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Glutaredoxins (Grxs) are a ubiquitous family of proteins that reduce
disulfide bonds in substrate proteins using electrons from reduced
glutathione (GSH). The yeast Saccharomyces cerevisiae Grx6 is a monothiol
Grx that is localized in the endoplasmic reticulum and Golgi compartments.
Grx6 consists of three segments, a putative signal peptide (M1-I36), an N-
terminal domain (K37-T110), and a C-terminal Grx domain (K111-N231,
designated Grx6C). Compared to the classic dithiol glutaredoxin Grx1, Grx6
has a lower glutathione disulfide reductase activity but a higher glutathione
S-transferase activity. In addition, similar to human Grx2, Grx6 binds GSH
via an iron–sulfur cluster in vitro. The N-terminal domain is essential for
noncovalent dimerization, but not required for either of the above activities.
The crystal structure of Grx6C at 1.5 Å resolution revealed a novel two-
strand antiparallel β-sheet opposite the GSH binding groove. This extra β-
sheet might also exist in yeast Grx7 and in a group of putative Grxs in lower
organisms, suggesting that Grx6 might represent the first member of a novel
Grx subfamily.
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Introduction

Loss of redox homeostasis leads to accumulation
of reactive oxygen species that can be harmful to
cells. In addition to the thioredoxins (Trxs), a group
of glutathione (GSH)-dependent oxidoreductases
called glutaredoxins (Grxs) also function in main-
taining this homeostasis.1,2 Primary sequence align-
ment easily distinguishes most Grxs from Trxs.
However, from the viewpoint of three-dimensional
(3-D) structure, Grxs share a highly similar fold and
topology with the Trx family†,3 which is character-
ress: zcz@ustc.edu.cn.
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ized by a central β-pleated sheet surrounded by five
helices and a CXX(C/S) active-site motif.1,4 As
previously reported, Grxs carry out a number of
biological functions, including reduction of ascor-
bate, activation of ribonucleotide reductase and 3′-
phosphoadenylylsulfate reductase, and regulation
of the DNA-binding capacity of nuclear factors.4,5

Recently, however, a variety of Grxs or Grx-like
proteins were found that execute distinct functions,
such as signal transduction and iron–sulfur (Fe–S)
cluster assembly.5,6

The genome of the yeast Saccharomyces cerevisiae
encodes multiple Grx isoforms, making it an ideal
model for exploring the diversity of Grx subcellular
localizations and molecular functions. To date, eight
Grxs have been found in yeast, named Grx1 to Grx8
in chronological order of identification‡. Grx1/
YCL035C and Grx2/YDR513W are dithiol cytosolic
Grxs that contain a conserved CPYC motif at the
active site. Deletion of GRX1 or GRX2 will lead to
some sort of sensitivity to superoxide anions and
d.
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hydrogen peroxide, respectively, suggesting their
different roles in protecting the yeast cells from
oxidative stress.7 Grx1 existsmostly in the cytoplasm.
Upon reduction, its residues around the active site
undergo conformational changes that reinforce GSH
binding.8 Grx2 is expressed in two isoforms via
alternative translation using different start codons,
with the full-length version translocated to the
mitochondrial matrix and the truncated version
retained in the cytosol.9,10 In contrast to these two
typical dithiol Grxs, the monothiol Grxs, Grx3/
YDR098C, Grx4/YER174C, and Grx5/YPL059W,
have an active site with the CGFS motif.11 Grx3 and
Grx4 are required for the regulation of the iron-
dependent transcriptional factorAft1 in the nucleus,12

and Grx5 is involved in the synthesis or assembly of
Fe–S clusters in the mitochondrial matrix.13,14

