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Yeast glutaredoxins Grx1 and Grx2 catalyze the reduction of both inter- and intra-molecular disulfide bonds
using glutathione (GSH) as the electron donor. Although sharing the same dithiolic CPYC active site and a
sequence identity of 64%, they have been proved to play different roles during oxidative stress and to possess
different glutathione-disulfide reductase activities. To address the structural basis of these differences, we
solved the crystal structures of Grx2 in oxidized and reduced forms, at 2.10 A and 1.50 A, respectively. With
the Grx1 structures we previously reported, comparative structural analyses revealed that Grx1 and Grx2
share a similar GSH binding site, except for a single residue substitution from Asp89 in Grx1 to Ser123 in
Grx2. Site-directed mutagenesis in combination with activity assays further proved this single residue
variation is critical for the different activities of yeast Grx1 and Grx2.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

All aerobic organisms are exposed to reactive oxygen species
(ROS), such as H,0,, the superoxide anion (O3 ) and the hydroxyl
radical (OH™), during the course of normal aerobic metabolism or
after exposure to radical-generating compounds [1]. Accumulation of
ROS can cause oxidative damage to various biological molecules,
including proteins, nucleic acids, cell membranes and lipids, which is
associated with various diseases processes such as cancer, aging and
neurodegenerative disorders [2,3]. In all organisms, the glutaredox-
ins/glutathione (Grxs/GSH) and thioredoxin (Trx) systems are the
most important to maintain the cellular redox homeostasis [4-7].

Grxs are a group of GSH-dependent thiol-disulfide oxidoreduc-
tases [8-13], involved in a series of essential biosynthetic reactions
and regulation of many biological processes, especially in the defense
of oxidative stress. Grxs prefer catalyzing the GSH-mixed disulfide
bonds [14,15], indicating their roles in glutathionylation and
deglutathionylation of proteins in cellular response to oxidative stress
[16,17]. To date, eight yeast Grxs have been described in the
chronological order by identification date [18] and classified into
two subfamilies based on the active site motif. Grx1/YCL0O35C and

Abbreviations: Grx, glutaredoxin; ROS, reactive oxygen species; GSH, reduced
glutathione; GR, glutathione reductase; HED, 3-hydroxyethyl disulfide; GSSG, oxidized
glutathione, glutathione disulfide; 3-ME-SG, glutathionylated [3-mercaptoethanol;
HEDS assay, glutathione:bis-(2-hydroxyethyl)-disulfide transhydrogenase assay
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Grx2/YDR513W are dithiol cytosolic Grxs, which contain a conserved
CPYC motif at the active site. Despite the high degree of homology
between Grx1 and Grx2 (64% identity), evidence has shown that they
play distinct roles in normal growth and stress conditions. The GRX1
mutant is sensitive to oxidative stress induced by the superoxide
anion, whereas a strain that lacks GRX2 gene is sensitive to hydrogen
peroxide [19]. Grx8/YLR364W, a third putative cytosolic dithiol Grx of
109 residues, was identified in silico recently [18]. The deletion of
Grx8 does not result in a decrease of growth rate under oxidative
stress conditions nor does it enhance the defects of GRX1 and GRX2
single or double deletions [18]. Grx3/YDR098C, Grx4/YER174C, Grx5/
YPLO59W, Grx6/YDLO10W and Grx7/YBR014C are monothiol Grxs
with an active site motif of CXXS [20-22]. Grx3 and Grx4 are required
for the regulation of the iron-dependent transcriptional factor Aft1 in
the nuclei [23], whereas Grx5 involves in the synthesis or assembly of
iron-sulfur (Fe-S) clusters in the mitochondrial matrix [22,24], all of
which have an active site of CGFS. The active site of Grx6 and Grx7 are
CSYS and CPYS, respectively, which are responsible for the regulation
of the sulfhydryl redox state at the oxidative conditions of the early
secretory pathway vesicles [21].

