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Abstract

Glutaredoxins are small, heat-stable proteins that exhibit a characteristic thioredoxin fold and a CXXC=S active-
site motif. A variety of glutathione (GSH)-dependent catalytic activities have been attributed to the gluta-
redoxins, including reduction of ribonucleotide reductase, arsenate, and dehydroascorbate; assembly of iron
sulfur cluster complexes; and protein glutathionylation and deglutathionylation. Catalysis of reversible protein
glutathionylation by glutaredoxins has been implicated in regulation of redox signal transduction and sulfhydryl
homeostasis in numerous contexts in health and disease. This forum review is presented in two parts. Part I is
focused primarily on the mechanism of the deglutathionylation reaction catalyzed by prototypical dithiol glu-
taredoxins, especially human Grx1 and Grx2. Grx-catalyzed protein deglutathionylation proceeds by a nucle-
ophilic, double-displacement mechanism in which rate enhancement is attributed to special reactivity of the low
pKa cysteine at its active site, and to increased nucleophilicity of the second substrate, GSH. Glutaredoxins (and
Grx domains) have been identified in most organisms, and many exhibit deglutathionylation or other activities
or both. Further characterization according to glutathionyl selectivity, physiological substrates, and intracellular
roles may lead to subclassification of this family of enzymes. Part II presents potential mechanisms for in vivo
regulation of Grx activity, providing avenues for future studies. Antioxid. Redox Signal. 11, 1059–1081.

Part I: Glutaredoxins and Catalysis
of Thiol-Disulfide Exchange

Glutaredoxins are GSH-disulfide oxidoreductases
reported to catalyze a variety of GSH-dependent thiol-

disulfide exchange reactions including protein glutathiony-
lation and deglutathionylation, turnover of ribonucleotide
reductase, and reduction of dehydroascorbate and arsenate;
and some glutaredoxins are also implicated in FeS cluster
homeostasis (reviewed in refs. 68, 80, 81). Among the reported
catalytic activities of the glutaredoxins, protein deglutathio-
nylation (reduction of protein-glutathione mixed disulfides,
protein-SSG) has received much attention because of its reg-
ulatory roles in redox signal transduction and sulfhydryl
homeostasis (reviewed in refs. 23, 80). Glutathionylation is an
oxidative posttranslational modification that occurs on some

protein cysteines under basal conditions [e.g., b-actin (137),
mitochondrial complex II (19)]; for others, it is a transient
modification that occurs during oxidative stresses such as
ischemia=reperfusion [e.g., a-actin (18), GAPDH (26), mito-
chondrial complex I (56)]. For many proteins, glutathionyla-
tion affects function, and thus the reversible glutathionylation
of specific proteins has been implicated in regulation of cel-
lular homeostasis in health and disease (reviewed in refs. 23,
80). Grx is the primary intracellular deglutathionylating en-
zyme in mammalian cells (21, 52), and manipulation of Grx
levels has been shown to affect protein glutathionylation
status and, subsequently, downstream signaling events (1, 2,
22, 98, 137). Thus, understanding mechanisms of deglu-
tathionylation by glutaredoxin enzymes, as well as the ways
in which the deglutathionylation activity is regulated in vivo,
is of great interest to the field of redox homeostasis.
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‘‘Glutaredoxin’’ and ‘‘thioltransferase’’ enzymes were first
described independently. The name ‘‘glutaredoxin’’ was given
to an enzyme discovered by Holmgren (53) in Escherichia
coli mutants lacking thioredoxin. This E. coli Grx, coupled to
GSH, glutathione reductase (GR), and NADPH, was charac-
terized as a hydrogen-donor system for turnover of ribonu-
cleotide reductase and production of deoxyribonucleotides
for DNA synthesis. Somewhat earlier, an enzyme purified
from rat liver was named ‘‘thioltransferase’’ (3) to reflect its
characteristic, nucleophilic thiol-disulfide exchange activity,
and to distinguish its activity from ‘‘transhydrogenase’’ reac-
tions in which electrons are transferred from cofactors (103).
Since then, ‘‘thioltransferase’’ and ‘‘glutaredoxin’’ enzymes
from a variety of organisms and mammalian tissues have
been isolated and characterized, and a high degree of struc-
ture–function congruence supports the conclusion that they
simply represent alternative names for the same family of
enzymes. The name ‘‘glutaredoxin’’ has become the more
widely accepted name internationally, although it does not
reflect the chemical nature of the deglutathionylation reaction
(i.e., sequential thiol-disulfide exchange reactions).

Glutaredoxins are small, heat-stable proteins that conform
to a ‘‘thioredoxin fold,’’ that is, four mixed b-sheets sur-
rounded by a-helices (27, 77). Most glutaredoxins contain a
CXXC active-site motif that is exposed to solvent, although in
some recently described glutaredoxins (and glutaredoxin
domains of multidomain proteins), the C-terminal active-site
Cys is replaced by Ser (CXXS). Many glutaredoxins contain
residues that have been implicated in the stabilization of the
covalently bound glutathionyl moiety (i.e., the catalytic in-
termediate), and it has been proposed that some Grxs may
exhibit affinity for reduced GSH. The majority of glutar-
edoxins tested to date exhibit deglutathionylase activity,
although some subforms do not, suggesting alternative
functions in vivo. The ‘‘glutaredoxin’’ family of enzymes is
growing increasingly complex, with forms containing dithiol
or monothiol active sites; forms that exist exclusively as
monomers and those that form dimers; forms that catalyze
thiol-disulfide oxidoreductase reactions and those that do not;
forms that bind iron–sulfur clusters and those that do not; and
forms that represent domains of multidomain proteins. As
more is learned about the reactions catalyzed by each of these
enzymes, we expect that a subclassification of glutaredoxins
will be described according to their structural and functional
characteristics.

This forum review is presented in two parts. The first sec-
tion is focused on the details of the catalytic mechanism of the
most well-studied dithiol glutaredoxins, and emphasis is
placed on the mammalian enzymes in the context of physio-
logic function. Next, we discuss evidence for deglutathiony-
lation activity or glutathionyl selectivity of glutaredoxins or
both (and Grx domains on multidomain proteins) from model
organisms. The catalytic activities and physiologic functions
of many of these glutaredoxins are still being explored; thus,
this section is provided primarily to direct readers to other
forms and potential functions of glutaredoxins not featured in
depth in this review.

The second portion of the review is focused on the locali-
zation and regulation of the deglutathionylase activity of
particular glutaredoxins that have been implicated in physi-
ologic functions.

Mechanistic and kinetic details of the catalysis
of thiol-disulfide exchange by glutaredoxins

Uncatalyzed thiol-disulfide exchange reaction. The un-
catalyzed reaction of thiol-disulfide exchange is deceptively
simple:

RSSR¢þR†SH! RSSR† þR¢SH

In this reaction, a reduced thiol is exchanged with a disulfide,
resulting in formation of a new disulfide and a new thiol.
Although this reaction is an oxidation–reduction reaction, it
occurs as a nucleophilic displacement, the thiol nucleophile
attacking the electrophilic disulfide. The rate of this reaction is
dependent on the nucleophilicity of the thiol reactant (R0 0SH),
the reactivity of the central atom being attacked (the one
sulfur of the RSSR0), and the stability of the leaving group thiol
product (R0SH) (132). Because protonated thiols (-SH) are not
good nucleophiles, this uncatalyzed reaction is slow at
physiologic pH.

The thiol-disulfide exchange reaction is reversible and
reaches an equilibrium based on the initial concentrations of
reactants and products, governed by the redox potentials of
the thiol disulfide couples involved. A slightly more compli-
cated reaction of two sequential thiol-disulfide exchange steps
is shown in Fig. 1, in which hydroxyethyl disulfide (HEDS) is
reduced to two molecules of b-mercaptoethanol by reaction
with two molecules of GSH. In previous studies, HEDS re-
duction by GSH was observed to reach equilibrium within
60 min (81, 83). Starting with either 0.9 mM HEDS and 1.8 mM
GSH (forward reaction) or 1.8 mM b-mecaptoethanol and
0.9 mM GSSG (reverse reaction), the same equilibrium point
was reached, as expected. This point is predicted by the rel-
ative redox potentials of the reactants.

Adding Grx at the starting point of either reaction increases
the rate of the reaction, but consistent with its role as a cata-
lyst, it does not change the position of the equilibrium (Fig. 2).
For most proteins, Kox (i.e., the GSH=GSSG ratio at which
PSH=PSSG¼ 1) is *1 (42). Practically this means, for reac-
tions involving protein thiols and GSSG in the presence of
much larger concentrations of reduced GSH (e.g., intracellular
conditions, GSH=GSSG *100), protein glutathionylation is

FIG. 1. Sequential thiol-disulfide exchange between
hydroxyethyl disulfide (HEDS) and GSH. In the first step,
the GSH thiolate attacks one sulfur of HEDS, forming
hydroxyethyl-SSG (bME-SSG) and b-mercaptoethanol
(bME). In the second step, a second GSH attacks the bME-
SSG mixed disulfide, forming GSSG and a second molecule
of b-mercaptoethanol. When HEDS is used as a pro-substrate
for Grx, the first step of this reaction creates the glutathionyl
mixed-disulfide substrate that can be deglutathionylated by
the enzyme (81).
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unlikely to proceed by thiol-disulfide exchange spontane-
ously [see (38)]. Thus, except for protein thiols with unusual
Kox values, such as c-Jun [Kox *13; i.e., 50% c-Jun-SSG when
GSH=GSSG¼ 13 (66)], experiments in which proteins are
glutathionylated in vitro by GSSG in the absence of reduced
GSH probably do not reflect what occurs in vivo.

Overall catalytic scheme for glutaredoxin. The steps of
Grx-catalyzed protein deglutathionylation are presented in
Fig. 3A. The overall reaction is a series of thiol-disulfide ex-
change reactions and involves a glutaredoxin-glutathione
mixed-disulfide intermediate (Grx-SSG). Kinetically, this
corresponds to a ping-pong mechanism, and two-substrate
kinetic analyses have documented this mechanism (38, 47,
122). The KM for a particular substrate, under these conditions
(that is, at a fixed concentration of the second substrate) is not
a reflection of affinity, but a composite of the kinetic constants
of the individual reactions. Accordingly, when the second
substrate is varied, the KM and Vmax values both change in a
coordinated way so that parallel lines result when plotted in a
Lineweaver-Burk double-reciprocal format after nonlinear

regression analysis of the primary data (38, 47, 122). Evolution
of intrinsic kinetic constants is approached by replotting the
reciprocals of the Vmax or KM values from varied first sub-
strate at discrete second-substrate concentrations. If such
plots have positive y-intercepts, then the corresponding x-
intercepts yield intrinsic KM values. This kind of analysis for
Grx1 and Grx2 instead gave a surprising result: the x and y
intercepts (related to the reciprocal KM

int and Vmax
int, re-

spectively) projected to the origin (38, 122). This result can be
explained in one of two ways. The first is the relation of
k2�k-1 (Fig. 4A), in which k2 is the rate constant of the che-
mical step (the thiol exchange reaction), and k-1 is the disso-
ciation of the enzyme–substrate complex. This is termed
complete commitment to catalysis, meaning that each substrate-
binding event leads to a bond-transformation reaction. The
second explanation refers to the absence of a reversible com-
plex. This is called an encounter reaction, meaning that no
binding occurs, that the substrate and enzyme react without
any binding modes playing a role in the reaction (Fig. 4B).

These two possibilities are easily distinguished, in that in
the first, very tight binding of substrate analogues are de-
signed so that they cannot undergo the second step of catal-
ysis. These analogues can be used in affinity chromatography
procedures to purify the enzymes; and they can also serve as
effective inhibitors of catalysis. In the second case, the en-
counter complex is not affected by substrate analogues;
therefore, they do not affect the reaction rate, nor does the
enzyme bind to chromatography resins linked to such ana-
logues. In the case of Grx, S-methyl glutathione may serve as a
mimetic of either the oxidized or reduced substrate (protein-
SSG or GSH). This analog efficiently inhibits glutathione-S-
transferases (64), which display high affinity for their sub-
strate GSH. Remarkably for human Grx1 and Grx2, this
substrate analogue does not inhibit the enzymatic reaction,
even at millimolar concentrations (38, 122), supporting an
encounter-type mechanism for both enzymes. In summary,
the lack of specific and potent inhibitors of Grx strongly
suggests that these reactions are encounter reactions and
occur without formation of enzyme–substrate complexes.