In addition to these five well-known yeast Grxs,
three new members, Grx6/YDL010W, Grx7/
YBR014C, and Grx8/YLR364W were recently iden-
tified.15 Grx6 and Grx7 are monothiol Grxs, with an
active-site motif of CSYS in Grx6 and of CPYS in
Grx7. These Grxs were proposed to be responsible
for regulating the sulfhydryl redox state in the
oxidative conditions of early secretory pathway
vesicles.16 Heterogeneously expressed Grx6 and
Grx7 have glutathione disulfide (GSSG) reductase
activity, as detected by the GSH–HEDS [bis-(2-
hydroxyethyl)-disulfide transhydrogenase] assay.17

However, Grx6 is localized in both the endoplasmic
reticulum and Golgi apparatus, while Grx7 is found
mostly in the Golgi apparatus. Grx6, but not Grx7,
binds two [2Fe–2S] clusters to form a tetramer in
Fig. 1. The organization of Grx6. (a) Three segments of Grx6
and C-terminal domains are shown in cyan, gray and pink, resp
Grx6C. The blue and pink chromograms represent the absorba
of each oligomer is shown at the corresponding peak.
vitro.17 In addition to Grx1 and Grx2, Grx8 is a third
putative dithiol Grx, encoded by GRX8/YLR364W,
which does not affect growth rate under oxidative
stress conditions when deleted.18 The apparent Kcat
for Grx7 in the HEDS assay is about 1000-fold higher
than that for Grx8, even though their apparent Km
values are comparable.18

To systematically explore structural insights into
the diverse functions of Grxs, we initiated a project
to solve the 3-D structures of all eight yeast Grxs. In
addition to previous reports for Grx1 [under the
Protein Data Bank (PDB) codes of 3C1R and 3C1S],8

Grx2 (PDB codes 3CTF and 3CTG), and Grx5 (PDB
code 3GX8),19 we present here the biochemical
characterization of Grx6, and the crystal structure
of its C-terminal Grx domain (designated Grx6C).
Full-length Grx6 and Grx6C possess similar GSSG
reductase activities (EC 1.8.1.7) and glutathione S-
transferase (GST) activities (EC 2.5.1.18), and the
crystal structure of Grx6C at 1.5 Å resolution
revealed a novel two-strand antiparallel β-sheet
motif inserted into the classical Grx domain. Further
structure-based multiple alignments of Grx6 against
its bacterial and fungal homologs enabled us to
define a new subfamily of Grxs.

Results

The organization of Grx6

Grx6 is composed of three segments, a putative
signal peptide (M1-I36), an N-terminal domain
drawn byDomain Graph, version 1.0.20 Signal peptide, N-
ectively. Gel-filtration chromatography of (b) Grx6 and (c)
nce at 280 and 430 nm, respectively. A schematic diagram



Table 1. Apparent steady-state kinetic constants of yeast Grxs

Protein

β-ME-SG

Km (mM) Kcat (S
−1) Kcat/Km (×104 M−1 S−1)

Grx1 0.19 14.35 7.55
Grx7 0.40 29.52 7.38
Grx6 2.95 37.31 1.26
Grx6C 3.02 37.82 1.25

The reaction mix contained 100 mM Tris–HCl (pH 7.5), 3 mM GSH, 0.25 mM NADPH, and yeast GR (6 μg/mL). HEDS concentration
varied from 0.1 to 2.5 mM; reactions were started by addition of the indicated Grx to a final concentration of 40 nM.

Fig. 2. GST activity assays. Assays for Grx1, Grx2,
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(K37-T110), and a C-terminal Grx domain (K111-
N231) (Fig. 1a). The signal peptide might be
responsible for its subcellular localization in the
endoplasmic reticulum and Golgi apparatus, as
predicted by SignalP 3.0 Server§.21 Gel-filtration
chromatography showed that freshly purified Grx6
was eluted at two peaks corresponding to apparent
molecular masses of 46 kDa (dimer) and 92 kDa
(tetramer) (Fig. 1b). However, only the tetrameric
form shows a strong absorbance at 430 nm, which
features the [2Fe–2S] cluster.17 In contrast, Grx6C
was eluted at two volumes corresponding to 15 kDa
(monomer) and 30 kDa (dimer), with only the
dimeric form showing the characteristic absorbance
at 430 nm (Fig. 1c). These gel-filtration profiles
indicated that the C-terminal Grx domain (K111-
N231) is responsible for assembly of the Fe–S cluster,
whereas the N-terminal domain (K37-T110) plays a
crucial role in dimerization of the Grx6 monomer. In
addition, trypsin digestion could completely remove
the N-terminal domain (data not shown), suggesting
it exists as a more protease-sensitive segment,
independent of the C-terminal Grx domain.

