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revisiae Trx3 is a key member of the thioredoxin system to control the cellular
redox homeostasis in mitochondria. We solved the crystal structures of yeast Trx3 in oxidized and reduced
forms at 1.80 and 2.10 Å, respectively. Besides the active site, the additional cysteine residue Cys69 also
undergoes a significant redox-correlated conformational change. Comparative structural analyses in
combination with activity assays revealed that residue Cys69 could be S-nitrosylated in vitro. S-nitrosylation
of Cys69 will decrease the activity of Trx3 by 20%, which is comparable to the effect of the Cys69Ser mutation.
Taken together, these findings provided us some new insights into the putative function of the additional
cysteine residues of Trx3.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Thioredoxin (Trx), thioredoxin reductase and NADPH consist of the
most important system to control the cellular redox homeostasis in all
organisms. Thioredoxins have been found to perform various
physiological functions such as disulfide oxidoreductase for ribonu-
cleotide reductase [1], gene expression regulator [2], control factor
participating in filamentous phage assembly [3], biosynthesis of
cysteine and methionine [4], antioxidant during oxidative stress [5]
and cytotoxicity enhancing factor in a truncated form [6]. These
physiological and biochemical activities of Trx are based on its broad
substrate specificity and powerful reducing capacity [7]. In addition,
human cytoplasmic Trx1 has been proven to play a central role in
cellular S-nitrosylation events via its additional cysteine residues
Cys69 and/or Cys73 rather than those two at the active site [8–10].
Moreover, recent reports have proven that yeast mitochondria are
capable of producing NO under hypoxic conditions and presented an
environment for protein S-nitrosylation [11–17].

Trx3/YCR083W is the third isoform of yeast thioredoxin, residing
in mitochondria. Studies of Saccharomyces cerevisiae mutant strains
revealed that the TRR2 null mutant was more sensitive to H2O2, and
TRX3 null mutant was as sensitive as the wild type, indicating that
h, Tongji University, Shanghai,
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mitochondrial thioredoxin system was important in protection
against oxidative stress [18]. Notably, Trx3 possesses two additional
cysteine residues Cys57 and Cys69, compared with Trx1 and Trx2. To
decipher the putative function of these additional cysteine residues,
we solved the crystal structures of yeast Trx3 in reduced and oxidized
forms. Comparison between the two structures revealed remarkable
variations around the additional cysteine residues besides the active
site. Furthermore, in vitro activity assays proved that either mutation
or S-nitrosylation of Cys69 would decrease the activity of Trx3. These
findings gave us some hints about the putative role of yeast Trx3 via S-
nitrosylation of its additional cysteine residue Cys69.

2. Materials and methods

2.1. Cloning, expression and purification

Mature form of yeast Trx3 and Trr2 with hexahistidine (6×His)
tags were overexpressed in Escherichia coli BL21 (DE3) and purified
as described previously [18,19]. The Trx3C57S, Trx3C69S and
Trx3C57S/C69S mutageneses were carried out by PCR as described
[20] and the proteins were purified using the same protocol. The
reduced form of Trx3 (Trx3-red) was obtained by incubating the
protein in the storage buffer (100 mM NaCl, 50 mM Tris–HCl, pH 8.0)
plus 8 mM DTT for 30 min at 4 °C. The oxidized form (Trx3-ox) was
produced by incubating Trx3 in the storage buffer containing 10 mM
oxidizing agent diamide (azodicarboxylic acid bis(dimethylamide),
SIGMA) for 30 min at room temperature. After oxidation, diamide
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was removed by gel filtration using a Hi-load 16/60 Superdex 75
column (Amersham Biosciences) equilibrated against the storage
buffer. Eluted protein fractions were concentrated to 15 mg/ml. The
wild type and mutants of Trx3 for activity assay were purified
without reducing regents, concentrated to 20 mg/ml and kept in
storage buffer.

2.2. Crystallization

Two forms of Trx3 proteinwere crystallized at 18 °C using hanging-
drop vapor diffusionmethod. In each hanging drop, 2 μl of proteinwas
mixed with 2 μl precipitant solution, screened with Crystal Screen I
and II (Hampton Research Inc.). Crystals of Trx3-red were found from
the condition of 0.2 M ammonium sulfate, 0.1 M sodium acetate, pH
4.6, 8% (w/v) PEG 4000 and 15% glycerol [19], and optimized in the
same condition. Crystals of Trx3-ox were grown in 0.2 M MgCl2, 0.1 M
HEPES, pH 7.0, 30% PEG 4000 for 1 week, and a single crystal
(0.1×0.1×0.05 mm3) suitable for data collectionwere obtained within
3 days after seeding crashed crystals into drops pre-equilibrated
against the buffer of 30% PEG 4000, 0.2 M Li2SO4, 0.1 M Tris–HCl,
pH 8.5.