Catalysis of deglutathionylation by E. coli Grx1 also ap-
pears to operate via an analogous ping-pong mechanism (14).
However, a recent report of the kinetics of yeast glutaredoxin
7 (ScGrx7, a monothiol glutaredoxin) displayed ping-pong
kinetics, but nonzero intercepts were shown on secondary
plots of 1=KM or 1=Vmax vs. 1=Cys-SSG at three cysteinylglu-
tathione (Cys-SSG) concentrations (79). It is possible that a
more complete analysis involving more than three Cys-SSG
concentrations extending higher than the estimated KM might
yield a result corresponding to those for hGrx1 and hGrx2
(above); alternatively, this yeast Grx may be dissimilar in this
aspect of the double-displacement mechanism, (i.e., reversible
ES complexes may precede the covalent reactions).

Characteristics of individual steps of glutaredoxin catalysis
of thiol-disulfide exchange

Step 1: Reaction of the oxidized disulfide substrate with reduced
Grx (Fig. 3A, Step 1). This reaction is very fast relative to the
overall rate of the catalyzed reaction (which in turn is at least
1,000-fold faster than the nonenzymatic rate for Grx1, and
250-fold for Grx2) (38, 81). Two observations demonstrate
that Grx is highly selective for glutathionyl mixed-disulfide

FIG. 2. Grx catalysis of reversible thiol-disulfide
interchange—approach to equilibrium. Reaction mixtures
were 2.2 ml at 308C, containing 0.091 M K phosphate, pH 7.5.
Lower lines: initial reaction mixtures also contained 0.91 mM
HEDS and 1.82 mM GSH�Grx1 from human red blood
cells (0.01 units). Upper lines: initial reaction mixtures con-
tained 0.91 mM GSSG and 1.82 mM b-mercaptoethanol
(b-ME)�Grx1 (0.01 units). Solid symbols, þGrx; open symbols,
-Grx. Separate stock solutions of the reactants were pre-
warmed to 308C, and each reaction was initiated by adding
the reduced substrate (GSH or b-ME). At time points indi-
cated, 0.2 ml of each reaction mixture was withdrawn and
added to 0.8 ml of 0.25 mM NADPH in 0.125 mM K phos-
phate, pH 7.5; after mixing and reading an initial A340nm

value, 2 units of GSSG reductase was added, and the de-
crease in A340nm was monitored until it reached a plateau (ca.
2 min). Total GSSG was calculated from the values of A340nm

(1 nmol=0.005 DA340nm), determined from a separate stan-
dard curve for authentic GSSG). All data points represent the
mean� standard error of two separate experiments. Re-
printed with permission from (83).
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substrates. First, exchange reactions for mixed disulfides that
do not contain glutathione (e.g., protein-SS-Cys) are not cat-
alyzed by human Grx1 (47) or Grx2 (38). Second, amounts of
Grx far above those that are effective for catalysis of deglu-
tathionylation have little effect on the rate of glutathione
oxidation by hydrogen peroxide (glutathione peroxidase
activity) (38, 124).

As described earlier, the reaction is a nucleophilic dis-
placement. Grx, due to the low pKa of its active cysteine, is a
thiolate at physiologic pH and is thus primed to attack the
disulfide bond of the oxidized substrate. The oxidized prod-
uct of this reaction is exclusively the glutathionyl enzyme
mixed disulfide (Grx-SSG), as documented by mass spectro-
metric analysis. Thus, reaction of Cys-SSG with a Grx1 mutant
lacking the neighboring cysteine (to avoid intramolecular
disulfide formation, see ‘‘Side Reaction,’’ later) yields only
Grx-SSG, and no Grx-SS-Cys (58, 143). In contrast, experi-
ments conducted with the analogous mutant of thioredoxin
gave a mixture of glutathionyl and cysteinyl mixed disulfides
(143). This specificity of attack by Grx1 also was shown
for E. coli Grx1 by incubating the analogous mutant (C14S)
with a peptide-glutathionyl mixed disulfide substrate (pep-
tide-SSG). Mass spectrometric analysis showed exclusive
formation of E. coli Grx1-SSG (96); however, incubation
of the enzyme with a mixed disulfide of the peptide and

a-glutamylcysteinylglycine (isomer of GSH that lacks the g
peptide linkage between Glu and Cys characteristic of GSH)
yielded only Grx-SS-peptide. These observations suggest
that the basis for selective attack of the Grx thiolate on the
disulfide-adducted glutathionyl moiety is the orientation of
the g-glutamyl moiety of the molecule. The specific electro-
static interactions leading to this exclusive selectivity have not
been identified, but represent an intriguing direction for fu-
ture study (see later).

Other studies examined the reaction rate constants for re-
action of Grx with GSSG or other RSSR compounds, which
represent potential alternative first substrates for Grx (Figs. 1B
and 3). In NMR line broadening experiments, only GSSG re-
action rates were fast enough to be measured, giving a rate
constant of 7�105 M=s for the reaction of GSSG with Grx (102).
The implication is that the other nonglutathionyl disulfides
reacted much more slowly, confirming the specificity of the
enzyme for substrates containing a glutathionyl moiety.

The nonglutathionyl component of the disulfide sub-
strate appears to be unrestricted. Many protein-SSG and
small molecule-SSG mixed disulfides (i.e., Cys-SSG, and
b-hydroxyethyl-SSG) are substrates (38 44, 47, 61, 75, 83). As
discussed earlier, GSSG also serves as a substrate (Figs. 2 and
3B), and this alternative substrate competition explains its
apparent ‘‘inhibition’’ of E. coli Grx1 when added in increasing

FIG. 3. (A) Catalytic mechanism
of deglutathionylation by human
glutaredoxins (38, 47, 122). In the
first step, the thiolate of the Grx N-
terminal active-site cysteine at-
tacks the glutathionyl sulfur of the
protein-glutathione mixed dis-
ulfide (P-SSG), forming the Grx-
SSG intermediate and releasing
reduced protein-SH (P-SH). In the
second step, free GSH attacks the
glutathionyl sulfur of the Grx-SSG
intermediate, releasing reduced
Grx and GSSG. GSSG is then re-
duced to 2GSH by GSSG reduc-
tase (GR) and NADPH. Step 3
represents a side reaction in which
the Grx C-terminal active-site
cysteine competes with GSH for
reduction of Grx-SSG, forming a
Grx active-site disulfide and re-
leasing GSH. The Grx-S2 side
product is reduced by GSH and
recruited back into the catalytic
cycle. (B) Grx can use GSSG as an
oxidized substrate (38, 83, 124).
This scheme is analogous to
Scheme 1A, except that the first

substrate for Grx is glutathionylated glutathione (i.e., GSSG), and the second substrate is protein-SH. This reaction occurs
under oxidizing conditions (i.e., low GSH=GSSG ratio) until the protein-SH=protein-SSG ratio reaches equilibrium. (C)
Proposed mechanism of glutathione thiyl radical (GS�) scavenging by Grx (124). In the first step, the N-terminal active-site
cysteine of Grx attacks GS�, forming a Grx disulfide anion radical intermediate. This radical then reacts with O2 in Step 2,
forming superoxide (O2

��) and the typical Grx-SSG intermediate. In Step 3, the Grx-SSG intermediate is reduced by GSH,
forming GSSG and reduced enzyme. (D) Proposed mechanism of glutathionyl transfer by Grx (124). In the first step of the
reaction, the Grx catalytic cysteine thiolate attacks GS�, forming the Grx-SSG�� disulfide anion radical intermediate. This
intermediate can proceed to react with protein-SH (P-SH, Step 2), forming protein thiyl radical (P-S�). In Step 3, another Grx-
SSG�� molecule reacts with P-S� (Step 3), quenching the radical reaction and forming protein-SSG (P-SSG). The net reaction
yields protein-SSG from two GS� and two P-SH molecules.
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concentrations to a mixture containing peptide-SSG (whose
rate of deglutathionylation was measured fluorometrically)
(96). However, differences are found in apparent KM and Vmax

values among glutathionylated substrates when tested at the
same fixed concentration of GSH (the reduced substrate).
These differences likely involve steric factors, as illustrated
by comparison of met- vs. oxy-hemoglobin-SSG substrates
(47, 81).

Evidence suggests the presence of specific electrostatic in-
teractions between the covalently bound glutathionyl moiety
and specific residues of the Grx protein in the Grx-SSG mixed
disulfide intermediate (15, 143, 145). These interactions may
serve two potential roles: (a) to stabilize the adducted glu-
tathionyl moiety at the expense of destabilizing the disulfide
bond, making it more reactive in the second reaction step (see
later); or (b) to decrease the rate of formation of the intra-
molecular disulfide of Grx by sterically or conformationally
inhibiting the reaction of the second cysteine (see ‘‘Side Re-
action,’’ later).

Under typical conditions with wild-type Grx enzyme, the
Grx-SSG intermediate undergoes two disparate reactions: one
leading to reduced Grx (Fig. 3A, Step 2), and the other, to an
intramolecular disulfide (oxidized) form of the enzyme (Fig.
3A, Step 3).

Step 2: Reaction of the Grx-SSG intermediate with a reduced
thiol substrate (Fig. 3A, Step 2). This is the rate-determining
step of the deglutathionylation reaction. For human Grx1 and
Grx2, the pH rate profile of the Grx-catalyzed reaction mat-
ches that of deprotonation of the thiol on the reduced sub-
strate, indicating the involvement of the reduced substrate
thiolate in the rate-determining step (38, 122). For Grx1, this
overall maximal reaction rate for Cys-SSG is *2,200 per
minute at 0.5 mM GSH (21), and *10-fold lower (217 and 286
per minute) for human and mouse Grx2, respectively (38).

Many thiols (including protein thiols) may be used as re-
duced substrates for Grx1-SSG, and for most, the rate en-
hancement over noncatalyzed rates is *1,000-fold. This rate
enhancement matches the predicted enhancement due to the
difference in pKa of the leaving group in the uncatalyzed re-
action compared with the pKa of the Grx-thiolate as the
leaving group, according to the Bronsted theory (122, 132).
Besides the leaving group effect, an additional enhancement
exists for GSH as the second substrate, which suggests an
enzyme-induced increase in nucleophilicity of the glutathio-
nyl thiolate for the Grx-SSG intermediate (38, 122). As for the
first step of catalysis, asymmetry is found in this nucleophilic
displacement reaction, in that the reduced product in the
catalyzed reaction is exclusively the Grx thiolate.

No intrinsic KM is found for Grx1 toward GSH, indicating
no substrate binding (as shown for Step 1). This is further
supported by experiments in which incubation of pig or
human Grx1 with radiolabeled GSH yielded non-overlapping
elution profiles of protein and radioactivity in size-exclusion
chromatography (144). Moreover, Grx1 did not bind to GSH-
columns in which GSH was covalently bound via the
N-terminal amino group of the tripeptide (81). Like Grx1, the
plot of 1=KM vs. 1=GSH for Grx2 exhibits an x-intercept
projecting to the origin, and millimolar concentrations of
S-methylglutathione did not inhibit the Grx2 enzyme. Both of
these observations support a Grx1-like, encounter-type
mechanism for Grx2.

Studies performed in the absence of GSH suggest that the
hGrx2-SSG intermediate may be turned over by thioredoxin
reductase (TR) (61), leading the authors to suggest that TR
may support GRx2-catalyzed deglutathionylation during
oxidative stress [i.e., low (GSH)] conditions. However, we
observed that rates of deglutathionylation of the prototype
substrate Cys-SSG by human Grx enzymes are much lower
(>100-fold for Grx1, 20-fold for Grx2) when TR is substituted
for the GSH system (GSH and GR), even when GSH and GR
are reduced to one tenth of their estimated intracellular con-
centrations (38). Thus, although TR can support deglutathio-
nylation of human Grx enzymes, it does so at a rate unlikely to
contribute significantly to total deglutathionylation activity
in vivo.