GSSG reductase activity

Grxs have traditionally been classified by their
ability to reduce the mixed disulfide of glutathio-
nylated β-mercaptoehanol (β-ME-SG).22 The typi-
cal dithiol Grxs, Grx1 and Grx2, are capable of
reducing the mixed disulfide.7 In contrast, the five
yeast monothiol Grxs have been divided into two
groups, with Grx6-7, but not Grx3-5, having this
activity.17
In addition to systematic kinetic analyses of Grx7

reported by Mesecke et al.,17 we found that both
Grx6 and Grx6C possess HEDS activity, with a
maximum reaction velocity (Vmax) proportional to
enzyme concentration at approximately 40 nM.
Using yeast Grx1 and Grx7 as positive controls, we
obtained kinetic data for Grx6 and Grx6C that could
be well fitted to Michaelis–Menten kinetics. As
summarized in Table 1, compared to Grx1, Grx6
has higher Km and Kcat values toward β-ME-SG,
resulting in a lower catalytic efficiency (Kcat/Km) of
approximately one-sixth that of Grx1. Moreover,
compared to Grx7, Grx6 has a higher Km and a
§http://cbs.dtu.dk/services/SignalP/
similar Kcat, leading to a lower Kcat/Km, despite a
sequence identity of up to 52% in the Grx domain.
Grx6C shows Km and Kcat values similar to that of
Grx6, indicating the N-terminal domain contributes
little to the HEDS activity.

GST activity

GSTs belong to a family of proteins mainly
involved in the detoxification of xenobiotic com-
pounds by conjugation to the sulfhydryl group of
GSH, which is activated to reactive thiolate form by
residues around the active site.23 In addition to
classical GSTs, some Grxs also catalyze this conju-
gation. For example, both in vitro and in vivo
experiments demonstrated that the dithiol Grxs,
Grx1 and Grx2, whose sequence corresponds to the
N-terminal domain of classical GSTs, possess GST
activity.24 However, whether the monothiol Grxs,
Grx6 and Grx7, have this activity is unknown.
With Grx1, Grx2, and glutathione S-transferase

Gtt225 as controls, the GST activities of Grx6, Grx6C,
and Grx7 were detected by monitoring at 419 nm
for the conversion of 4-chloro-7-nitro-2,1,3-benzox-
adiazole (NBD-Cl) to glutathionylated NBD. As
shown in Fig. 2, Grx6 possesses GST activity at a
catalytic velocity of approximately three- or four-
fold that of Grx1 or Grx2, but only one-seventh that
of Gtt2. In contrast, Grx7 has a catalytic velocity
similar to that of Grx2. In addition, Grx6C had a
Grx6, Grx6C, Grx7, and Gtt2 were performed in 0.5 mM
NBD-Cl, 2 mM GSH, and the indicated enzyme at a final
concentration of 10 μM. Shown are histograms of enzy-
matic activity.



Fig. 3. Overall structure of Grx6C and GSH-binding site. (a) Representation of Grx6C binding to GSH. Secondary
structures are labeled. (b) σA-weighted 2Fo−Fc density map of GSH. (c) Stereo representation of the GSH–Grx6C
interactions. Grx6C atoms are C, cyan; S, gold; O, red; and N, blue. GSH atoms are C, pink; S, gold; O, red; and N, blue.
Water is red. Hydrogen bonds are indicated by dashed lines, with atomic distances in angstroms.
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catalytic velocity almost identical to that of Grx6,
indicating the N-terminal domain was not involved
in the GST activity.