Grx1 exists in both cytoplasm and nucleus. Upon the redox
transition, residues around the active site would undergo conforma-
tional changes to reinforce the GSH binding [25]. Grx2 is expressed in
two isoforms via alternative translation with different start codons,
with the shorter isoform (11.9 kDa) retained in the cytosol while the
longer one (15.9 kDa) translocated to the mitochondrial matrix where
it is either processed by the mitochondrial processing peptidase to a
short soluble isoform that localizes to the matrix or left unprocessed
and retained in the outer mitochondrial membrane [26,27]. In
addition to the different subcellular localizations, the binding affinity
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towards GSH is also supposed to contribute to their physiological
divergences.

We solved the crystal structures of Grx2 in oxidized and reduced
forms, and revealed the redox-induced conformational rearrange-
ments in the active site region. Structural comparisons between the
reduced Grx2 and glutathionylated Grx1 which we had solved
previously [25] indicated that a single residue change from Asp89 in
Grx1 to Ser123 in Grx2, which might lead to their difference in
glutathione-disulfide reductase activities (EC 1.8.1.7). To further verify
this hypothesis, two mutants, Grx1D89S and Grx2S123D were
constructed, and their glutathione-disulfide reductase activities
were detected by the glutathione:bis-(2-hydroxyethyl)-disulfide
transhydrogenase assay (HEDS assay). The comparative activity
assays proved that the Asp89 in Grx1 or Ser123 in Grx2 is the key
residue to the different activities of these two glutaredoxins.

2. Materials and methods

2.1. Cloning, expression and purification of Grx2, Grx1D89S and
Grx25123D in Escherichia coli

The yeast GRX2 gene encoding the shorter isoform comprising
residues from Met35 to GIn143 (without the signal peptide) was
amplified by PCR with S. cerevisiaze S288C genomic DNA as the
template, and cloned into the vector pET15b (Novagen). Extra
sequence encoding MGSSHHHHHHSSGLVPRGSH at N-terminal was
added. The recombinant protein was expressed in BL21 (DE3) strain
of E. coli, induced with 0.2 mM IPTG at 37 °C for 5 h when ODggonm
reached 0.6. Cells were collected by centrifugation and resuspended in
the binding buffer (200 mM NaCl, 20 mM Tris-HCl, pH 7.0). After
3 min of sonication and centrifugation, the supernatant containing the
soluble target protein was collected and loaded to a Ni-NTA column
(GE Healthcare) equilibrated with binding buffer. The target protein
was eluted with 300 mM imidazole, and loaded to a Superdex 75 16/
60 column, equilibrated with the binding buffer. Fractions containing
the recombinant Grx2 were pooled, desalted and concentrated to
10 mg/ml in a final buffer of 20 mM NacCl, 20 mM Tris-HCl, pH 7.0,
and then applied to crystallization. Protein concentration was cal-
culated by UV absorbance at 280 nm with an extinction coefficient of
4595 M~ ' cm™ ! (http://www.expasy.org/tools/protparam.html).

The Grx1D89S and Grx2S123D mutants were prepared with the
QuickChange Site-Directed Mutagenesis Kit according to the manu-
facturer's recommendations (Stratagene). The pET28/GRX1 [25] and
pET15b/GRX2 plasmids were used as templates with the primers
containing the desired mutation (underlined): 5'-GGA GGC AAC AGC
GAC TTG CAG GAAT-3’ (forward Grx1D89S), 5'-TG CAA GTC GCT GTT
GCC TCC AAT AT-3’ (reverse Grx1D89S), 5'-GGT GGT AAC GAC GAT
TTG GAA ACT T-3’ (forward Grx25123D), 5'-TC CAA ATC GTC GTT ACC
ACC AAT GT-3’ (forward Grx2S123D). The gene sequences were con-
firmed by automated DNA sequencing. Grx1D89S and Grx2S123D
plasmids were used to transform Rossetta and BL21 (DE3) strain of E.
coli, respectively. The expression and purification of Grx1D89S and
Grx25123D were similar as the Grx2 (above mentioned). Fractions
containing the recombinant Grx1D89S, Grx2S123D, and Grx1, Grx2
were all pooled, desalted and concentrated to 50 pM in the buffer of
20 mM Nacl, 20 mM Tris-HCl, pH 8.5, 50% glycerol. Protein purity was
checked by SDS-PAGE.

