mM GSH, (◇) 0.2 mM GSH, (■) 0.5 mM GSH, and (□) 1
mM GSH, and (D) (●) 5 µM BSA–SSG, (○) 10 µM BSA–SSG, (▲) 20 µM BSA–SSG, and
(△) 40 µM BSA-SSG. Insets show secondary plots of the reciprocal of Vmax vs the
reciprocal of RSSG concentration. Vmax values were calculated from fitting individual V vs
[S] curves to the Michaelis–Menten equation. Data points represent the average of at least
three experiments ± the standard error, and when error bars are not visible, they are within
the symbol.
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FIGURE 3.
hGrx2 (C40S) exhibits higher KM and Vmax values for CSSG, but a lower KM for GSH, than
the wild-type enzyme does. Turnover of CSSG by wild-type [WT, 135 nM (●)] and C40S
[135 nM (■)] hGrx2 was assessed via the spectrophotometric coupled assay (see
Experimental Procedures) with a varied CSSG (0.002–0.5 mM) or GSH (0.02–3 mM)
concentration, and velocity vs substrate curves were fit to the Michaelis–Menten equation.
For wild-type hGrx2, apparent kcat and KM values for RSSG and GSH are listed in Table 2.
For hGrx2 (C40S), kcat,app,CSSG = 543 ± 14 min−1, KM,app,CSSG = 0.083 ± 0.009 mM,
kcat,app,GSH = 589 ± 46 min−1, and KM,app,GSH = 0.63 ± 0.1 mM. Each point represents the
average of at least three determinations ± the standard error.
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FIGURE 4.
pH–rate profile of BSA–SSG deglutathionylation in the absence and presence of hGrx2.
Deglutathionylation of [3H]-BSA–SSG was assessed at pH 6.5–10.5, using the standard
radiolabel release assay described in Experimental Procedures. Buffers (0.1 M) were MES
(pH 6.5), HEPES (pH 7–8), HEPPSO (pH 7.5–8.5), and glycine (pH 9–10.5), and the final
ionic strength of each buffer was adjusted to 0.3 M using NaCl. Nonenzymatic rates were
subtracted from rates in the presence of hGrx2 (15–30 nM), and rates of deglutathionylation
with or without hGrx2 are expressed as percentages of the maximum rate. hGrx2
concentrations were within the linear range of concentration dependence at each pH. Data
from a single experiment that is representative of results from five analogous experiments
are displayed.
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FIGURE 5.
Determination of the pKa of the active site Cys–SH of hGrx2. hGrx2 (3 µM) was incubated
with iodoacetamide (IAM, 0.3 mM) for 3 min in the following incubation buffers: sodium
citrate at pH 3.5; sodium acetate at pH 3.5, 4.0, 4.5, and 5.0; and 2-(N-
morpholino)ethanesulfonic acid (MES) at pH 5.0, 5.5, and 6.0. All buffers were at a
concentration of 10 mM, and the ionic strength was adjusted to 0.5 M by addition of the
appropriate amount of NaCl or KCl. Following incubation, hGrx2 activity was determined
using the standard spectrophotometric coupled assay (Experimental Procedures) after a 50-
fold dilution into the assay mix [0.1 M Na/K phosphate (pH 7.5), 0.2 mM NADPH, 0.5 mM
GSH, and 2 units/mL GSSG reductase]. The percent activity remaining at each pH was
determined from the ratio of Grx2-mediated deglutathionylation rates for enzyme
preincubated with IAM versus no IAM (see Experimental Procedures). Symbols represent
the mean of at least three determinations of hGrx1 activity with or without IAM
preincubation ± the standard error. When error bars are not visible, they are within the
symbol.
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FIGURE 6.
Thiyl radical (GS•) scavenging activity of Grx2. (A) hGrx (0–1 µM) was preincubated with
0.5 mM GSH, 0.2 mM NADPH, and 2 units/mL GSSG reductase in 0.1 M Na/K phosphate
buffer (pH 7.5) at 30 °C for 5 min (see Experimental Procedures and ref 33). Then a
premade complex containing FeCl2 (0.5 mM) and ADP (2.5 mM) was added to each, and
the reactions were initiated by addition of H2O2 (50 µM). Reactions were monitored
according to the decrease in A340 over 5 min (within the linear range of time dependence).
The amount of GSSG formed per minute was calculated according to the extinction
coefficient of NADPH, corrected for the plate reader assay (see Experimental Procedures).
The inset shows a region of linear dependence on hGrx concentration. GS radical
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scavenging activities in this time period were used to calculate turnover [hGrx1 (●), 170.0 ±
7.7; hGrx2 (■), 18.7 ± 1.2; 9.1 hGrx1:hGrx2 ratio]. Symbols represent the means of four to
six determinations ± the standard error. (B) GSH-dependent peroxidase activity was
measured in 0.1 M Na/K phosphate buffer (pH 7.5) containing GSH (0.5 mM) and GSSG
reductase (2 units/ mL). Reactions were initiated by addition of H2O2, and A340 was
monitored over 5 min. Rates of GSSG formation (i.e., NADPH oxidation) were calculated
using the extinction coefficient of NADPH. Glutathione peroxidase (GPx) was used as a
positive control: (◆) GPx (5 nM), (○) hGrx1 (1 µM), and (▵) hGrx2 (1 µM). Each symbol
represents the average of at least three determinations ± the standard error. When error bars
are not visible, they are within the symbol.