Overall structure of Grx6C

To better understand the structural basis of these
activities, we applied the 46 -kDa dimer of Grx6 (K37-
N231) for crystallization and obtained a crystal that
diffracted at 1.5 Å resolution. However, after data
processing and structure solution, only Grx6C could
be built into the final model. The N-terminal domain
may have been degraded during crystallization, with
Phe113 as the most N-terminal residue that could be
traced in the electron density map. SDS electropho-
resis in combination withmass spectrometry analysis
of the dissolved crystal confirmed degradation of the
N-terminal segment prior to Arg108 or Lys111.
The overall architecture of Grx6C resembles the

typical Grx fold of a core four-strand antiparallel β-
sheet surrounded by five α-helices (Fig. 3a). In
contrast to the typical Grxs, a two-strand antipar-
allel β-sheet (β2 and β6) was seen opposite the
GSH-binding groove. Structural superpositions
against all Grx structures in PDB‖ revealed that
‖http://www.rcsb.org/pdb
this two-strand antiparallel β-sheet is unique to
Grx6.

GSH-binding site

A GSHmolecule fit well in the structure of Grx6C,
as shown in the σA-weighted 2Fo−Fc density map
(Fig. 3b). The distance between the sulfur atoms of
GSH and Cys136 of Grx6C is about 2.6 Å, which is
too far to form a typical disulfide bond (2.0 Å).
However, both the shape and the charge of the
conserved GSH-binding groove are perfectly com-
plementary to the nestled GSH molecule. The
carboxyl group of the glutamyl moiety forms two
direct hydrogen bonds with the Nα atoms of Asn196
and Glu197, and an indirect hydrogen bond with the
carboxyl oxygen of Pro184 via the water molecule
Wat8 (Fig. 3c). The Nα of the glutamyl moiety
interacts with Glu197Oɛ1 throughWat256 and forms
two hydrogen bonds with Glu198Oɛ1 and Oɛ2 atoms
through Wat252. The Nα of the cysteinyl moiety
forms a hydrogen bond with the Val183 carboxyl
oxygen, and the cysteinyl carboxyl oxygen forms a
hydrogen bond with the Nα of Val183. The carboxyl
group of the glycinyl moiety is fixed by polar
interactions with the side chains of Lys133 and
Gln171, and hydrogen-bonds with two water
molecules, Wat277 and Wat326. In addition, the
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Nα of the glycinyl moiety forms a hydrogen bond
with Wat313.

Discussion

N-terminal-mediated noncovalent dimerization
of Grx6 and Fe–S cluster-mediated covalent
dimerization of Grx6C

Several Grxs form noncovalently linked homo-
dimers, such as Trypanosoma brucei Grx1,26 poplar
GrxC4,27 and Escherichia coli Grx1.28 The poplar
GrxC4 homodimer has a novel dimerization inter-
face formed largely by hydrophobic interactions
that bury the three α-helices around the active site.27
Fig. 4. Comparison of Grx6 and Grx1. (a) Differences in GS
(b) Superposition of Grx6C (cyan) and Grx1 (yellow). (c) Co
proteins (GenBank accession numbers in parentheses) fr
(CAG60384), Yarrowia lipolytica (CAG78790), Candida albicans
guilliermondii (EDK39230), Pichia stipitis (ABN65676), Neuros
Podosporaanserina (CAP67785), and Chaetomium globosum (EA
toulouse.inra.fr/multalin). The secondary structural elements
Grx6 and Grx7 form noncovalently linked homo-
dimers in vitro, independent of GSH/GSSG, and
Grx6 further forms a dimer of dimers bridged by the
Fe–S cluster.17