2.2. Crystallization, X-ray data collection, structure solution and
refinement of Grx2 in different redox states

Crystals were grown at 16 °C in a hanging drop of 1.0 pl protein
sample at 10 mg/ml in 20 mM NaCl, 20 mM Tris-HCl, pH 7.0 with
equal volume of reservoir solution. Two forms of crystals were
obtained in the condition of 30% PEG 4000, 0.2 M NH4Ac and 0.1 M
NaAc, pH 4.6. Octahedral crystals of the reduced Grx2 appeared in one

day, whereas rod-shaped crystals of the oxidized Grx2 were found in
one week.

The crystals were transferred to the cryoprotectant of the res-
ervoir solution supplemented with 25% glycerol and flash cooled with
liquid nitrogen. The X-ray diffraction data were collected at 100 K in a
liquid nitrogen stream using a Rigaku MMO0O0O7 X-ray generator
(A=1.5418 A) with a MarResearch 345 image-plate detector at
School of Life Sciences, University of Science and Technology of China
(USTC, Hefei, PR China). The data were processed by AUTOMAR 1.4
[28]. The Grx2 structures were solved by the molecular replacement
method with the program CNS [29] using the atomic coordinates of
oxidized yeast Grx1 as the search model (PDB code 3C1R). Structures
were fitted and rebuilt with program O [30] and refined with
REFMACS5 [31] and CNS [29]. The overall assessments of model quality
were performed using PROCHECK [32]. The atomic coordinates of
oxidized and reduced Grx2 have been deposited in the Protein Data
Bank (http://www.rcsb.org/pdb) under the entries of 3CTF and 3CTG,
respectively. Statistics of both structures are summarized in Table 1.
All figures were prepared with PyMOL [33].

2.3. Assay for glutathione-disulfide reductase activity of Grxs

Glutathione-disulfide reductase activity was measured by the
reduction of the mixed disulfide formed between HEDS and GSH [34].
Specific activities and substrate specificity towards glutathionylated
substrates of yeast enzymes (Grx1, Grx2 and of each mutants

Table 1
Data collection and refinement statistics.

Data set Oxidized Grx2 Reduced Grx2

PDB code 3CTF 3CTG

Space group P4;,2,2 P45

Unit cell (A) a=48.770, b=48.770, a=41.630, b=41.630,
¢=96.446, a=p=y=90° c=78.390, a=p=y=90°
28.05-2.10 (2.18-2.10)* 22.13-1.50 (1.55-1.50)

Resolution (A)

Observed 45,508 14,685
reflections

Unique 12,610 4694
reflections

RE—) 6.01 (27.36) 7.61 (14.11)

I/o 7.1(2.3) 6.4 (3.3)

Average 3.56 (3.57) 2.91(2.97)
redundancy

Completeness 97.2 (95.3) 98.5 (99.4)

(%)

Mosaicity 0.125+/—0.032 0.290+/—0.073

RivorkS 22.1 (23.1) 19.6 (25.7)
(last shell)

Riree? 246 (25.1) 20.0 (28.8)
(last shell)

Mean B 27.6 16.3
factors (A?)

r.m.s.d. bond 0.010 0.006
Length® (A)

r.m.s.d. bond 1.2 1.0
angles (°)

r.m.s.d. dihedral 24.1 24.0
angles (°)

Ramachandran plot (residues, %)
Most favored  96.8 97.9
Additionally 3.2 2.1

allowed

@ The values in parentheses refer to the highest resolution shell.

b Rmerge = 2h2i|lih In |2h3i Ih, where Ih is the mean intensity of the i observations
of reflection h.