Side reaction: Formation of a Grx intramolecular disulfide from
the Grx-SSG intermediate. An intramolecular reaction between
the C-terminal active-site cysteine and the Grx-SSG interme-
diate can compete with turnover of the enzyme intermediate
(Fig. 3A, Step 3). The products are oxidized Grx (i.e., Grx-S2)
and reduced GSH. The intramolecular disulfide must react
with 2 GSH to re-form the reduced enzyme for another cycle
of catalysis, and this occurs readily. That is, assays beginning
with oxidized enzyme display full activity with no lag phase,
indicating that reduction of the intramolecular disulfide
form of the enzyme occurs at least as rapidly as the rate-
determining step (81).

Although formation of the Grx-S2 intramolecular disulfide
may be favored because of the propinquity of the neighboring
cysteine, such reactivity may be offset by the unfavorable
orientation of this thiol relative to the mixed disulfide inter-
mediate. Also, the conformational accommodation of the
covalently adducted glutathionyl moiety in the Grx-SSG in-
termediate may interfere with the intramolecular reaction,
either directly (sterically) or through internal movement of the

FIG. 4. Complete commitment to catalysis vs. encounter-
type catalytic mechanisms. (A) In the case of high commit-
ment to catalysis, a reversible binding step exists between
enzyme and substrate, followed by a chemistry step (k2) that
is very fast compared with the rate of enzyme–substrate
dissociation (k-1). Thus, essentially every substrate molecule
that binds to enzyme undergoes a nucleophilic displacement
reaction. (B) In the case of an encounter-type mechanism,
enzyme and substrate react on association, but without for-
mation of a reversible complex. This latter model is sup-
ported by two-substrate kinetic analysis of Grx1 (122) and
Grx2 (38), which predicts ‘‘true’’ KM

int values approaching
infinity for both substrates.
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protein due to the specific interactions with the adducted
glutathione. Some support for this concept comes from ex-
periments in which Grx was incubated for very short times
with radiolabeled GSSG or cystine (Cys-SS-Cys), and then
subjected to ion-exchange chromatography to detect radio-
label (*) incorporation into the protein fraction, reflecting de-
tection of either Grx-SSG* or Grx-SSCys*. Although addition
of [35S] GSSG to Grx resulted in some incorporation of ra-
dioactivity (30), none was associated with enzyme treated
with [14C] cystine (40). These contrasting results suggest that
the intramolecular reaction of the neighboring cysteine is
slower in the case of the Grx-SSG intermediate, consistent
with the glutathionyl specificity of the enzyme.

Formation of Grx-S2 detracts from turnover of the Grx-SSG
intermediate and is nonproductive. Therefore, to the extent it
occurs, it is inhibitory. Removal of the C-terminal active-site
cysteine by mutagenesis resulted in a twofold increase in
specific activity for Grx1 (143), indicating that intramolecular
disulfide formation draws off *50% of the Grx-SSG
intermediate at steady state during catalysis. The analogous
Grx2 mutant also exhibits a twofold increase in specific ac-
tivity over the unmutated enzyme (38, 61). However, this
phenomenon may not be generalizable to glutaredoxins from
all species. For example, the E. coli Grx1 C14S mutant is *75%
less active than the wild-type enzyme with small glutathionyl
mixed disulfide substrates (14, 96). It is not yet known whe-
ther this lesser activity relates directly to contribution of the
second cysteine to catalysis [i.e., a dithiol catalytic mecha-
nism), or it is the result of a mutation-induced conformational
change that disfavors reactivity in some other way. In this
regard, a dithiol mechanism for thiol-disulfide exchange has
been proposed previously for Grx-catalysis of reduction of
ribonucleotide reductase (RNR); however, specific kinetic
data or other documentations were not reported (54). Irre-
spective of the catalytic mechanism, studies of E. coli mutants
have indicated an interchangeable role for the Grx and Trx
systems in support of RNR turnover [i.e., when thioredoxins
are knocked out, the cells use Grx systems for RNR reduction,
and when glutaredoxins are knocked out, the Trx systems
support RNR action (reviewed in ref. 46). In mammalian cells,
it appears that the Trx system may play the more prominent
role in the reduction of RNR for several reasons: (a) in mice,
Grx1 knockout is not embryonic lethal and appears to confer
no developmental defects (52), whereas Trx knockout is lethal,
indicating its importance in development and necessity for
RNR function (78); (b) depletion of GSH (a co-substrate for
Grx in the proposed RNR reduction mechanism) does not
impair RNR activity or DNA synthesis in cultured cells
(52, 121).

Evaluation of the mechanisms of the catalytic
enhancement by glutaredoxin

The two human glutaredoxins characterized as thiol-
disulfide oxidoreductases are dissimilar in primary sequence
(<35% identity), and their active-site sequences also differ in
the second amino acid, (CPYC vs. CSYC, for Grx1 vs. Grx2)
(44, 75). Yet, the overall structures of the two enzymes
(thioredoxin-fold) (60, 128, 143)) and their analogous catalytic
features (38, 47, 122) suggest a general overall mechanism for
this family of enzymes (Fig. 3). The lack of a well-defined
active site with kinetically important substrate-binding

modes (see earlier) has focused the study of the kinetics and
structure–function relations on the highly unusual pKa of the
active cysteine of these enzymes.

In human Grx1, Cys 22 has been characterized as the active
catalytic principle, and its pKa (*3.5) (40; 83) has been shown
to be responsible for the majority of the catalytic advantage
of Grx over the nonenzymatic reaction (122). This can be
explained by the observation that the second-order rate con-
stant of a thiol-disulfide exchange reaction increases by a
factor of *4 for each one-pH unit decrease in the pKa of the
leaving group (41). Thus, for Grx1, the fold difference in rate
constant of the catalyzed reaction (in which the leaving group
in the rate-determining step is Grx1-SH, pKa *3.5) vs. that of
the uncatalyzed reaction (in which the leaving group is BSA-
SH, pKa *8.5) is predicted to be 4DpKa, or 45 (*1,000-fold)
(122). For Grx2, the predicted rate enhancement is 44, or
*250-fold, because the pKa of its catalytic cysteine is 4.6
[4DpKa¼ 44, (38)]. Indeed, rate enhancements by both glutar-
edoxins are consistent with these predictions for non-GSH
substrates (38, 122). In contrast, thioredoxin [with an active-
site pKa of 6.7 (62)] exhibits very little deglutathionylating
activity (21).

The interaction of the catalytic cysteine with neighboring
amino acids has been probed to understand the basis for
thiolate stabilization reflecting the unusually low pKa. Ex-
amination of the NMR structure of the reduced enzyme sug-
gested that the nearby lysine (K19) might be responsible for
the low pKa of Cys-22 (58, 128). According to this premise,
computational studies in which K19 in human Grx1 was re-
placed with glutamine and leucine, and energy minimized,
predicted that cysteine-22 of the mutated enzyme would have
pKa values of 7.3 and 8.3, respectively. When actual K19Q and
K19L mutants were made in a form of the enzyme in which
the three non–active-site cysteines were mutated to serines
(C7S, C78S, C82S), the resultant pKa values for the respective
catalytic cysteines were both determined to be 3.7 (i.e., little
changed from wild-type enzyme). This result indicated that
the neighboring lysine cannot be solely responsible for the low
C22 pKa and that a more-complex set of interactions is ulti-
mately responsible. Surprisingly, mutation of the C-terminal
active-site cysteine C25 resulted in about a 1-pH-unit increase
in the C22 pKa, suggesting that the C25 thiol makes some
contribution to the low pKa of the catalytic cysteine, either
directly or conformationally. Others have suggested multiple
and varied interactions between the active cysteine and other
amino acids on the protein, including H bonding within the
active site (36) and ion-dipole interactions with a-helix 2
(58, 67).

Importantly, the low pKa of the Grx catalytic cysteine does
not fully account for the observed rate enhancement in the
presence of GSH. When GSH is used as the second substrate,
second-order rate constants are further increased for Grx1
(122) and Grx2 (38) over rates with nonglutathionyl sub-
strates. It appears that the special rate enhancement of GSH
can be attributed mainly to the g-glutamylcysteine dipeptide
subset of GSH, because g-glutamylcysteine also confers an
additional, yet smaller, rate enhancement over non-GSH
substrates, but cysteinylglycine (the other dipeptide subset of
glutathione) does not. Although the basis for the differential
enhancement of GSH nucleophilicity by human Grx isoforms
is not yet known, the observation helps explain the difference
in their specific activities. That is, the difference in catalytic
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cysteine pKa (*1 pH unit) accounts for only about half of the
tenfold lower specific activity of Grx2 compared with Grx1.
However, the additional rate enhancement in the presence of
GSH is 2.5-fold lower for Grx2 than for Grx1 (eightfold vs. 20-
fold), explaining the remainder of the difference.

Understanding the mechanism by which the Grx enzyme
enhances the nucleophilicity of GSH (122) for attack and
turnover of the Grx-SSG intermediate remains a challenge in
light of the lack of kinetically relevant substrate-binding
modes (see earlier). Several hypotheses attempt to explain
how this enhanced nucleophilicity might occur. For example,
it could result from general base catalysis of proton abstrac-
tion from the attacking GSH by residues on the enzyme or on
the adducted glutathionyl moiety itself. Alternatively, it could
result from stabilization of the incipient thiolate of the at-
tacking GSH by positively charged basic groups on the en-
zyme. For instance, mutation of the lysine close to the catalytic
cysteine of human Grx1 (i.e., K19Q or K19L) caused little
change in the pKa of the catalytic cysteine but resulted in
substantially lower specific activity (58), suggesting that
K19 might be involved in the enhancement of the nucleo-
philicity of GSH. Alternatively, the local environment of the
Grx-SSG mixed disulfide bond may impose a particular ori-
entation or strain that favors nucleophilic attack by GSH. It is
not clear what role is played by the individual interactions of
the protein residues with the adducted glutathionyl moiety in
the Grx-SSG intermediate (i.e., whether they serve to orient,
stabilize, or distort the scissile bond). The lack of kinetically
important substrate-binding modes suggests that these in-
teractions may form during or after covalent bond forma-
tion and, as discussed earlier, may be important in setting
up the mixed disulfide for nucleophilic attack by GSH.
Structure–activity relations in which these amino acids are
mutated may yield important information about their roles in
catalysis.

Substrate specificity and selectivity in the absence
of kinetically detectable binding modes

Substrate selectivity is classically explained by specific
electrostatic, hydrogen bonding, and hydrophobic interactions
involved in reversible non-covalent binding of the substrate to
the enzyme (ES complex). These interactions provide selec-
tivity by increasing the lifetime of the specific substrate in the
active site relative to a non-interacting compound. This view of
specificity is given great support when substrate analogues
bind tightly to enzymes or substrates bind tightly to inactive
enzyme mutants. As described earlier, this is not the case with
the glutaredoxins. Alternatively, for encounter reactions, the
specificity must reside in a catalytic selection, wherein reac-
tivity with specific substrates is enhanced. This consideration
leads to an examination of the transition state for the nucleo-
philic displacement reaction, which for thiol-disulfide ex-
change involves three sulfur atoms with partial covalent
bonds among them (Fig. 5). The negative charge of the in-
coming thiolate is distributed among the atoms, and its lo-
calization on one sulfur atom or the other affects the eventual
product distribution. The three possible thiol products, corre-
sponding to the three sulfur components of the transition state
are the original thiol (nonproductive reaction), or one of the
two disulfide sulfurs. For a transition state in which the thiols
formed from the disulfide share the negative charge equiva-
lently, equivalent amounts of the corresponding thiols would
be formed (Fig. 5, Step 1A). Specificity on this chemical level
is produced when this electronic distribution is distinctly
unequal. For example, because the encounter reaction of a
glutathione-containing mixed disulfide substrate with Grx1
forms only the Grx-SSG mixed disulfide intermediate (96, 102,
143), this implies that the electronic distribution of the transi-
tion state has the negative charge localized mostly on the
protein thiol sulfur (Fig. 5, Step 1B).