As shown by gel-filtration chromatography, the
leading elution peaks represent the tetrameric form
for Grx6 (Fig. 1b) and the dimeric form for Grx6C
(Fig. 1c), which resulted from Fe–S cluster binding.
Grx6C and Grx6 have similar A280nm/A430nm absor-
bance ratios of (Fig. 1b and c), indicating the dimers
of Grx6C were predominantly formed by Fe–S
cluster interactions, rather than through direct
intermolecular interface. Thus, we propose that the
noncovalent dimerization of Grx6 depends on its N-
terminal domain (Fig. 1a and b). In addition, the
fraction containing the Fe–S cluster was much
H-binding sites between Grx6C (cyan) and Grx1 (yellow).
mparison of Grx6C and Grx7C sequences with Grx-fold
om Kluyveromyces lactis (CAG99837), Candida glabrata
(EAK92123), Lodderomyces elongisporus (EDK45643), Pichia
pora crassa (EAA35931), Magnaporthe grisea (EDK05786),
Q89239) using MultAlin36 and ESPript37 (http://prodes.
of Grx6C are displayed above.
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greater in the intact Grx6 sample (Fig. 1b) than that
in the Grx6C sample (Fig. 1c), indicating that
dimerization mediated by the N-terminal domain
may facilitate stabilization of the Fe–S cluster.

Is Grx6 a trifunctional protein?

Fe–S clusters are ubiquitous and evolutionarily
ancient prosthetic groups that are required to sustain
fundamental life processes.29 Yeast Grx5 and Grx6,
humanGrx2 and Grx5, poplar GrxC1, T. bruceiGrx1,
andE. coliGrx4 all bind the Fe–S cluster, most likely a
[2Fe–2S] cluster.17,26,30–33 The crystal structures of
human Grx2 (PDB code 2HT9) and poplar GrxC1
(PDB code 2E7P) in the holo form show that
incorporation of the Fe–S cluster requires not only
the Grx dimer, but also two GSH molecules.32,34
Human Grx2 is primarily present in the holo form,
which is inactive under normal conditions, but is
activated in vitro by GSSG following the loss of the
cofactor [2Fe–2S] cluster, or in vivo by a decrease in
the GSH/GSSG ratio.30 The activated human Grx2
uses GSH as an electron donor to reduce low-
molecular-mass disulfide molecules and protein
GSH-mixed disulfides.35 E. coli Grx4 undergoes
dramatic conformational changes to release the
intact [2Fe–2S] cluster, which is thought to be
transferred to acceptor proteins.33

Similar to human Grx2 and E. coli Grx4, when
Grx6 is in the Fe–S cluster form, the single cysteine
Cys136 coordinates with the iron, and the protein is
inactive. However, whether Grx6 serves as a redox
sensor or as an Fe–S cluster storage protein remains
unknown. When the GSH/GSSG ratio decreases,
the HEDS or GST activity of Grx6 could be restored
by the loss of the Fe–S cluster. This would lead to
recognition of the GSH molecule by the GSH-
binding groove and transfer of the electron to
Cys136. Therefore, in addition to its HEDS and
GST activities, Grx6 may be the first trifunctional
protein of the yeast Grx family.

Grx6 may be the first member of a novel Grx
subfamily

To the best of our knowledge, Grx6 and Grx7 are
the only two monothiol Grxs with GSSG reductase
activity in the HEDS assay. These results are in
agreement with the 3-D structure of Grx6C, which is
clearly distinct from that of other yeast monothiol
Grxs and more closely related to that of dithiol Grx1
and Grx2. Compared to Grx1, Grx6 has a lower
catalytic efficiency toward HEDS but a higher GST
activity. These differences might be due to varia-
tions at the GSH-binding site (Fig. 4a).
Superposition of Grx6 on Grx1 shows homolo-