€ R-factor = 2h||Fops| — |Feaic| 1/ |Fobsl, where |Fops| and |Fea| are the observed and
calculated structure factor amplitudes, respectively. Summation includes all reflections
used in the refinement.

4" R-free = 3| |Fops| — |Featc| |/2 |Fobs|, evaluated for a randomly chosen subset of 5% of
the diffraction data not included in the refinement.

¢ Root mean square deviation from ideal values.
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Grx1D89S, Grx2S123D) were monitored at 30 °C with a DU8S00 UV/
visible spectrophotometer (Beckman Coulter). The reaction mixture,
containing 100 mM Tris-HCl, pH 7.4, 0.25 mM NADPH, 0.5-2.5 mM
GSH, 6 pg/ml yeast glutathione reductase (GR, Sigma-Aldrich), 0.07-
2.5 mM HEDS and 40-200 nM Grx in a volume of 200 pl. GSH, GR,
HEDS and NADPH were pre-incubated for 3 min for the formation of
the mixed disulfide between GSH and HED. The assay was triggered
by the addition of different Grxs to the optimum concentration. The
decrease of absorbance at 340 nm was monitored to indicate the
consumption of NADPH. Measured activities in all assays were
corrected by subtracting the velocities of the control reactions
without Grx. Three independent experiments were performed at
each substrate concentrations and the apparent K, and k.. values
were calculated by non-linear regression of Michaelis—-Menten plots.

3. Results and discussions
3.1. Overall structure of Grx2

The overall structure of Grx2 is consistent with the glutaredoxin
fold (Trx-like fold), with a core of four mixed (> strands surrounded by
five o helices. The central 3 sheet is composed of three antiparallel
strands (B1, P3, p4) with strand p2 parallel to the adjacent p1
(Fig. 1A). Structural comparisons between Grx2 and glutathionylated
Grx1 present the same secondary structure arrangement, character-
ized with one specifically GSH-shaped and highly positively charged
binding groove, electronically complementary to the GSH molecule.

3.2. Redox-induced conformational rearrangements

Superposition of the main-chain atoms between the oxidized and
reduced forms (residues from 36 to 143) of Grx2 gives an RMSD (root
mean square deviation) of 0.3 A, indicating a highly similar overall
structure. Moreover, subsequent to the breakage of the disulfide
between Cys61 and Cys64, the active site region from Thr59 to Lys65
undergoes similar conformational rearrangements (Fig. 1B), as
previously observed in the structures of yeast Grx1 [25] and poxviral
glutaredoxin [35]. Compared to the oxidized form, the orientation of
carbonyl oxygen of Thr59 in the reduced form flips outwards to the
solvent, with a 1.49 A shift of its Ca atom. The solvent-exposed
aromatic side chain of Tyr60 flips toward the GSH binding site with
the hydroxyl group moving 10.91 A, while the carbonyl oxygen of
Tyr60 is reoriented to avoid steric hindrance. Furthermore the
aromatic side chain of Tyr63 swivels toward the GSH binding site,
resulting in its hydroxyl group to move 4.07 A, which might make
hydrophobic interactions with the y-glutamyl moiety of GSH. In
addition, the Ne atom of Lys65 forms polar interactions with carbonyl
oxygen atoms of Thr59 and Cys61, at a distance of 2.40 and 3.10 A,
respectively. These polar interactions may contribute to the catalytic
activity of Grx2, as indicated from assays of the corresponding residue
Arg26 of pig glutaredoxin [36], which has only a marginal influence on
pKa value of the N-terminal cysteine [37], and the mutation of which
to Val remarkably decreased the enzymatic activity [38].

3.3. Residues crucial for GSH binding

In a previous work, we solved the crystal structure of glutathio-
nylated yeast Grx1, in which GSH formed a disulfide bond with its N-
terminal cysteine of the active site [25]. Sequence alignment of Grx1
and Grx2 demonstrates that residues involved in GSH binding are
highly conserved, except for a single reside change of D89 in Grx1 to
S$123 in Grx2 (Fig. 2A). In detail, residues K24 and Q63 of Grx1 (K58
and Q97 of Grx2) are involved in interactions with the glycinyl
moiety; residues TVP interact with the cysteinyl moiety; and residues
NDD of Grx1 (NSD of Grx2) participate in fixing the +y-glutamyl
moiety.