FIG. 5. Potential transition states in
catalysis of deglutathionylation by
Grx. Step 1, the Grx thiolate attacks the
protein-SSG mixed-disulfide bond. (A) A
symmetric transition state is depicted in
which the negative charge of the attack-
ing Grx thiolate is shared equally among
all three sulfur atoms involved in the
thiol-disulfide exchange reaction. (B) An
asymmetric charge distribution is shown
in which the negative charge is localized
mainly to the protein thiolate, the exclu-
sive leaving group in the reaction. Step 2
shows the glutathionyl thiolate attacking
the Grx-SSG intermediate. (A) Steric in-
terference is pictured, preventing interac-
tion between the attacking glutathionyl
sulfur and the catalytic cysteinyl sulfur of
Grx, resulting in an asymmetric transi-
tion state. (B) An asymmetric transition
state is depicted in which distortion of
the mixed disulfide bond between Grx
and the adducted glutathionyl moiety
polarizes the disulfide bond, creating a
more electrophilic site for the attack by
the GS-thiolate.
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The selectivity of the second reaction for GSH also involves
consideration of the tri-sulfur transition state (Fig. 5). In this
case, however, steric hindrance and bond distortion may be
factors. As described earlier, the human Grx1 and E. coli Grx1
isoforms have specific residues identified as complementary
to the adducted glutathionyl moiety in the Grx-SSG inter-
mediate. Because these do not result in a reversible non-
covalent enzyme–substrate complex (which would be de-
tected kinetically), they apparently occur during or after the
thiol disulfide exchange reaction, serving to orient or distort
the disulfide bond, making it more electrophilic. Some of
the possibilities are illustrated in Fig. 5 (Step 2). Orientations
that make one of the sulfurs more accessible to GSH as the
second substrate (Figs. 3A and Step 2), relative to other thiols,
would provide a selective enhancement of its reactivity. In the
case of bond distortion, incoming GSH may increase the dis-
tortion of the disulfide bond and favor the reaction of GSH
with the intermediate. The intimate details of this aspect of the
Grx enzymatic reaction may be discovered by further exam-
ination of the individual thiol disulfide exchange reactions, by
using single turnover, stop-flow, or equilibrium perturbation
experiments with appropriate substrates and Grx mutants. In
the next subsection, various reports of apparent complexes of
Grx proteins with GSH are discussed.

Reports of complex formation
between glutaredoxins and glutathione

As described earlier for the catalytic Grx-SSG intermediate,
some evidence indicates interaction of the covalently bound
glutathionyl moiety with specific residues of the Grx protein.
NMR and x-ray crystallographic structures of several glutar-
edoxins in mixed disulfides with GSH (15, 24, 48, 91, 143, 145)
indicate that different components of the GS moiety are sta-
bilized by specific residues on the Grx molecule (Fig. 6). For
human, yeast, and E. coli Grx-SSG structures, the backbone of
the Cys residue of GSH makes antiparallel, b-sheet–like H
bond contacts with the backbone amide and carbonyl groups
of a conserved Val. The carboxylate and amino groups of the
g-glutamyl moiety are stabilized by amino acids with com-
plementary charges in most Grx-SSG structures; however,
these residues vary among the Grx proteins of different spe-
cies (see Fig. 6). The carboxylate of the glycyl moiety of the
glutathionyl adduct is stabilized by H-bond donors or a
positively charged lysine or both in most Grx-SSGs; however,
a recent study of hGrx1 in which the interacting Lys was
mutated to Leu or Gln resulted in retention of glutathionyl
substrate specificity (58), suggesting that this specific ionic
interaction is not required for reaction of Grx with the glu-
tathionyl sulfur of the GS-containing mixed disulfide sub-
strate. Moreover, analysis of the stability of mixed disulfides
between E. coli Grx3 and various GSH analogues (28) sug-
gested that the interaction between Grx and the glycyl group
of the GS moiety contributes little to stabilization of the glu-
tathionyl moiety in the Grx-SSG mixed disulfide intermediate.

Although the kinetic data described previously (i.e., en-
counter-type reaction mechanism with 1=KM

int approaching
zero, and lack of potent inhibition by glutathionyl analogues;
see earlier section), indicate little or no affinity of Grx for
reduced GSH, two recent reports seem to challenge this in-
terpretation. First, Lundberg et al. (74) reported that some of
the recombinant human Grx2 from a bacterial lysate could be

purified via affinity chromatography with immobilized GSH-
sepharose, although recombinant fusion proteins (Grx2-b-
galactosidase, or Grx2-GFP) could not. Second, analysis of an
x-ray crystal structure of reduced hGrx2 with reduced GSH
led Johansson et al. (60) to suggest that Grx2 exhibits non-
covalent, ‘‘high-affinity’’ binding to GSH. Specifically, co-
crystallization of dimeric Grx2 under aerobic conditions in the
presence of GSH resulted in monomeric Grx2 complexed with
GSH. In this complex, the cysteine residues of the Grx2 active
site and GSH were not sufficiently close to represent a dis-
ulfide bond. Accordingly, the cysteines were interpreted to be
fully reduced, although a similar S-S distance in the x-ray
structure of yeast Grx1p (C30S)-SSG was interpreted to reflect
monooxidation of the mixed disulfide bond (48). The majority
of the Grx2-GSH interactions were similar to those of the Grx-
SSG mixed disulfides, with the glutathionyl Cys making an-
tiparallel interactions with backbone residues of a conserved
Val, and the glycyl carboxylate forming an ion pair with a
conserved Lys (Fig. 6). However, the g-Glu-Cys peptide bond
was flipped relative to previously published Grx-SSG struc-
tures, creating some unique H-bonding interactions and in-
dicating a modified ‘‘binding’’ mode than that of a covalently
bound GS moiety, although the same region of the Grx protein
was occupied. Hence, it is conceivable that the Grx-GSH
complex detected in the crystal structure may represent a
precursor to the (Grx2)2 2Fe2S complex.

The association of Grx2 with GSH was proposed to be
‘‘high-affinity’’ and inhibitory toward deglutathionylation
(60), resulting in formation of a ‘‘dead-end complex’’ (11). The
main experimental evidence for this concept appears to come
from site-directed mutagenesis studies in which mutation of
T95 (which contributes several electrostatic interactions with
the associated GSH) to Arg was associated with decreased
Grx2 dimer stabilization by GSH, and higher deglutathiony-
lation activity toward bME-SSG. However, it was not con-
firmed whether the T?R mutation resulted in decreased
association of reduced Grx2 with GSH. Other observations pro-
vide evidence against tight binding of GSH to Grx2. For
example, Grx2 is not inhibited by GSH analogues (38), and
removal of GSH from solution results in rapid dissociation of
the dimeric Grx2 2Fe2S complex (11, 69). The uncertainty re-
garding the strength of the potential Grx2 � � �GSH non-
covalent interaction would likely be resolved by measuring a
dissociation constant directly. This approach was used by
Noguera et al. (90) to estimate the relatively low affinity of
P. tremula Grx C4 for GSH (Kd¼ 8.6 mM).

Enhancement of protein glutathionylation by Grx

The sensitivity of cells to changes in Grx content and ac-
tivity suggests that reversible glutathionylation plays an im-
portant role in cellular homeostasis and in the regulation of
signaling pathways (23, 80, 114). Although the mechanisms
for formation of protein-SSG are not yet clear, some enzyme
systems have been suggested to possess glutathionylating
activities, and some preliminary data are available (reviewed
in ref. 37). One perhaps unexpected enzyme that may enhance
protein glutathionylation is Grx itself (124).

In certain cases, the enhancement of glutathionylating
activity by Grx would be consistent with the reaction
scheme presented earlier. Thus, an oxidized reactant would
act as the GS-donor and a reduced protein would accept the
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glutathionyl moiety from the Grx-SSG mixed disulfide inter-
mediate (Fig. 3B). This mechanism is supported by studies of
human Grx-mediated glutathionylation of GAPDH by GSSG,
in which the difference in glutathionylation rate enhancement
between Grx1 and Grx2 reflected the differences in the pKa

values of their respective active-site cysteines (38), yielding
relative rate enhancements that would be expected in the
presence of a non-GSH second substrate. Grx2 has also been
shown to enhance glutathionylation of mitochondrial com-
plex I in the presence of GSSG (9). The physiological relevance
of these observations was uncertain, because the reactions
were carried out at relatively high GSSG concentrations.

GSNO also has been characterized as a glutathionylating
agent both in vitro and in cells (17, 43, 59, 65, 66, 84). Reaction
of this oxidized reactant with Grx could produce the normal
Grx-SSG mixed disulfide intermediate and NO�. However,
this reaction may be unfavorable and therefore slow. Indeed,
GSNO does not substitute for Cys-SSG in the standard cou-
pled assay (i.e., no enzyme-mediated increase in GSSG for-
mation is detected with GSNO as the oxidized substrate)
(D.W. Starke, unpublished observations). The reaction of
GSNO with small amounts of protein thiols occurs and Grx
enhances the rate of formation of protein-SSG products (38,
124). The mechanistic details of this reaction are not well
characterized, and the rate enhancement is relatively small.

The sequestration of glutathione thiyl radical (GS�) and
subsequent delivery of the glutathionyl moiety to reduced
proteins has also been observed for Grx1 and Grx2 (38, 124). In
the proposed mechanism (Fig. 3C), Grx reacts with GS�,
forming a disulfide anion radical on the catalytic cysteine.
This intermediate is interpreted to be favored by the uniquely
low pKa of Grx and its glutathionyl stabilization site. Notably,
the formation of protein-SSG is inhibited by molecular oxy-
gen, so that Grx-mediated protein-SSG formation via this
mechanism is favored under hypoxic conditions (124). The
rate enhancement via this Grx-mediated reaction involving
GS radicals is higher than that for other glutathionylating
reactants (GSNO, GSSG), even though the estimated con-
centration of GS� was 10- to 50-fold lower than the GSNO or

GSSG concentrations. This is remarkable when it is consid-
ered that reaction to form stable protein-SSG products must
involve two one-electron reactions (Fig. 3D). In addition, the
GS-radical transfer reaction occurred in the presence of
0.5 mM GSH, indicating that it is likely to occur within the
intracellular milieu (100). Because this reaction is not in
equilibrium with the GSH=GSSG couple, it suggests a way
that significant amounts of glutathionylated protein could be
made without initial accumulation of GSSG (i.e., normal cel-
lular reducing conditions). It is also conceivable that protein-
SSG formation by GSNO may occur through a glutathione
radical generated by homolytic cleavage of the GSNO (119).

In the presence of molecular oxygen, some of the Grx-
SSG�� radical intermediate is converted to the canonic Grx-
SSG mixed disulfide intermediate, and reaction with GSH
completes the normal catalytic cycle. This sequence of events
results in net scavenging of GS radicals with concomitant
formation of superoxide. The reaction occurs at physiologic
concentrations of reduced GSH and demonstrates the kinetic
competence of the reaction of Grx and glutathione thiyl rad-
ical. Coupled with superoxide dismutase in the physiologic
setting, this reaction would represent an efficient mechanism
of glutathionyl radical scavenging (38, 124), but this mecha-
nism is yet to be documented in situ.

Human Grx1 and Grx2 promote glutathionylation of
GAPDH at equal rates when GS� is the glutathionyl donor,
representing a contrast to their relative deglutathionylation
and GS-radical scavenging activities (10-fold lower rate for
Grx2 in both cases) (38). These observations indicate that a
different mechanism—or at least a different rate-determining
step—governs this reaction, as proposed previously (124)
(Fig. 3D).

Catalysis of deglutathionylation by other glutaredoxins
and glutaredoxin domains

Glutaredoxins have been identified in most living organ-
isms, from bacteria to plants to mammals (33). Of these glu-
taredoxins, human isoforms 1 and 2 are the best characterized

FIG. 6. Grx residues reported to interact
with a covalently bound GS-moiety in the
Grx-SSG mixed disulfide. Residues iden-
tified as making ion-pair or H bond con-
tacts or both to the bound GS moiety are
indicated next to the chemical group with
which they interact. The functionality of
the interacting amino acid is indicated pa-
rentheses (guan, guanidino group). Colors
indicate the species from which the Grx-
SSG structure was determined [red, E. coli
Grx1 (15); brown, E. coli Grx3 (28, 91);
green, yeast Grx1 (48, 145); orange, yeast
Grx2 (24), blue, human Grx1 (143)]. For
human Grx2 [represented in purple (60)],
the depicted interactions correspond to
those identified in a co-crystallized com-
plex of reduced hGrx2 and GSH rather
than the Grx2-SSG mixed disulfide. *A
modified orientation of the g-glutamyl group of the associated glutathionyl moiety, in comparison to the schematic repre-
sentation [adapted from Nikkola et al. (89)]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www.liebertonline.com/ars).
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kinetically (see earlier). Overviews of glutaredoxin proteins
from different species can be found elsewhere (33, 68, 109,
112); here, we review evidence for deglutathionylation activ-
ity in glutaredoxins from prototype organisms (see Table 1),
with special emphasis on newly described Grx proteins, and
putative glutaredoxin domains on multidomain proteins.