Gallogly et al. Page 24

Biochemistry. Author manuscript; available in PMC 2013 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
(A) Catalytic Mechanism of Protein Deglutathionylation by Mammalian Grx1 (16, 18) and
Grx2 and (B) Catalytic Mechanism of Intramolecular Disulfide Reduction by Mammalian
Trx (5, 57)a
a In the first step of panel A, the catalytic cysteine thiolate of Grx attacks the glutathionyl
sulfur of the protein–SSG mixed disulfide, releasing the first product, protein–SH. In the
second step of the reaction, GSH attacks the enzyme–SSG intermediate, restoring the
reduced enzyme and releasing GSSG. Alternatively, the cysteine adjacent to the active site
may attack the Grx–SSG intermediate, forming an intramolecular disulfide and releasing
GSH. The intramolecular disulfide may be recruited back into the catalytic cycle by reaction
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with GSH, re-forming Grx–SSG, and proceeding with step 2. Reduction of GSSG is
catalyzed by GSSG reductase, coupled to oxidation of NADPH. PSSG, protein–GSH mixed
disulfide. In the first step of panel B, the acidic cysteine thiolate of Trx attacks an
intramolecular protein disulfide, forming a transient HS–Trx–SS–protein–SH intermediate
in which the second active site cysteine of Trx attacks the intermolecular disulfide and
displaces protein–(SH)2, forming the Trx–(S)2 intramolecular disulfide. Trx disulfide is then
reduced by Trx reductase (TR), coupled to oxidation of NADPH. P, protein.
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Scheme 2.
Catalytic Mechanism of GS• Scavenging by Mammalian Grx1 (33)a
a In the first step of the reaction, the catalytic cysteine of Grx attacks the sulfur of GS•,
forming a Grx–SSG•− disulfide anion radical intermediate. The free electron of this
intermediate then reacts with O2, forming O2

•− and Grx–SSG. In the third step of the
reaction, the Grx–SSG intermediate is reduced by GSH, forming GSSG. GS•, GSH thiyl
radical; O2

•−, superoxide.
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Scheme 3.
Proposed Mechanism of GS• Transfer by Mammalian Grx1 (33)a
a The first step of the reaction is the same as in Scheme 2, i.e., the catalytic cysteine of Grx
attacks GS•, forming the enzyme disulfide anion radical intermediate, Grx–SSG•−. In the
second step of the reaction, the Grx–disulfide anion radical intermediate abstracts a H atom
from the reduced protein, forming protein–S• and GSH and restoring the Grx anion. In step
3, the protein radical reacts with another Grx–disulfide anion radical, forming protein–SSG
and another molecule of reduced Grx enzyme. GS•, GSH thiyl radical; Grx–SSG•−,
glutaredoxin–SSG disulfide anion radical; P, protein.
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Table 1

Specific Activities of Grx Isoforms for Model Substrate Cysteine–SSG (CSSG)a

Grx isoform specific activity (units/mg) ratio (Grx1:Grx2)

hGrx1 106.8 ± 2.8 –

hGrx2      11.2 ± 0.05 9.5

mGrx2    12.6 ± 0.9 8.5

hGrx2 (C40S)    20.9 ± 1.4 –

a
Rates of CSSG deglutathionylation by recombinant human Grx1 (hGrx1) and truncated human and mouse Grx2 (hGrx2 and mGrx2) were

determined using the spectrophotometric coupled assay described previously (12,17,30). Reaction mixtures contained sodium/potassium phosphate
buffer (0.1 M, pH 7.4), NADPH (0.2 mM), GSH (0.5 mM), GSSG reductase (2 units/mL), and Grx (15 nM Grx1 or 64–75 nM Grx2), and reactions
were initiated by addition of CSSG (0.1 mM final concentration) and monitored over 5 min. Rates of deglutathionylation were determined by
measuring the rate of NADPH-dependent reduction of the reaction product GSSG and subtracting the nonenzymatic rate. Data are expressed as
means ± the standard error (n = 4–12).
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Table 2

Catalytic Efficiencies of Grx Isoformsa

Grx isoform kcat (min−1) KM (mM) kcat/KM (min−1 mM−1)