A

Fig. 1. Overall structure of Grx2 and conformational changes at the active site A)
Cartoon representation of the superimposed overall structure of reduced (green) and
oxidized (red) Grx2. Cysteines are represented as sticks. B) Redox-induced conforma-
tional rearrangements in the region from residues Thr59 to Lys65. Residues of the
reduced and oxidized Grx2 are colored in green and red, respectively.

Besides their sequence similarities, superposition shows that Grx1
and Grx2 share a very similar overall structure with an RMSD of
0.642 A (Fig. 2B). In glutathionylated Grx1, the side-chain carboxyl
oxygen atoms of Asp89 form two hydrogen bonds with the +y-
glutamyl moiety of GSH (Fig. 2C). In contrast, as shown in the
structure solved by Discola et al. [39], the side-chain hydroxyl oxygen
of Ser123 in Grx2 also forms two hydrogen bonds with the amide
nitrogen and the carboxyl oxygen of y-glutamyl moiety (Fig. 2D).
However, the unequal hydrogen bond lengths and different van de
Waals forces lead us to suppose that this single residue change from
Asp to Ser critically affects the interaction at the binding vicinity of y-
glutamyl moiety, thereby differs the substrate binding affinity and/or
glutathione-disulfide reductase activity of Grx1 and Grx2.

3.4. Difference of glutathione-disulfide reductase activity between Grx1
and Grx2

Grxs are originally assigned for their abilities to reduce the mixed
disulfide of the glutathionylated 3-mercaptoehanol (B-ME-SG) [34].
As the classic dithiol Grxs, both Grx1 and Grx2 could reduce the mixed
disulfide with the electron donor GSH, which is in turn reduced by
NADPH and glutathione reductase [40]. Using an optimum
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Fig. 2. Comparison of Grx1 and Grx2. A) Sequence alignment of Grx1 and Grx2. The alignment was performed using MultAlin and ESPript (http://prodes.toulouse.inra.fr/multalin)
[43,44]. The secondary structural elements are identified with DSSP [45] from structures of oxidized Grx1 (PDB code 3C1R) and oxidized Grx2 (PDB code 3CTF) and displayed at the
top and bottom of the alignment, respectively. According to glutathionylated Grx2 [39] and Grx1 [25], residues involved in GSH binding are labeled with stars and filled cycle at the
bottom. The divergent GSH binding residue, Asp89 in Grx1 or Ser123 in Grx2, is labeled with a filled cycle. B) Superposition of Grx1 (PDB code: 3C1S, blue) and Grx2 (PDB code: 3D5],
orange), both in the glutathionylated form. A close-up view of the hydrogen bonds between the y-glutamyl group of GSH and C) Asp89 in Grx1 (PDB code: 3C1S) or D) Ser123 in

Grx2 (PDB code: 3D5]).

concentration of 240 nM for Grx1 and 40 nM for Grx2, the apparent
K and Vi values towards R-ME-SG were determined by non-linear
regression of Michaelis-Menten plots (Fig. 3A and B). Compared to
Grx1, Grx2 possesses a lower affinity (about one fourth) towards 3-
ME-SG, but a much higher turnover number (about thirteen folds).
Thus, Grx2 has a specific activity (kci/Kyn) of approximately three
folds to that of Grx1. These kinetic constants of Grx1/Grx2 towards
HED/pB-ME-SG are in agreement with the results of Discola's [39].