Escherichia coli. E. coli contain four glutaredoxins, of
which three (Grx 1–3) exhibit deglutathionylation activity
toward protein, peptide, small molecule glutathionyl mixed
disulfides, or a combination of these (96, 117, 135). In a com-
parative study of glutaredoxins 1 to 3, Grx2 was shown to
have the highest activity toward bME-SSG [i.e., HEDS assay
(135)], accounting for an estimated 80% of total intracellular
deglutathionylation activity (136). Like human Grx1, E. coli
glutaredoxins 1 to 3 exhibit glutathionyl specificity in Step 1 of
the deglutathionylation mechanism, with Grx1 forming ex-
clusively Grx1-SSG after incubation with a glutathionylated
peptide (96), and glutaredoxins 2 and 3 exhibiting no GSH-
dependent reductase activity toward insulin disulfide (135).
Null mutant strains of glutaredoxins 1, 2, or 3 are viable,
although E. coli lacking Grx2 and Grx3 exhibit somewhat
increased sensitivity to certain oxidants (136). To our knowl-
edge, a mechanistic link between decreased deglutathiony-

lation activity and increased oxidant sensitivity has not yet
been established.

Grx4 is the only monothiol glutaredoxin found in E. coli,
and it exhibits considerable similarity to yeast Grx5 (see later),
including 37% sequence homology and a monothiol, CGFS
active site (32). Purified, recombinant Grx4 did not exhibit
deglutathionylation activity in the HEDS assay (32), nor did
active-site mutants of Grx4 containing a dithiol moiety
(CGFC), or the classic active site of human and E. coli Grx1
(CPYC), suggesting that a structural feature outside of the
monothiol active site may explain its lack of deglutathiony-
lation activity. When treated with GSSG, Grx4 forms an in-
tramolecular disulfide (reduced by TR in vitro), as well as a
mixed disulfide with GSH (reduced by E. coli Grx1); however,
whether these disulfides form under physiologic conditions—
and whether Grx4 is a physiologic substrate of Grx1 or TR—
remains to be seen. Analysis of the NMR structure of reduced
Grx4 suggests that it may stabilize a covalently bound GS
moiety similarly to Grx3 (35), but it is not yet known whether
Grx4-SSG represents a catalytic intermediate or simply a
posttranslational modification regulating other functions.

The physiological function of Grx4 appears to be vital, be-
cause Grx4-knockout strains are not viable. Some evidence
indicates that Grx4—like Grx5 of yeast and mammals—

Table 1. Deglutathionylation Activities and Glutathionyl Specificity

of Glutaredoxins from Prototype Organisms

Glutaredoxin CXXbC=S motif Deglutathionylation activity? Glutathionyl specificity?a References

Escherichia coli
Grx1 CPYC Yes (peptide-SSG,ArsC-SSG) Yes (Step 1) (14, 53, 96, 117)
Grx2 CPYC Yes (bME-SSG) Yes (Step 1) (4, 135)
Grx3 CPYC Yes (bME-SSG) Yes (Step 1) (4)
Grx4 CGFS No N=A (32)

Streptomyces cerevisiae
Grx1 CPYC Yes (bME-SSG) ND (24, 39, 72)
Grx2 CPYC Yes (bME-SSG,20S proteasome-SSG) ND (24, 72, 118)
Grx3 CGFS Yesb ND (105)
Grx4 CGFS Yesb ND (105)
Grx5 CGFS Unresolvedc ND (105, 106, 116, 133)
Grx6 CSYS Yes Yes (Step 1) (79)
Grx7 CPYS Yes Yes (Step 1) (79)

Homo sapiens
Grx1 CPYC Yes (protein-SSG,cysteine-SSG,

bME-SSG)
Yes (Steps 1 and 2) (47, 61, 122, 143)

Grx2 CSYC Yes (protein-SSG,cysteine-SSG,
bME-SSG)

Yes (Steps 1 and 2) (38, 61)

Grx5 CGFS ND ND (16, 85)
Grx domains
TGR CPHS Yes (bME-SSG) Yesd (129, 130)
PICOT CGFS ND ND (57, 142)
TR3 CTRC No N=A (126)

aIndicated by the step of the deglutathionylation reaction for which glutathionyl specificity has been demonstrated (see Fig. 3). Step 1
indicates selectivity for glutathionyl mixed-disulfide substrates and=or for selective attack of Grx on the sulfur of the glutathionyl moiety.
Step 2 indicates selectivity for GSH as the second substrate to reduce the Grx-SSG intermediate.

bInferred from studies of null and multicopy mutant strains.
cStudies of null mutant strains suggest a contribution to cellular deglutathionylation activity, but assays on purified, recombinant protein

show little to no activity.
dActivity toward HEDS was GSH dependent (130), but it was not distinguished whether this dependence reflected a requirement for

forming a glutathionyl mixed-disulfide first substrate (bME-SSG) from the pro-substrate (HEDS), for using GSH as the preferred second
substrate, or both.

ND, not determined. N=A, not applicable.

1068 GALLOGLY ET AL.



regulates iron homeostasis, because its expression is increased
after Fe depletion (32). It will be interesting to discover the
role (if any) of the Grx active site in the critical functions
of Grx4, given its incompatibility with catalysis of deglu-
tathionylation.

Saccharomyces cerevisiae. To date, seven glutaredoxins
have been identified in S. cerevisiae, and they have been di-
vided into 3 groups according to structural and functional
characteristics. Glutaredoxins 1 and 2 (ScGrx1-2) are the only
yeast glutaredoxins containing the classic CPYC active-site
motif. Analyses of lysates from mutant strains, as well as
purified, recombinant enzymes, indicate that both ScGrx1 and
ScGrx2 exhibit deglutathionylation activity, with ScGrx2
exhibiting approximately 15-fold higher specific activity
compared with ScGrx1 (24; 72). Remarkably, mutation of the
active site to CPYS has opposite effects on the activities of
these two enzymes (24). Recently, the 20S proteasome was
identified as a potential intracellular target for deglutathio-
nylation by ScGrx2 (118).

Yeast glutaredoxins 3 to 5 were identified in a yeast ge-
nome-sequencing project as a family of ORFs with homology
to previously identified glutaredoxins, but containing non-
classic, monothiol active sites [CGFS (105)]. Assays of lysates
from null mutant strains suggest that all three glutaredoxins
contribute to cellular deglutathionylation activity (i.e., de-
creased GSH-dependent reduction of bME-SSG by the mutant
strains), with the greatest contribution from ScGrx5. Although
ScGrx5 was also proposed to deglutathionylate Tdh3, the
yeast homologue of GAPDH, in situ (116), studies of purified,
recombinant enzyme exhibited little or no activity toward
bME-SSG or a mixed disulfide between carbonic anhydrase III
and GSH [i.e., CAIII-SSG (133)]. Several potential explana-
tions may exist for this discrepancy, including inactivation of
the enzyme during purification, removal of a cofactor from
the cellular lysate, and an apparent lack of GSH in the assay of
purified yGrx5 with CAIII-SSG (precluding turnover of the
enzyme via the mechanism previously characterized for glu-
taredoxins, see earlier).

Although catalysis of GSH-disulfide oxidoreductase reac-
tions by ScGrx5 remains uncertain, a catalytic mechanism of
protein deglutathionylation was recently proposed (133), in-
volving both the active site and a non–active-site cysteine
(C117). Support for such a mechanism came from mass
spectrometric and HPLC analyses, suggesting formation of a
ScGrx5 intramolecular disulfide after incubation with GSSG,
and also from the observation that a C117S mutant exhibits
decreased deglutathionylation of CAIII-SSG. However, it
appears that the deglutathionylation of CAIII-SSG was as-
sayed in the absence of GSH, and if GSH is involved in the
rate-determining step (i.e., reduction of the oxidized enzyme
intermediate, as demonstrated for human Grx1 and Grx2),
then the relative deglutathionylation rates observed for WT
and C117S ScGrx5 may not represent a meaningful compari-
son. Thus, the deglutathionylation capacity of ScGrx5 should
be determined in a standard Grx assay (i.e., in the presence of
GSH), and compared with those of other Grx enzymes, to test
rigorously its deglutathionylation capacity.

ScGrx6 and 7 are the most recently described glutaredoxins
in yeast, characterized by unusual active site motifs (CSYS
and CPYS, respectively), as well as an apparent ability to form

homodimers and=or -tetramers (79). Purified, recombinant
ScGrx6 and ScGrx7 exhibit deglutathionylation activity to-
ward bME-SSG, but do not reduce insulin intramolecular
disulfide, indicating glutathionyl specificity in the first step of
the deglutathionylation reaction. Several lines of evidence
indicate that recombinant ScGrx6 is purified from E. coli as a
GSH-stabilized, tetrameric iron–sulfur cluster, which must
dissociate to exhibit deglutathionylation activity (79). As for
hGrx2 (60, 69), iron–sulfur cluster formation appears incom-
patible with deglutathionylation activity for ScGrx6, raising
the important question of what percentage of endogenous
ScGrx6 may exist in iron–sulfur clusters in vivo, and what
stimuli trigger release of the active monomer.

Although the physiological roles of yeast glutaredoxins are
not completely understood, null mutant studies suggest that
ScGrx1 to 5 serve antioxidant functions (72, 105), with some
isoforms exhibiting specificity for particular oxidative stimuli
[e.g., ScGrx1, superoxide; ScGrx2, H2O2 (72)]. ScGrx3 to 5
appear to function in iron homeostasis, with ScGrx3 to 4 im-
plicated in the regulation of Aft1, a transcription factor reg-
ulating genes involved in iron regulation (92), and ScGrx5
playing a critical role in iron–sulfur cluster assembly (87, 106),
also a likely function of its mammalian homologue (see later).
For all of the yeast glutaredoxins, understanding the relation
between deglutathionylation activity and maintenance of re-
dox balance and=or iron sulfur cluster homeostasis remains
an exciting frontier for future study.

Plants. Many genes encoding putative Grx enzymes have
been identified in individual plant species [e.g., 31 in Arabi-
dopsis thaliana, (109)], but few biochemical characterizations of
expressed Grx proteins have been reported. Grx from spinach
(86), rice (113), fern (131), and poplar (107, 108, 110) exhibit
activity toward the pro-substrate HEDS in assays containing
GSH, GR, and NADPH. In contrast to human Grx enzymes, in
which mutation of the C-terminal cysteine in the active site
increases activity, the analogous mutation of a poplar Grx
decreases deglutathionylation activity by approximately two
thirds, suggesting that the side reaction involving Grx in-
tramolecular disulfide formation (Fig. 3, step 3) does not
detract substantially from the catalytic rate for poplar Grx.
Alternatively, this Grx may use primarily the dithiol mecha-
nism for catalysis of deglutathionylation, or a deactivating
conformational change accompanies the mutation.

In addition to deglutathionylation of bME-SSG, poplar Grx
(along with GSH and GR) supports the peroxidase activity of
a type C peroxiredoxin [Prx (110)]. Although the proposed
mechanism of coupling does not involve a Prx-SSG mixed-
disulfide intermediate, further studies may indeed identify
Prx-SSG as the substrate for Grx in this coupled reaction

Poplar Grx C1 was the first glutaredoxin to be described as
existing in a dimeric, 2Fe2S cluster (31), which is coordinated
by one active-site cysteine sulfhydryl from each monomer,
and two GSH molecules (31, 111). As for hGrx2, the physio-
logical role of the cluster-coordinated poplar Grx dimer is not
yet known, but functions in thiol-disulfide exchange and
iron–sulfur cluster assembly have been proposed (111).