gous secondary structures, except for the extra two-
strand antiparallel β-sheet (Fig. 4b). This β-sheet has
never been reported before in Grxs of known
structure. Sequence alignment showed that this β-
sheet is not conserved in other yeast Grxs, except for
Grx7. However, a sequence homology search of
Grx6C against the nonredundant protein sequence
database¶ yielded a group of proteins with a similar
Grx-fold. Multialignment of these protein sequences
indicated that the tyrosine and proline residues
flanking the β2-strand are highly conserved, and a
longer C-terminus is crucial for forming the β6-
strand, which is indispensable for forming the extra
β-sheet (Fig. 4c). To further validate the essential
nature of β6, we constructed three truncated
versions of Grx6C by deleting the C-terminal 13
(β6 completely deleted), 10 (β6 partially deleted), or
7 residues (β6 retained). Both the 13- and 10-residue
deleted versions were expressed as inclusion bodies,
while the 7-residue deletion was soluble (data not
shown). These results indicated that the β6-strand is
critical for the proper folding of Grx6C during
overexpression in E. coli. Together, these results
show that the putative members of Grx that have an
extra β-sheet might represent a novel Grx subfamily.

Conclusion

We showed that Grx6 can bind an Fe–S cluster
through its C-terminal Grx domain and form
noncovalently linked dimers through its N-terminal
domain. Compared with the classic dithiol glutar-
edoxin Grx1, Grx6 has a lower HEDS activity but a
higher GST activity. Similar to human Grx2, Grx6
also binds GSH via an Fe–S cluster in vitro. The
structure of the C-terminal glutaredoxin domain of
Grx6 revealed an extra two-strand antiparallel β-
sheet, opposite the GSH-binding groove, a unique
motif among Grxs. Grx6 appears to be the first
identified member of a novel Grx subfamily.
Materials and Methods

Cloning, expression, and purification of Grx6

The coding regions ofGrx6/YDL010Wwithout the signal
peptide (residues K37-N231, designated as Grx6) and the C-
terminal Grx domain (residues K111-N231, Grx6C) (Fig. 1a)
were PCR-amplified from S. cerevisiae S288c genomic DNA
and cloned into the pET22b vector (Novagen). Extra
sequences encoding residues LEHHHHHH were added
at the C-terminal. These plasmids were transformed into E.
coli strain Rosetta (DE3) and induced with 0.02 mM IPTG at
16 °C for 20 h after the OD600nm reached 0.6. Cells were
collected by centrifugation and resuspended in buffer A
(200 mM NaCl, 20 mM Tris–HCl, pH 8.0). After 3 min of
sonication followed by centrifugation at 20,000g for 30 min,
the supernatant was pooled and loaded onto a Ni-NTA
column (GE Healthcare). The target protein was eluted
with 250 mM imidazole and loaded onto a Superdex 75
16/60 column preequilibrated with buffer A. Fractions
containing recombinant Grx6 were pooled, desalted, and
concentrated to 10 mg/mL in a final solution of 50 mM
NaCl and 20 mM Tris–HCl (pH 8.0) for crystal screening.
Protein concentration was calculated by UV absorbance at
280 nm with an extinction coefficient of 0.695 M−1 cm−1a.



620 Structural and Biochemical Characterization of Grx6
Crystallization, data collection, structure solution,
and refinement of Grx6

Crystals of selenium-methionine-labeled protein were
grown at 16 °C in a hanging drop of 1.0-μl protein sample,
prepared as described above, with an equal volume of
reservoir solution. After about 1 week, prismatic crystals
appeared in the 19% polyethylene glycol monomethyl
ether 5000, 0.1 M 2-(N-morpholino)-ethane sulfonic acid
(pH 6.5), and 10 mMGSH conditions. A single crystal was
transferred to cryoprotectant reservoir solution supple-
mented with 25% glycerol and flash-cooled with liquid
nitrogen. X-ray diffraction data were collected at 100 K in a
liquid nitrogen stream using synchrotron radiation
(Argonne, IL). The data sets were processed and scaled
using HKL2000.38 The phase was determined by single-
wavelength anomalous dispersion.39 The initial model
was further refined by manual and automatic rebuilding
using Autobuild from the PHENIX program package.40
The final model was obtained after several rounds of
manual rebuilding and refinement using Coot41 and
Refmac542 from the CCP4i package, and checked using
the program MolProbity43 and PROCHECK.44 Data
collection and refinement statistics are in Table 2.