2.3. X-ray data collection, structure solving and refinement

The crystals were transferred to the reservoir solution plus 15%–
20% glycerol and flash frozen under a nitrogen stream. Diffraction data
were collected at 100 K on an R-AXIS IV++ image-plate detector using
Rigaku rotation-anode generator (Cu Kα radiation operated at 50 kV
and 100 mA, Rigaku Japan). Data were indexed and integrated with
MOSFLM [21] and scaled by SCALA of CCP4 suite 6.0 [22].
Table 1
Data collection and crystallographic statistics

Oxidized Trx3 (Trx3-ox) Reduced Trx3 (Trx3-red)

Data processing
Space group P212121 P31

Unit cell parameters
a, b, c (Å) 49.31, 60.68, 72.68 49.58, 49.58, 94.55
α, β, γ(°) 90, 90, 90 90, 90, 120
Resolution (Å) 29.25–1.8 (1.86–1.80)a 25.41–2.1 (2.21–2.10)
Unique reflections 20,520 (1,880) 14,192 (2,040)
Completeness (%) 98.2 (96.9) 93.5 (91.9)
I/σ(I) 14.8 (3.6) 14.4 (3.6)
Rmerge (%)b 6.2 (34.8) 11.1 (39.3)

Refinement statistics
Resolution (Å) 29.25–1.80 (1.85–1.80) 25.41–2.10 (2.15–2.10)
Rwork

c 0.19 (0.27) 0.16 (0.18)
Rfree

d 0.25 (0.33) 0.22 (0.32)
Contents of asymmetric unit
Protein atoms 1645 1657
Water atoms 180 180

RMSD geometrye

Bond lengths (Å) 0.014 0.017
Bond angles (°) 1.399 1.565
Average of B factors (Å2) 21.19 16.65

Ramachandran plotf

Most favored (%) 98.54 98.56
Additional allowed (%) 1.46 1.44
Outliers (%) 0 0

PDB entry 2OE3 2OE1

a The values in parentheses refer to statistics in the highest bin.
b Rmerge=∑hkl∑i|Ii(hkl)−bI(hkl)N| /∑hkl∑iIi(hkl), where Ii(hkl) is the intensity of an

observation and bI(hkl)N 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 R-free was calculated with 5% of the data excluded from the refinement.
e Root-mean square-deviation from ideal values.
f Categories were defined by Molprobity.
The homology model was generated from human Trx1 (PDB code:
1ERV). The structures were solved by rotation/translation searches
with CNS 1.1 [23], Further refinement was carried out using Refmac5
of CCP4 [22]. Alternatively, manual rebuilding and water relocation
were performed with O [24]. The stereochemistry of the models was
calculated with PROCHECK [22]. Final coordinates and structure
factors have been deposited in the Protein Data Bank under the
accession code of 2OE1 and 2OE3) (http://www.rcsb.org/pdb). The
data collection statistics and processing results were summarized in
Table 1.

2.4. Determination of S-nitrosylation and activity assay

The fresh S-nitrosoglutathione (GSNO) was prepared as described
[25]. The purified Trx3, Trx3C57S and Trx3C69S at a concentration of
about 100 μMwere pretreated with 1 mM diamide to form a disulfide
bond between the active site residues Cys32 and Cys35, and then
mixed with 15 mM GSNO, respectively. After incubating for 2 h at
30 °C, the excess GSNO was removed by desalting. GSNO-treated
samples were determined by spectrophotometry at 335 nm, and the
S-nitrosothiol (SNO) contents were determined using the Griess–
Saville method [26,27]. The concentration of protein samples were
determined by absorbance at 280 nm (extinction coefficient value:
10,400 M−1 cm−1).

The kinetic values of Trx3 and its mutants with the substrate
bovine insulin were calculated as described [28] with some modifica-
tions: the reactions containing 100 mM PBS, pH 7.0, 2 mM EDTA,
0.1 μM Trr2, 0.25 mM NADPH, 0.5 μM of Trx3 or mutants were
triggered by the addition of various concentrations of insulin (0.7–
140 μM) and the A340 decrease was monitored for 5 min at 28 °C, using
an extinction coefficient value of 6220 M−1 cm−1 for NADPH. Each
assay was repeated twice.

3. Results and discussion

3.1. Data statistics and overall structure

Crystal structures of yeast Trx3 were solved by molecular
replacement. These structures represent Trx3 at oxidized and reduced
forms, thus termed Trx3-ox and Trx3-red accordingly. Both of them
have two molecules in an asymmetric unit. The overall electron
density maps are fitted well in both structures, including residues
from Tyr1 to Leu104. The data collection and refinement statistics are
listed in Table 1.