Homo sapiens
hGrx5. Several lines of evidence suggest that Grx5 isoforms

from higher organisms share functional similarities with the
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enzyme from yeast (ScGrx5; earlier). For example, (a) im-
paired oxidant defense in yeast mutants lacking ScGrx5 was
rescued by expression of the chicken or human Grx5 genes
(85); (b) a zebrafish mutant lacking Grx5 exhibited defects in
hemoglobin synthesis linked to decreased iron–sulfur cluster
biogenesis (141), a function proposed for ScGrx5 (87, 106); and
(c) molecular changes consistent with reduced FeS cluster
synthesis were observed in red blood cells from a man with a
genetic mutation reducing Grx5 mRNA to *10% of control
levels (16). To our knowledge, neither isolated nor recombi-
nant Grx5 from higher organisms has been assayed for de-
glutathionylation activity. Therefore, it is not yet known
whether deglutathionylation activity contributes to any of the
physiological roles identified to date for the enzyme.

TGR. Trx and GSSG reductase (TGR or TR2) is a multido-
main protein containing structural characteristics of TR (and
GR), and Grx. Thus, the CXXXC motif, FAD- and NADPH-
binding domains, dimer interface domain, and GCUG tetra-
peptide are characteristic of TR proteins. The N-terminal
domain contains a CXXS motif (CPHS) and some residues
conserved among glutaredoxins that have been implicated in
stabilization of a covalently bound glutathionyl moiety (129).

Both full-length TGR and the separate Grx domain are ac-
tive in the HEDS assay (in which the pro-substrate HEDS is
converted to bME-SSG after incubation with GSH), indicating
that the CPHS motif is a functional Grx active site. Whether
the Grx domain of TGR uses the same catalytic mechanism for
deglutathionylation as E. coli and human glutaredoxins has
not been tested directly. It has been proposed that the sele-
nocysteine (Sec, U) residue of the TGR C-terminal CGUC
motif was involved in the deglutathionylation mechanism
(130). However, deglutathionylation activity of a TGR Sec ?
Cys mutant was measured in the absence of GSH, precluding
formation of bME-SSG from HEDS. Therefore, reduction of
bME-disulfide was measured rather than bME-SSG. It also
was suggested that the Grx domain of TGR was responsible
for the GSSG reductase activity of the enzyme, but this
activity does not appear to have been tested with the Grx
domain alone. Thus, whether the Grx domain of TGR is suf-
ficient for the enzyme’s deglutathionylase or GR activities or
both remains an open question and will require additional
experimentation.

An additional catalytic activity recently reported for the
Grx domain of TGR is protein disulfide isomerization, par-
ticularly involving mixed-disulfide formation between glu-
tathione peroxidase 4 (GPx4) and other proteins in developing
sperm cells (127). The Grx domain of TGR was active in
protein disulfide isomerization assays, and when im-
mobilized on an affinity column, it formed DTT-reversible
cross-links with several proteins from sperm extract. Whether
protein disulfide isomerization, deglutathionylation, or Trx
reductase activity represents the principal catalytic activity of
TGR in vivo—and how the magnitude of those activities
compares with those of other thiol-disulfide oxidoreductase
enzymes—are important questions in discerning the physio-
logical role(s) of this intriguing enzyme.

Variant 3 TR1. A recent analysis of alternative splice forms
of the thioredoxin reductase 1 (TR1) gene revealed a specific
isoform (named variant 3) containing an N-terminal Grx do-
main similar to that of TGR, but with a CTRC active-site motif

(126). Kinetic analyses of variant 3 TR1 revealed an unusual
profile of enzymatic activities. First, purified, recombinant
variant 3 TR1 exhibited partial TR activity; that is, it reduced
DTNB, but not did not support reduction of insulin with Trx.
Removing the Grx domain restored insulin=Trx reductase
activity, suggesting that the Grx domain may interfere with
the interaction between TR and TRx. Second, when tested
independently, the Grx domain of variant 3 TR1 was not ac-
tive in the HEDS assay (i.e., GSH-dependent deglutathiony-
lation of bME-SSG); however, an active-site mutant (CTRC ?
CPYC) exhibited some activity, suggesting that the unusual
active site of the Grx domain may preclude deglutathionyla-
tion activity. The Grx domain of variant 3 TR1 exhibited
no dehydroascorbate reductase, GST, peroxidase, or protein
disulfide isomerase activities, leaving the catalytic role of
this domain unknown. The authors of this study suggest
that variant 3 TR1 may be a specific reductant for an un-
known substrate, or possibly function as a protein disulfide
isomerase.

PICOT. PKCy-interacting cousin of thioredoxin (PICOT)
was identified by a yeast-2 hybrid screen for interacting
partners of protein kinase y (PKCy) in T lymphocytes (142).
When overexpressed in human T cells, PICOT colocalized
with PKCy, and inhibited JNK, AP-1, and NF-kB activation.
Structurally, PICOT consists of a N-terminal ‘‘Trx’’ domain
and 1 to 3 C-terminal repeats of a ‘‘PICOT’’ domain, de-
pending on the species of origin (57). PICOT’s Trx domain
exhibits 29% amino acid similarity to human Trx, but it is
predicted not to exhibit Trx catalytic activity because it con-
tains only one cysteine in its ‘‘active site’’ (APNC vs. CGPC in
human Trx); thus, it has been proposed that PICOT may act as
an antagonist of Trx in vivo (142).

Recently, the PICOT domain was classified as a monothiol
glutaredoxin domain (10, 68), apparently based on predicted
three-dimensional structure (57) and sequence similarity to
other glutaredoxins, including the CGFS active site motif,
which is shared by some other recently described glutar-
edoxins (see earlier). To our knowledge, neither the catalytic
activities (including deglutathionylation), nor the mecha-
nisms of regulation of PKCy signaling, have been demon-
strated for PICOT. Understanding the capacity of PICOT to
catalyze deglutathionylation would be particularly interest-
ing in light of its association with PKC, as some PKC isoforms
may be regulated by reversible glutathionylation (114).

Conclusions about the catalytic reactions
of glutaredoxin and their impact on cellular function

The glutaredoxins have been implicated as catalysts in a
variety of different reactions have the common property
of involving GSH in the overall reaction. Among these, the
catalytic mechanism that has been characterized in the
greatest detail is the reduction of glutathionylated substrates.
This deglutathionylation reaction has gained increasing
prominence because of the recognition of reversible glu-
tathionylation of specific proteins as an important regulatory
component of redox signal transduction, highlighting the
physiological consequence of alterations in Grx activity. Per-
turbation of redox regulation of the glutathionylation status
of specific proteins may contribute to the complications of
many diseases (see ref. 80 for a recent review).
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The deglutathionylation activity of Grx is also important
for homeostatic defense against oxidative stress. In this con-
text, the ability of Grx to catalyze the scavenging of glutathi-
one-thiyl radicals may contribute to cellular defense, although
evidence for this reaction in intact cells has not been reported.
Under conditions such as hypoxia or radiation or chemo-
therapy of cancer cells with radical-generating agents, Grx
may catalyze formation of protein-SSG, but evidence for this
role is also limited (100). Considering the many different
isoforms of Grx and fusion proteins containing Grx domains,
it remains to be learned whether these different glutaredoxins
exhibit different primary catalytic functions that will lead to a
subclassification of this family of enzymes. For example, as
more data are reported, it may become clear that some iso-
forms possess little deglutathionylase activity but readily
promote iron–sulfur cluster synthesis.

Part II: Localization and Regulation of Grx Activity

Subcellular localization and effects on Grx activity

Both the mechanisms and the consequences of dynamic
regulation of Grx activity depend partially on its intracellular
localization. Specifically, localization to subcellular compart-
ments determines substrate availability, chemical environ-
ment, and proximity to signaling factors and intermediates
that may affect enzymatic activity (e.g., kinases, reactive ox-
ygen or nitrogen species; see later). Furthermore, distinct lo-
calization patterns among different tissues suggest different
levels of activity (and capacity for regulation) within the or-
ganism. The mammalian Grx enzymes exhibit distinct sub-
cellular localizations, related in some cases to localization
sequences or differential splicing of the mRNA or both.

Grx1 is primarily a cytosolic enzyme, and it has been im-
plicated in regulation via deglutathionylation of multiple cy-
tosolic proteins, including PTP1B-SSG, Ras-SSG, actin-SSG,
and procaspase 3-SSG (1, 8, 94, 137). Recently, Grx1 was
shown also to reside in the intermembrane space of
mitochondria isolated from rat tissues (93), although the
mechanism of its mitochondrial localization is unknown.
Immunohistochemical staining of endometrial tissue sug-
gested nuclear localization of Grx1 (125), but this has not been
confirmed by confocal microscopy, colocalization studies, or
studies of isolated nuclei.

Three subforms of human Grx2 have been identified, each
representing the product of alternative splicing of the gene’s
five exons. Grx2a contains an N-terminal mitochondrial lo-
calization sequence, which is both necessary and sufficient to
target Grx2 to the mitochondria (29, 44, 75). Recently, Pai et al.
(93) documented endogenous Grx2 only in the matrix fraction
of mitochondria isolated from rat heart and liver tissues,
suggesting a specific intramitochondrial localization of Grx2a,
separate from Grx1. The mRNAs encoding Grx2b and Grx2c
result from alternative splicing of a distinct first exon that does
not encode a mitochondrial localization sequence (71). When
overexpressed in HeLa cells, both unconjugated Grx2 and
GFP-Grx2 fusion proteins exhibit a diffuse staining pattern
suggesting cytosolic and nuclear distribution. Unlike Grx2a,
which appears to be expressed ubiquitously, mRNA encoding
Grx2b and Grx2c was more restricted, detected only in cDNA
libraries derived from normal testicular tissue or from certain
immortalized cell lines. Levels of endogenous Grx2b and
Grx2c within testes and in cancer cells have not been deter-

mined, but immunoperoxidase staining of testicular tissue
sections with a nonspecific Grx2 antibody indicated cytosolic
staining in spermatids, spermatogonia, and Sertoli cells,
suggesting the presence of endogenous Grx2b and=or Grx2c
in normal testes. Both Grx2b and Grx2c exhibit deglutathio-
nylation activities with the pro-substrate HEDS, and Grx2c
forms a dimeric 2Fe2S cluster in vitro, although the physio-
logical significance of this observation is not yet known.

Analogous findings were reported for five variants of
mouse Grx2 (mGrx2) mRNA, encoding three subforms of the
enzyme (55). mRNA encoding mGrx2a was present in most
tissues, whereas testicular tissue contained the highest levels
of alternative splice variants Grx2c and Grx2d. However, in
contrast to human Grx2 variants, Grx2c or Grx2d expression
or both may not be restricted to the testes among noncan-
cerous tissues. RT-PCR and colocalization studies suggest
that these Grx2 subforms may also be expressed in specific cell
types within the stomach, spleen, and other tissues. Isolated,
recombinant mGrx2c (analogous to human Grx2c) exhibits
activity toward HEDS and can form a dimeric 2Fe2S cluster
in vitro. Isolated, renatured Grx2d did not exhibit these ac-
tivities, but it is not clear whether this finding could be due to
inactivation during its resolubilization from E. coli occlusion
bodies, or to a potentially inhibitory domain coded by its
additional exon (called IIIb).

Thus, the majority of noncancerous mammalian cells (with
the exception of testicular cells) are expected to contain Grx1
in the cytosol and mitochondrial intermembrane space and
Grx2 in the mitochondrial matrix. Cancerous and testicular
cells may also express subforms of Grx2 in the cytosol and
nucleus. These specific localizations of the Grx isoforms de-
termine not only the capacity for protein deglutathionylation
within specific subcellular compartments, but also the po-
tential mechanisms of regulation of Grx activity.

Enzyme concentration
Global concentration. In theory, the most straightforward

way to modulate Grx activity in situ is to change the content of
active enzyme by altering rates of its production or degra-
dation. Although little is known about the transcriptional
regulation of Grx1, some hormonal and metabolic stimuli are
associated with increased protein content and activity, in-
cluding doxorubicin (Adriamycin) treatment of MCF-7 breast
cancer cells (140), estradiol treatment of cardiomyoblasts
(134), MPTP exposure in male mice (63), and culture of retinal
Müller cells in high-glucose media (115). Recently, Grx2
mRNA was found to be elevated in peripheral blood mono-
nuclear cells treated with the antitumor agent imexon (6),
presumably via a putative antioxidant response element
(ARE) in its promoter sequence.