(A) BSA–SSG

hGrx1 513 ± 19 0.034 ± 0.004 (1.5 ± 2.6) × 104

hGrx2 46 ± 2 0.016 ± 0.003 (2.8 ± 0.6) × 103

mGrx2 not determined not determined not determined

(B) GSH

hGrx1 (4.8 ± 0.23) × 103 0.81 ± 0.1 (6.0 ± 1) × 103

hGrx2 675 ± 71 1.6 ± 0.4 433 ± 145

mGrx2 804 ± 81 1.3 ± 0.3 614 ± 203

(C) CSSG

hGrx1 (2.3 ± 0.15) × 103 0.055 ± 0.01 (4.2 ± 1) × 104

hGrx2 217 ± 16 0.036 ± 0.009 (6.1 ± 2) × 103

mGrx2 286 ± 17 0.055 ± 0.01 (5.2 ± 1.3) × 103

a
Rates of deglutathionylation by recombinant hGrx1, hGrx2, and mGrx2 were determined using the spectrophotometric coupled assay (see

Experimental Procedures). For part A, the BSA–SSG concentration was varied (from 0.005 to 0.25 mM) and the GSH concentration was
maintained at 0.5 mM. For part B, the GSH concentration was varied (from 0.1 to 1 mM) and the CSSG concentration was maintained at 0.1 mM.
For part C, the CSSG concentration was varied (from 0.002 to 0.5 mM) and the GSH concentration was maintained at 0.5 mM. Three separate

experiments were performed to generate plots of v (min−1) vs [S]. These data were fit to the Michaelis–Menten equation, and apparent kcat and

KM values were calculated accordingly. Apparent KM and kcat values for each substrate were consistent across additional concentrations of the

second substrate (data not shown).
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Table 3

Helix 2 Dipole Moments for hGrx1 and hGrx2a

Grx
structure

dipole
moment (D)

helix–thiolate
angle (deg)

component of
dipole (D)

hGrx1 (1) 182 24.4 166

hGrx1 (6) 170 19.7 160

hGrx1 (16) 177 19.2 167

hGrx1 (20) 168 24.4 153

hGrx2 213 10.6 209

a
Partial PDB files of hGrx1 [1JHB (23)] and hGrx2 [2FLS (39)] were submitted to the Protein Dipole Moments Server [http://

bioportal.weizmann.ac.il/dipol/ (40)] to calculate the dipole moment of helix 2, as well as the angle between the helix and catalytic cysteine (see
Experimental Procedures). For hGrx1, the number in parentheses indicates the specific NMR structure shown previously to predict the empirically
observed catalytic cysteine pKa of approximately 3.5 (30). The component of each dipole directed toward the catalytic cysteine was calculated by

multiplying the dipole moment by the cosine of the angle formed by the intersection of the helix axis with a line projecting from the base of the
helix to the catalytic cysteine.
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Table 5

Contribution of TR to Grx-Mediated Deglutathionylation of CSSGa

reducing
system

CSSG turnover by
hGrx1 (min−1)

CSSG turnover by
hGrx2 (min−1)

GSH, GR 196.9 ± 14.5 12.98 ± 0.69

TR 0.94 ± 0.13 0.62 ± 0.08

a
Rates of deglutathionylation of CSSG were measured using the spectrophotometric assay (see Experimental Procedures). Reaction mixtures

contained Na/K phosphate buffer (0.1 M, pH 7.5), NADPH (0.2 mM), and hGrx1 (0.37 µM in experiments with GSH and 3.7 µM in experiments
without GSH) or hGrx2 (3.7 µM). When present, other components included GSH (0.1 mM), GSSG reductase (0.01 µM), Trx (10 µM), and TR
(230 nM). Reactions were initiated by addition of CSSG (0.001–0.5 mM final concentration) and monitored over 5 min. Turnover rates represent
the average of at least three experiments and are expressed as the mean ± the standard error.
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Table 6

hGrx1 and hGrx2 Exhibit Equal Rates of Protein Glutathionylation in the Presence of GS•, GSNO, and GSSGa

protein–SSG formation

substrate Grx1-mediated (s−1) Grx2-mediated (s−1)

GS• [≥10 µM (33)] 0.43 ± 0.03 0.38 ± 0.04

GSNO (500 µ M) 0.21 ± 0.07 0.24 ± 0.08

GSNO (250 µM) 0.09 ± 0.04 0.11 ± 0.07

GSSG (250 µM) 0.38 ± 0.01 0.12 ± 0.007

GSSG (100 µM) 0.24 ± 0.03 0.06 ± 0.003

a
Reaction mixtures contained Na/K phosphate buffer (0.1 M, pH 7.5), rabbit muscle GAPDH (25 µM), Grx (0.02–0.25 µM), S-carboxymethyl BSA

(7 mg/mL), and [35S]GSNO (500 µM), [35S]GSSG (500 µM), or GSH (0.5 mM) and GS• (approximately 10 µM; see ref 33). Reactions took place
at room temperature and were quenched by addition of 20% ice-cold TCA. Precipitated proteins were pelleted by centrifugation, washed, and
analyzed for bound radioactivity. Grx-mediated GAPDH–SSG formation was assessed by comparing the bound radioactivity in the presence and

absence of the enzyme. Rates are expressed as nanomoles of protein–SSG per minute per nanomole of Grx (i.e., turnover, min−1). Turnovers were
determined within the linear range of Grx dependence for each substrate and are expressed as the mean ± the standard error (n = 3–12).
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