Similar to all thioredoxins of known structure, Trx3 displays a
typical Trx fold with three parallel and two antiparallel β-strands
surrounded by four α-helices (Fig. 1A) [29–35]. The primary sequence
of Trx3 is ∼46% identical to that of human Trx1, and ∼31% to E. coli
TrxA. Superposition of Cα atoms of Trx3-red with the reduced human
Trx1 and E. coli TrxA gave an RMSD of 1.12 Å and 1.26 Å, respectively. In
addition, the C-terminal of helixα2 is variable as observed in previous
structures, which was presumed to significantly influence ionization
of the cysteine thiol and stabilization of the thiolate [36].

3.2. Comparison of the oxidized and reduced molecules of Trx3

The distances between Cys32 and Cys35 Sγ atoms in Trx3-ox are
2.07 and 2.10 Å in the two molecules of an asymmetric unit,
respectively, representing the typical length of disulfide bond,
whereas those in Trx3-red are 3.67 and 3.71 Å, respectively. Molecule
A of Trx3-red and molecule B of Trx3-ox display the largest variation,
thus were used as the reduced and oxidized model through structure
analyses, respectively. Although the overall RMSD of Cα atoms
between Trx3-ox and Trx3-red is only 0.63 Å, this difference is
significant compared to other pairs of reduced/oxidized Trx
structures from various species, which are in the range from 0.15

http://www.rcsb.org/pdb


Fig. 1. A) Overall structure of Trx3-ox. B) Superposition of the main chain between Trx3-red subunit A (cyan) and Trx3-ox subunit B (magenta). Cysteine residues are labeled and
shown in sticks. C) Superposition of the active sites of Trx3-red (molecule B) (in cyan) and Trx3-ox (molecule B) (in magenta), shown in stick. Themolecules are colored by atom type.
The hydrogen bond between Asp60-O δ2 and Trp31-N ɛ1 in reduced state is shown in black dash. The fi gures were made using PyMOL [4 4].

Table 2
Kinetic parameters of Trx3, Trx3–SNO, Trx3C69S and Trx3C57S towards insulin

Km

(μM)
kcat
(min−1)

kcat/Km

(μM−1 min−1)
Turnover at 140 μM insulin
(μM min−1)

Trx3 7.15±0.85 17.84±0.56 2.50 8.42±0.11
Trx3C69S 5.69±0.46 12.44±0.23 2.19 6.06±0.07
Trx3C57S 6.56±0.75 13.65±0.36 2.10 6.25±0.08
Trx3–SNO 4.80±0.54 11.67±0.28 2.43 5.43±0.06

The mean value derived from Hill function with a Hill coefficient of 1.
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to 0.29 Å [30–33]. This relatively significant conformational change
might be due to the sufficient oxidation/reduction of protein samples
prior to crystallization.

Superposition of Trx3-ox molecule B against Trx3-red molecule A
revealed two regions (residues Lys67-Ala73, RMSD 0.94 Å; residues
Asp82-Gln84, RMSD 1.94 Å) of relatively higher RMSD value, in
addition to the active site (residues Thr30-Cys35, RMSD 0.67 Å) (Fig.
1B). In Trx3-red, the conserved Trp31 of WCGPC motif presents a
consistent position restrained by its hydrogen bond with Asp60 (Fig.
1C). Upon oxidation, Trp31 adopts an extending conformation and its
Nɛ atom shifts about 8.44 Å from that in Trx3-red. The indole ring of
Trp31, after rotating 170°, inserts into a hydrophobic pocket of the
neighboring subunit generated by a symmetric operation, leading to a
large conformational change at the region of Asp82-Gln84.

3.3. Activity assays of Cys57Ser and Cys69Ser mutants

Previous studies on human Trx1 have shown that the additional
cysteine residues have considerable effects on the activity resulted
from the second disulfide between Cys62 and Cys69 [37], disulfide
bonded dimerization via Cys73 [30,38], or S-nitrosylation of Cys69
and/or Cys73 [8,9]. Compared to its paralogs Trx1 and Trx2, yeast Trx3
contains two extra Cys residues (Cys57 and Cys69) besides the highly
conserved two at the active site. The residues around Cys69 also
undergo significant conformational changes between Trx3-red and
Trx3-ox (Fig. 1B), indicating their potential role in redox reactions.

To verify the effects of Cys57 and Cys69 on Trx3 reduction activity,
three mutants Trx3C57S, Trx3C69S and Trx3C57S/C69S were con-
structed. Unfortunately, the double mutant Trx3C57S/C69S was



Fig. 2. A) Superposition of the regions around the additional cysteines of Trx3-ox and S-nitrosylated human Trx1. S-nitrosylated human Trx1 (PDB code: 2IIY) is colored in light gray
and Trx3-ox in magentas. Residues in human Trx1 are numbered with prime and S-nitrosylated cysteines of human Trx1 are labeled as Snc62′ and Snc69′. The figures were made
using PyMOL. B) Sequence alignment of yeast Trx3 (PDB code: 2EO3) and human Trx1 (PDB code: 1ERU) with their secondary structures indicated. The figure was prepared with
ESPript [45] and the alignment was performe d using CLUSTAL X [46] .