Local concentration. In the absence of stimuli, cytosolic Grx1
concentration was determined to be *1 mM in cytosol from
human red blood cells (82), and similar concentrations are
estimated from reports of Grx content in bovine liver (51) and
calf thymus (76). In rat liver mitochondria, Grx1 is estimated
to be 0.1 mM in the intermembrane space, whereas Grx2 con-
centration is about 1 mM within the matrix (38). In both cases,
calculations were performed on homogenized samples and
represent an average concentration of the entire subcellular
compartment. However, it is conceivable the Grx enzymes are
maintained at higher local concentrations via association with
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structural proteins (i.e., scaffolding) within specific intracel-
lular compartments (e.g., plasma membrane lipid rafts). Al-
though we are not aware of direct evidence for this concept, it
may apply to regulation of actin glutathionylation in fibro-
blasts (discussed later).

Chemical environment=milieu
pH. Kinetic analyses provide insight into the influence of

environmental factors on Grx activities in vivo. Activities of
human Grx1 and Grx2 are pH dependent, with inflection
points *8.5 (38, 122) (see Mechanistic Steps of Glutaredoxin
Catalysis, Step 2), predicting variations in Grx activity among
subcellular compartments, where pH varies considerably. For
example, analyses using pH-sensitive dyes suggest that the pH
of the mitochondrial intermembrane space is close to 7.0 (99),
whereas the matrix pH is approximately 8.0 (70). Taken to-
gether with the glutaredoxin pH rate profiles, these estimates
predict that Grx activity would be *66% lower in the mito-
chondrial intermembrane space, and *2.5 times higher in the
mitochondrial matrix, compared with the cytosol (pH 7.4). Of
course, additional factors, such as differences in enzyme con-
centration across subcellular compartments (see earlier), and
localization of specific substrates would also influence deglu-
tathionylation activity in each of these compartments.

GSH concentration. Kinetic characterization of the human
Grx enzymes predicts that differences in local GSH concen-
trations will affect their deglutathionylation activities in situ.
The parallel line patterns exhibited by both isozymes on
double-reciprocal plots (38, 47, 122) indicate that KM and Vmax

values for protein-SSG (i.e., the first substrate, Scheme 1A)
increase with increasing concentrations of the second sub-
strate (GSH). Many pathophysiologic stimuli alter GSH con-
tent and GSH=GSSG ratio (reviewed in ref. 23); so the
dependence of Grx activity on GSH concentration appears
quite relevant to the in vivo condition.

Reactive oxygen species (ROS) sources. Proximity to ROS
could also regulate Grx activity, either via oxidative modifi-

cation (see later), or by creating reaction conditions that favor
catalysis of thiyl radical scavenging or protein glutathionyla-
tion. Thus, mitochondrial electron-transport chain compo-
nents as well as plasma membrane receptor–linked NADPH
oxidases generate ROS (O2

��, H2O2, �OH), which can lead to
GS� formation. Human Grx1 and Grx2 scavenge GS� or use it
as a substrate for GS-transfer reactions, forming GSSG or
protein-SSG, respectively, as products (38, 124). Hence local
production of ROS may favor catalysis of glutathionylation by
Grx. Grx1 was implicated as the mediator of glutathionylation
of NF-kB-p65 in pancreatic cancer cells under hypoxic con-
ditions that promote radical production (100).

Temporal regulation of glutaredoxin activity

Grx-catalyzed deglutathionylation has been implicated in
catalytic control of critical processes relating to intracellular
homeostasis and stress response, including cytoskeletal re-
organization (137, 139), mitogenic (7) and hypertrophic sig-
naling (1), inflammation (104, 115), and Ca2þ homeostasis (2).
Although evidence suggests that Grx activity itself is regu-
lated in both the short and long term in association with
specific toxins, hormones, disease states, and extracellular
stresses (later), the specific mechanisms by which Grx activity
is regulated by these stimuli are not fully understood. The
following section explores existing evidence for regulation of
Grx activity in situ and identifies future studies to elucidate
the mechanisms further.

Posttranslational modification
Potential for phosphorylation. Reversible phosphorylation of

serine, threonine, and tyrosine residues is a well-documented
mechanism of enzyme regulation. To our knowledge, no ev-
idence exists for regulation of Grx by phosphorylation; how-
ever, sequence analysis (12, 13) of all three human Grx
isoforms reveals several putative phosphorylation sites, and
identification of these sites on published structures of reduced
Grx1 (128) and Grx2 (60) suggests that they are solvent ex-
posed (Table 2). Phosphorylation sites with the highest

Table 2. Potential Phosphorylation Sites of Human Grx Enzymes

Grx isoform Residue (FASTA) Kinase Probability score aLocation (relative to active site)

Human Grx1 S34 DNAPK 0.6 Opposite end of a-helix 2
S88 PKC 0.66 Neighboring a-helix 4

Human Grx2 S16 General 0.73 b

S20 General, PKA 0.91, 0.68 b

S39 General 0.69 b

S48 General 0.99 b

S73 PKC 0.61 Facing active site (b-sheet 1)
T81 PKC 0.8 Immediately after active site (a-helix 2)

Y113 General 0.73 Opposite side of protein(a-helix 3)
T137 General, PKC 0.9, 0.84 Neighboring a-helix(a-helix 4)
S158 General, PKC 0.9, 0.84 b

Human Grx5 S41 General 0.69 c

S156 General 0.87 c

FASTA sequences of human Grx1, Grx2, and Grx5 were entered into NetPhos 2.0 (12) and NetPhosK 1.0 (13) search engines to identify
potential phosphorylation sites. Sites with probability scores $0.6 are included.

DNAPK, DNA-dependent protein kinase; PKC, protein kinase C; PKG, cyclic GMP–dependent protein kinase.
aThe hydroxyl groups of all of the indicated residues are solvent exposed and outward facing, with the exception of Grx2 T137, which faces

the protein interior.
bNot included in published x-ray structure.
cNo structural information available.
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probability scores (i.e., 0.8–0.9) were found in Grx2, and in-
cluded T41 (equivalent to T81 in the FASTA sequence), im-
mediately after the CPYC active-site motif; T97 (T137 FASTA),
located on helix 4 adjacent to the active site; and S118 (S158
FASTA). All three were consensus sites for protein kinase C
(PKC), and T97 also represents a generic kinase target. A high-
probability, nonkinase–specific phosphorylation site was also
identified near the C terminus of Grx5 (S156 in its FASTA
sequence).

None of the predicted phosphorylation sites appeared to be
conserved among the human Grx isoforms (see Fig. 7), sug-
gesting that phosphorylation could regulate the enzymes in
an isozyme-specific manner. If phosphorylation is to be
documented as a mode of regulation of Grx activity, then it
must be demonstrated in situ, under physiologic conditions,
and associated with a functional change, analogous to the
criteria for regulation by glutathionylation proposed by
Shelton et al. (114).

Oxidative modification. Although Grx has been character-
ized as a regulator of protein thiol-disulfide status, some in-
vestigators suggest that its own cysteines may be modified by
oxidation, with concomitant changes in activity (see later).
Human Grx1 has three cysteines outside its active site (C7,
C78, and C82). NMR structural analysis predicts that they are
all solvent accessible (128), and thus susceptible to oxidative
modification. In contrast, the two non–active-site cysteines of
Grx2 (C28, C100) appear to be involved in a structural dis-
ulfide bond (60, 112). Although these observations support
the possibility of posttranslational redox regulation of Grx,
little is known about the specific modifications or their rele-
vance to redox homeostasis in vivo.

Grx1 treated with HEDS is converted to multiple in-
tramolecular and mixed-disulfide forms according to mass
spectrometric analysis, and fully active enzyme is regained by
adding it to the assay mix containing GSH (95). Likewise, both
Grx1 and Grx2 treated with GSSG exhibited a near total loss of
thiol content, attributable to intramolecular or mixed dis-
ulfides or both by mass spectrometry (50), and this was as-
sociated with a 25% loss of activity for Grx1 that could be fully
reversed by DTT. The in vivo relevance of this relatively small
deactivation by GSSG is questionable. First, the oxidative
challenge (10 mM GSSG in the absence of GSH) does not
represent a physiologic condition. Second, the absence of GSH
may allow oxidations that would not occur in its presence,
resulting in ‘‘false-positive’’ modifications. These consider-
ations are useful in interpreting the results of additional oxi-
dation experiments (later).

H2O2. Human Grx1 and Grx2 undergo partial inactivation
at millimolar concentrations of H2O2 in vitro, with Grx1 being
slightly more sensitive to inactivation (44, 50, 101). H2O2-
treated Grx1 could be reactivated by DTT, GSH, or the Trx=TR
system (101). In contrast, high concentrations of GSH (5 mM)
but not low GSH concentrations (0.5 mM), DTT, or the Trx=TR
system restored Grx2 activity after H2O2 treatment (44). The
potential effect of H2O2 on Grx activity is an important con-
sideration because H2O2 may reach relatively high concen-
trations in subcellular compartments where Grx isoforms are
found. It will be critical to document the dose dependence of
H2O2-mediated inactivation in the presence of GSH because
physiologic levels of GSH may offset the oxidative effects of
H2O2 on the enzymes, thus diminishing the relevance of the
modifications.

�OH. Hydroxyl radicals are formed by reaction of H2O2

with metal ions such as Fe2þ and Cuþ (49), and are widely
implicated in oxidative damage in disease states such as
ischemia=reperfusion injury. We (123) observed inactivation
of Grx1 in a dose-dependent manner by a hydroxyl radical–
generating system in vitro. However, stop-flow ischemia=
reperfusion of intact rabbit heart did not affect Grx1 activity,
suggesting either that ischemia=reperfusion did not cause
sufficient oxidative stress to inhibit the enzyme, or that the
inhibition was reversed by a component absent from in vitro
assays (e.g., GSH; see earlier).

Reactive nitrogen species (RNS). Reactive nitrogen spe-
cies, including peroxynitrite (ONOO�, a product of O2

�� and
NO), and S-nitrosoglutathione (GSNO) are produced under
redox signaling and oxidative stress conditions (reviewed in
ref. 37) and are associated with both glutathionylation (2, 22)
and nitrosylation (43, 65, 84) of protein cysteines. To date, it
appears that mammalian Grx isozymes exhibit distinct
sensitivities to RNS. For example, rat liver Grx1 (5) and re-
combinant Grx1 (50) were largely inactivated after ONOO�

exposure in vitro, whereas Grx2 activity was not affected (50).
The ONOO�-dependent inactivation of the recombinant Grx1
was not reversed by DTT, suggesting a nondisulfide modifi-
cation (cysteine sulfinic or sulfonic acid formation, or tyrosine
nitration). The lack of reversal precludes this modification as a
regulatory mechanism. For GSNO, the inhibition of Grx1 was
influenced by O2, with greater inhibition and refractoriness
to reversal under anaerobic conditions (50). The GSNO-
mediated inhibition correlated with appearance of an ab-
sorption band characteristic of protein-SNO, but a specific site
of Grx1 nitrosylation was not determined. Monomeric Grx2,

FIG. 7. Predicted phosphorylation
sites for human Grx isoforms. General
[NetPhos 2.0 (12)] and kinase-specific
[NetPhosK 1.0 (13)] phosphorylation
sites were predicted using FASTA se-
quences of human Grx1, Grx2, and
Grx5. All sites with probability scores
>0.8 are boxed. The CXXC active-site
sequence is underlined. The sequence
alignment was adapted from Johans-
son et al. (60).
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like Grx1, exhibited a near total loss of thiol content on ex-
posure to GSNO; however, Grx2 activity was not affected by
treatment. Dimeric Grx2 dissociated into active monomers in
the presence of GSNO, suggesting a potential mechanism for
regulation in situ (50).

Proteolysis. Many splice variants of human Grx2 have been
identified (71, 75); and one (termed Grx2a) codes for an N-
terminal mitochondrial signal sequence. The functionality of
the signal sequence was confirmed by demonstrating that
Grx2-GFP fusion proteins were targeted to the mitochondria
(44; 75), and that immunoreactive Grx2 was isolated from the
matrix fraction of mitochondria from rat tissues (93). The
mature, truncated form of Grx2 is about 4 times more active
than the full-length form, possibly due to steric interference by
the signal sequence (60, 75).