Grx1 and Grx2 share an identity of 64% and similarity of 85%, and
moreover, they share an also identical GSH binding site, except for a
single residue change from Asp89 in Grx1 to Ser123 in Grx2 (Fig.2A).
In order to address whether the different enzymatic activities of Grx1
and Grx2 are due to this different residue, we constructed the mutants
Grx1D89S and Grx2S123D to compare their HEDS activities at a fixed
GSH concentration of 1 mM (Fig. 3C and D). Grx1D89S presents,
compared to the wide-type Grx1, a higher K, (about three folds) and
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Fig. 3. Activity comparison. HEDS assays of A) Grx1, B) Grx2, C) Grx1D89S and D) Grx2S123D. Plots of velocity against substrate concentration were used for the determination of the
kinetic constants. The reaction mixture, containing 100 mM Tris-HCl, pH 7.4, 0.25 mM NADPH, 6 ng/ml yeast glutathione reductase (GR, Sigma-Aldrich), 0.07-2.5 mM HEDS at fixed

1 mM concentration of GSH.

a higher ke, (about six folds) values towards R-ME-SG, leading to a
higher specific activity (kc../Kyn value, about two folds). This
demonstrated that the mutation of Asp89 to Ser could increase the
HEDS activity of Grx1, which is closer to that of Grx2. In contrast, the
Grx2S123D has a lower K, (seven tenth) and a lower k., (one half)
values towards 3-ME-SG, compared to that of the wide-type Grx2.
Moreover, we also determined the apparent k., and Ky, of Grx1, Grx2
and their mutants towards 3-ME-SG at various GSH concentrations,
and revealed similar results (Table 2). Either mutation of D89S in Grx1
or S123D in Grx2 will make one assemble the other, from the view
points of both substrate binding affinity (as indicated by the K,
values) and enzymatic activity (as shown by the k.. values). Taken
together, D89 and S123 play crucial role in the substrate binding and
enzymatic activity of Grx1 and Grx2, respectively, and differ these two
Grxs from each other.

Phylogenetic analysis demonstrated that Grx1 and Grx2 evolved
from a common ancestor [41,42]. But why both copies are functional

and what finely differs one from the other? In accordance to their
physiological divergence during normal growth and stress conditions,
they are under the control of different transcriptional factors (http://
db.yeastgenome.org/cgi-bin/gbrowse/scgenome/), and localized in
various subcellular compartments. Moreover, there are 31,400 and
3030 molecules of Grx2 and Grx1, respectively, in a yeast cell during
normal growth conditions (http://db.yeastgenome.org/). Thus, we
concluded the different affinity towards substrate between Grx1 and
Grx2 might be evolved in concert with the distinct concentrations or
expression levels at their specialized localization.
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Table 2

Apparent kinetic constants for the reduction of the mixed disulfide formed between GSH and HED by Grx1, Grx2, Grx1D89S, and Grx2S5123D.
GSH (mM) 0.5 1.0 15 2.0

k&P (S71) Ki® (mM) k&P (S71) Ki® (mM) k&P (S71) KiP (mM) k&P (S71) KiP (mM)

Grx1 37402 0.11+£0.02 43405 0.13+£0.01 49+03 0.14+0.01 52+03 0.1440.03
Grx2 414403 0.53+0.03 55.0+3.2 0.50+0.03 553+4.1 0.50+0.12 61.0+4.2 NA
Grx1D89S 204403 0.4540.06 252+14 0.4340.03 258+1.9 0.4140.08 334426 NA
Grx25123D 15.84+0.2 0.39+£0.04 285+25 0.35+£0.02 282+2.1 0.33£0.05 332+19 NA

The reaction mixture consists of 100 mM Tris-HCl, pH 7.4, 6 pg/ml GR and 0.25 mM NADPH. The concentration of HED is varied from 0.074 to 2.5 mM for each fixed concentration of
GSH (0.5, 1.0, 1.5 or 2.0 mM), the reaction is triggered by the addition of 240 nM Grx1, 60 nM Grx1D89S, 40 nM Grx2 or 40 nM Grx2S123D, respectively. When the GSH
concentration was set to 2 mM or higher, neither of the data from Grx2, Grx1D89S or Grx2S123D fit the Michalis—-Menten plots, so the K, values were not available (NA).
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