HEDS assays

Glutathione-disulfide reductase activity was measured
by reduction of mixed disulfides between HEDS and
Table 2.Crystal parameters, data collection, and structure
refinement

Parameters

Data collection
Wavelength (Å) 0.9792
Space group P212121
Unit cell (Å, °) a=50.56, b=57.13, c=59.10

α=β=γ=90.00
Resolution range (Å) 50.00–1.50 (1.53–1.50)a

Unique reflections 27,154 (1301)
Completeness (%) 96.7 (94.1)
〈I/σ(I)〉 35.13 (2.26)
Rmerge (%)b 7.7 (67.1)
Average redundancy 9.3 (7.3)

Structure refinement
Resolution range (Å) 25.72–1.50
R-factorc/Rfree

d (%) 17.94/20.04
No. of protein atoms 913
No. of water atoms 149
RMSD bond lengths (Å)e 0.01
RMSD bond angles (°) 1.23
Mean B-factors (Å2) 18.57
Ramachandran plot (residues, %)f

Most favored (%) 100
Additional allowed (%) 0
Outliers (%) 0
PDB entry 3L4N

a The values in parentheses refer to statistics in the highest bin.
b Rmerge=∑hkl∑i|Ii(hkl)− 〈I(hkl)〉|/∑hkl∑iIi(hkl), where Ii(hkl) is

the intensity of an observation and 〈I(hkl)〉 is the mean value for its
unique reflection. Summations are over all reflections.

c R-factor=∑h|Fo(h)−Fc(h)|/∑hFo(h), where Fo and Fc are the
observed and calculated structure-factor amplitudes, respectively.

d Rfree was calculated with 5% of the data excluded from the
refinement.

e RMSD from ideal values.
f Categories were defined by Molprobity.
GSH.22 Steady-state kinetics of yeast enzymes (Grx1, Grx6,
Grx6C, and Grx7) were monitored at 30 °C with a DU800
UV–visible spectrophotometer (Beckman Coulter). Stock
solutions of 50 mM NADPH, 100 mM GSH, yeast
glutathione reductase (GR; 0.6 mg/mL) (Sigma-Aldrich),
and 70mMHEDSwere freshly prepared in 0.1MTris–HCl
(pH 7.5). The reaction mix contained 0.25 mM NADPH,
1mMGSH, GR (6 μg/mL), 0.7mMHEDS, and 40 nMGrx.
NADPH, GSH, and HEDS were preincubated for 2 min
beforeGRwas added, and the assay started by the addition
of Grx. Decrease in absorbance at 340 nmwasmonitored to
indicate NADPH consumption.
Activity and substrate specificity toward glutathiony-

lated substrates were determined using 0.1-2.5 mM HEDS
in a mixture of 100 mM Tris–HCl (pH 7.5), 3 mM GSH,
0.25 mM NADPH, and GR (6 μg/mL). The reaction was
triggered by adding Grx to 40 nM. Independent experi-
ments were performed under three different substrate
concentrations; the apparent Km was calculated by
nonlinear regression of Michaelis–Menten plots and Kcat
by linear regression of the Lineweaver–Burk plots.

GST assays

GST activity was assayed according to the method of
Ricci et al.,45 which follows the conjugation of NBD-Cl
with GSH as catalyzed by GST and produces a stable
yellow compound with a strong absorbance at 419 nm.
GST activities of Grx6, Grx6C, and Grx7 were determined
with yeast Grx1, Grx2, and GST Gtt2 as positive controls.
Stock solutions of 100mMNBD-Cl and 100mMGSHwere
freshly prepared. The assay mix contained 0.5 mM NBD-
Cl and 2 mMGSH. The final concentration of enzyme was
2–10 μM. The assay was started by the addition of NBD-Cl
and monitored at 419 nm with a DU800 UV–visible
spectrophotometer at 25 °C.

PDB accession numbers

Coordinates and structure factors of S. cerevisiaeGrx6 C-
terminal domain have been deposited in the PDB under
the accession number 3L4N.
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