Analysis of the predicted sequence of human Grx5 by using
ProP1.0 software (25) reveals two putative cleavage sites
for proprotein convertase (PC). PC enzymes cleave pre-pro-
proteins at specific sites containing single or paired basic
amino acids, often before secretion. No PC cleavage site was
detected for Grx1, although it is speculated to be a secreted
protein (73, 97).

Metal coordination. Cd2þ is a non–redox active, toxic heavy
metal ion that characteristically binds to vicinal dithiols, and
Cd2þ inhibits Grx1 in a dose-dependent manner in vitro, ap-
parently by coordinating to the thiolate forms of the neigh-
boring active-site cysteine moieties. In HT4 cells, Cd2þ

treatment was correlated with increased protein-SSG content
(34); and Cd2þdose-dependent inhibition of deglutathionyla-
tion activity was observed in Jurkat and H9 cells (21). In
contrast, a mutant strain of Streptomyces cerevisiae lacking
yeast Grx2 exhibited decreased protein-SSG content after Cd2þ

exposure (45), suggesting that yeast Grx2 may exhibit pri-
marily glutathionylating activity in situ, as observed for the
human Grx enzymes in vitro under glutathionyl radical–
generating conditions (38, 124). Because Cd2þ is not likely
available to coordinate to the Grx enzymes naturally, and
confers an essentially irreversible inactivation (21), this does
not represent a likely mechanism of regulation.

Recent studies on human Grx2 (11, 60, 69) and poplar
GrxC1 (31, 111) suggest that these isozymes may exist natu-
rally within dimeric 2Fe2S clusters, and that enzyme activity
may be directly influenced by dimer integrity. Structural
analysis of recombinant Grx from both species suggests that
coordination to the 2Fe2S center uses two sulfhydryl groups
per monomer: one from the catalytic cysteine, and the other
from a non-covalently associated GSH molecule (31, 60, 111).
Because an iron-coordinated cysteine thiolate is not available
for nucleophilic attack (i.e., it is complexed to the positively
charged metal ion), it is not surprising that the Grx2 dimer
exhibits no detectable catalytic activity (69). In HeLa and BL30
cells cultured with 55Fe, the majority of immunoprecipitated
Grx2 was radioactive, indicating association with the radi-
olabeled iron and suggesting that Grx2 may be predomi-
nantly dimerized (i.e., inactive) under nonstressed conditions
in these cells. Clearly, identifying factors that lead to the re-
lease of active enzyme is critical for predicting Grx2 activity
within the mitochondrial matrix. In vitro, a variety of thiol
oxidants [e.g., GSSG (69)], reductants [e.g., dithionite, ascor-
bate (69)], and RNS [e.g., GSNO, SIN-1 (50)] disrupt the Grx2

dimer, but intracellular regulators of dimer status remain
unknown.

Finally, it has been suggested that Grx2 may function to
regulate iron sulfur cluster homeostasis (69), but evidence
supporting such a role—including whether its thioltransfer-
ase activity is required—represents a direction for future in-
vestigation.

Protein–protein interactions
ASK1. Association of Grx1 with apoptosis signal-

regulating kinase (ASK1) has been proposed to regulate
ASK1 activity—and subsequently apoptosis—in multidrug-
resistant MCF7 (MCF7=ADR) cells subjected to metabolic
stress (120). Specifically, the ability to co-precipitate endoge-
nous Grx1 and ASK1 was lost with glucose deprivation, and
the dissociation of the Grx1-ASK complex was associated
with ASK1 activation and increased apoptosis. The observa-
tion that Grx1-ASK1 dissociation was blocked by mutation of
either or both of the Grx1 active-site cysteines led the authors
to propose that fully reduced Grx1 is the form that associates
with ASK1, and formation of the active-site intramolecular
disulfide of Grx1 is required for its dissociation from the
heterodimer (Fig. 8A). If the heterodimerized Grx1 is truly in
its reduced form, then it should be catalytically competent;
however, it is possible that the site of interaction with ASK1
(or the subcellular localization of ASK1) could restrict its
availability to protein-SSG substrates. Conversely, the re-
leased Grx1-disulfide should be quickly reduced by GSH so
long as GSH is not depleted. Clearly, testing cytosolic Grx1
activity before and after glucose deprivation would help an-
swer this question. The result of such experiments would be
particularly interesting, given the apparently opposing effects
of Grx1 on apoptotic signaling [i.e., Grx1 overexpression
protects H9c2 cells from apoptosis via regulation of Akt ac-
tivity (88), but Grx1-catalyzed deglutathionylation of caspase-
3 supports apoptosis in TNF-a–treated endothelial cells, see
later (94)]. Thus, the increase in ASK1 activity attributed to its
dissociation from Grx1 could be either potentiated or coun-
tered by the increase in Grx1 activity after its release.

Also to be considered is the percentage of total Grx1 in
complex with ASK1 under resting conditions. The hetero-
dimerization status of Grx1, if inactive in this bound form,
would determine the deglutathionylase activity available for
cytosolic protein-SSG targets. Resolving these important
questions warrants further study.

Pro-caspase-3. Another protein that appears to colocalize
with Grx1 is pro-caspase-3. Immunoprecipitation of Grx1
from bovine aortic endothelial cells pulled down a protein
that reacts with an anti-caspase-3 antibody. This interaction
was almost completely lost after TNF-a=cycloheximide
treatment, leading Pan and Berk (94) to propose a model
shown in Fig. 8B. That is, Grx1 and caspase-3 are associated
under resting conditions, but TNF-a stimulation causes Grx1
to deglutathionylate pro-caspase 3-SSG, leading to its cleav-
age and activation, which promotes downstream apoptotic
events. As discussed later, the specific mechanism of Grx1
activation by TNF-a has not yet been identified.

Examples of apparent rapid activation of Grx
FGF-induced actin-SSG deglutathionylation. Treatment of

NIH 3T3 fibroblasts with FGF (Fig. 9A) resulted in robust
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deglutathionylation of b-actin within minutes (139). Although
steady-state levels of actin-SSG were not sensitive to manip-
ulation of Grx1 content, its FGF-induced deglutathionylation
was completely blocked by knockout of Grx1 by stable
transfection of siRNA targeting Grx1. In addition, actin-SSG
status was correlated inversely to actin polymerization
(137) and cytoskeletal reorganization (139), suggesting that
FGF-induced actin deglutathionylation may aid cytoskeletal
changes involved in the proliferation response. Although
these observations could be explained by acute activation
of Grx1, several conceivable explanations must be distin-
guished, including (a) activation of Grx1 deglutathionylation

activity (via posttranslational modification, conformational
change, or some other mechanism); (b) exposure of the actin-
SSG disulfide bond to already active Grx1 (via conformational
change in actin or other cytoskeletal components); and (c)
rearrangement of Grx1 and actin-SSG into close proximity via
scaffolding or protein–protein interactions. Experiments that
would address these possibilities include testing the effect of
FGF treatment on global Grx1 activity (i.e., distinguishing
changes in activity from changes in substrate availability),
investigating the subcellular localization of Grx1 before and
after FGF stimulus, and performing pull-down experiments
with antibodies to actin and Grx to determine whether the

FIG. 9. Examples of acute reg-
ulation of Grx1. (A) Treatment of
NIH 3T3 fibroblasts with FGF
resulted in robust deglutathiony-
lation of actin within 15 min
(139). Actin deglutathionylation
and associated cytoskeletal chan-
ges were blocked by knockdown
of Grx1. (B) Bovine aortic endo-
thelial cells (BAECs) exposed to
shear stress in culture exhibited
increased Grx activity within the
first 5–10 min of treatment (138).
Increased Grx activity was corre-
lated to increases in phosphory-
lation of eNOS and Akt. Changes
in Grx activity were blocked by
treatment with BCNU, whereas
the changes in downstream
events were blocked by Grx1
knockdown or transfection with
catalytically inactive mutant en-
zyme. (C) Treatment of BAECs
with TNF-a and cycloheximide
was correlated with increased
Grx activity within 3–6 h, deglutathionylation of pro-caspase-3, increased caspase-3 activity, and increased apoptosis (94).
Events downstream of caspase-3 deglutathionylation were blocked by Grx1 knockdown or transfection of a catalytically
inactive mutant.

FIG. 8. Proposed interactions be-
tween Grx1 and cytosolic enzymes.
(A) Reduced Grx1 is shown bound
to ASK1 in MCF-7=ADR (multidrug-
resistant breast cancer) cells under
resting conditions (120). On glucose
deprivation, the GSH=GSSG ratio de-
creases, resulting in oxidation of thiols
in the Grx1 active site and disruption of
its association with ASK1. Dissociation
of Grx1 and ASK1 leads to ASK1 acti-
vation and increased apoptosis. (B)
Grx1 and caspase-3 are shown associ-
ated under nonstressed conditions in
BAECs. TNF-a–induced activation of
Grx leads to pro-caspase-3 degluta-
thionylation, release from the complex,
and cleavage by caspase-8 to active
caspase-3, triggering apoptosis (94).
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two proteins may be colocalized through mutual protein–
protein interactions.

Shear stress. Flow, or fluid shear stress, represents the fric-
tional force of blood acting on the surface of vascular endo-
thelial cells (138) (Fig. 9B). Disruption of physiologic flow
rates appears to alter signal-transduction and gene-expression
patterns in endothelial cells, although the specific mecha-
nisms are not yet fully elucidated (20). Wang et al. (138) ob-
served that cultured bovine aortic endothelial cells exhibited a
brief (5 to 10 min) but robust increase in total Grx activity on
exposure to shear stress. Grx activation was correlated to in-
creases in Akt and eNOS phosphorylation, and it was blocked
by both siRNA directed to Grx1 and transfection of a cata-
lytically inactive Grx1 mutant (C22S=C25S). This short time
course precludes induction of the enzyme and suggests an
acute, reversible mechanism of regulation of Grx1. The au-
thors propose that the increase in Grx1 activity is explained by
a similarly brief increase in the activity of GSSG reductase
(GR), the enzyme that reduces GSSG, the second product of
Grx-mediated protein deglutathionylation (Fig. 3A). This
model is based on observations that shear stress also resulted
in increased GR activity, and BCNU (a GR inhibitor) blocked
the downstream effects of shear stress–induced Grx1 activity.
Some assumptions related to this interpretation should be
tested explicitly: that the BCNU did not inhibit Grx1 directly;
and that GR activity is limiting in this system (i.e., that an
increase in Grx activity can be ‘‘realized’’ only if GR activity is
increased). If GR activity is not limiting, then future studies
should focus on events such as posttranslational modification
of Grx1, etc. (see earlier).

TNF-a–induced caspase-3 deglutathionylation. As discussed
earlier, treatment of bovine aortic endothelial cells with TNF-a
and cycloheximide (CHX) resulted in an increase in total
Grx activity (94). Although the time course of activation by
TNF-a=CHX (3–6 h) is longer than those observed for FGF and
shear-stress exposures (Fig. 9C), it is unlikely to be explained
by changes in protein expression or degradation because the
time course is much shorter than the half-life of the enzyme
[Grx1 t1=2 * 1.5 days (139)]. Because Grx1 and its substrate
(pro-caspase 3-SSG) appear to be physically associated at
baseline (see earlier), a likely mechanism of activation would
involve a post-translational modification or conformational
change allowing active Grx1 to access the glutathionylated
cysteine of the pro-caspase 3 substrate.

Conclusions

The functional consequences of the deglutathionating ac-
tivity of the glutaredoxins are likely profound. The high cat-
alytic rate and rate enhancement over the low uncatalyzed
reaction rate imply that Grx controls the glutathionylation
status of proteins that are specifically glutathionylated, anal-
ogous to the action of phosphatases. The specificity of Grx for
protein-SSG substrates combined with the enhanced reactiv-
ity of Grx-SSG with reduced GSH suggest that reversible
glutathionylation is an organized and systematic signaling
system, analogous to the kinase=phosphatase signaling cas-
cades. Modulation of intracellular Grx activity by hormones,
stress factors, and disease states suggests an additional level

of regulation of protein glutathionylation status via Grx in vivo.
The biochemical features that this catalytic system exhibits
may uniquely poise glutaredoxin as a sensitive and important
cellular effector.
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