Table 3
Representative SNO measurements

Trx3 Trx3C57S Trx3C69S

Sample (μM) 87.34 87.55 97.96
SNO/Trx3 molar ratio (Griess/Saville) 0.92 0.83 0.13

719R. Bao et al. / Biochimica et Biophysica Acta 1794 (2009) 716–721
overexpressed in E. coli as inclusion body, thus only the single mutants
could be applied to activity assays. The different Kcat values clearly
show that the catalytic activity of Trx3C57S and Trx3C69S towards
insulin decreased by 26% to 28% compared to the wild type (Table 2).
Thus we concluded that both Cys57 and Cys69 also contribute to the
activity of Trx3.

3.4. Superposition of yeast Trx3 against S-nitrosylated human Trx1

Sequence alignment of yeast Trx3 against human Trx1 indicated a
proposed consensusmotif of S-nitrosylation, (Arg/Lys/His/Glu/Asp)-Cys-
(Asp/Glu) [39] around both Cys57 and Cys69 (Fig. 2A). A hydrophobic
pocket close to the S-nitrosylated cysteines in human Trx1 has been
proposed to be indispensable for the accessibility of the hydrophobic
SNO group [10,40]. A similar hydrophobic pocket composed of residues
Phe13, Ile25, Phe27 and Ile65 was also found around Cys69 in yeast
Trx3. To have a better viewpoint, we superimposed this region of yeast
Trx3 with the corresponding part of S-nitrosylated human Trx1, in
which the S-nitrosylated cysteines are termed Snc62′ and Snc69′
(Fig. 2B). The residue Cys69 of Trx3 could be finely superimposed to
Snc69′ of human Trx1, whereas Ser62 and Cys57 were superimposed to
Snc62 and Val57′, respectively. Thus we supposed that Cys69 of Trx3
might involve in a similar S-nitrosylation reaction like its humanhomolog.
3.5. Residue Cys69 but not Cys57 could be S-nitrosylated in vitro

To further validate the above superposition results, we performed
an in vitro S-nitrosylation of Trx3 with GSNO. The spectrum of GSNO-
treated Trx3 presented a saturated absorbance peak at 335 nm (see
the Supplementarymaterials), indicating the full S-nitrosylation of the
oxidized Trx3 (Trx3-ox). The molar ratio of SNO/Trx3 is 0.92 as
determined by Saville–Griess assay, suggesting only one thiol group of
Trx3 was S-nitrosylated (Table 3). To further locate this S-nitrosylated
site, the mutants of Trx3 (C57S and C69S) were also purified and
analyzed. The mutant Trx3C57S has an S-nitrosylation ratio of 0.83,
close to that of the wild type Trx3, whereas Trx3C69S could be S-
nitrosylated at a ratio of 0.13 (Table 3). These results indicated that
only Cys69 but not Cys57 could be S-nitrosylated in vitro, which is in
agreement with the prediction from structural superposition (Fig. 2B).
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To verify whether S-nitrosylation of Cys69 affects the activity of
Trx3, we also analyzed the kinetic data of GSNO-treated Trx3 based on
their reduction activity towards insulin. As shown in Table 3, S-
nitrosylation of Cys69 will decrease the activity of Trx3 by 36%, which
is in accordance with the recent results of its S-nitrosylated counter-
part in human Trx1 [9]. Interestingly, the effect of S-nitrosylation is
comparable to that of Cys69Ser mutation. Recent reports indicated
that non-active site residue Cys73 in human Trx1 could also function
as an NO donor to promote S-nitrosylation of proteins [9,41,42].
Moreover, studies on human mitochondrial Trx2 suggested that its
active site cysteine residues are responsible for protein denitrosyla-
tion [43]. These findings further suggested the potential relevance of
the cysteine residues (both the additional ones and those at the active
site) to the SNO modification.

Taken together, comparative structure analyses of yeast Trx3
revealed a significant redox-correlated conformational change of the
additional cysteine residues Cys57 and Cys69 besides the active site.
Moreover, Cys69 could be finely superimposed to a counterpart S-
nitrosylated cysteine residue of human Trx1. In vitro S-nitrosylation
in combination with site-directed mutageneses and activity assays
further indicated the S-nitrosylated Cys69 could mimic the Cys69Ser
mutation. These findings provided us some hints about the putative
function of the additional cysteine residues of Trx3. However, details
about the yeast mitochondrial NO production and its possible
relation to Trx3 remain unclear, and more investigations in vivo are
needed.
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