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Thioredoxin (Trx) and glutathione/glutaredoxin (GSH/Grx) systems play the dominant role in cellular redox
homeostasis. Recently the Trx system has been shown to be responsible to control the balance of GSH/GSSG
once the glutathione reductase system is not available. To decipher the structural basis of electron transfer
from the Trx system to GSSG, we solved the crystal structures of oxidized Trx1 and glutathionylated
Trx1Cys33Ser mutant at 1.76 and 1.80 Å, respectively. Comparative structural analysis revealed a key residue
Met35 involved in the Trx-GSSG recognition. Subsequent mutagenesis and kinetic studies proved that
Met35Arg mutation could alter the apparent Km and Vmax values of the reaction. These findings gave us the
structural insights into GSSG reduction catalyzed by the Trx system.

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

Thioredoxin (Trx) is a small redox active protein with a conserved
catalytic active motif (-Trp-Cys-Gly-Pro-Cys-) that undergoes rever-
sible oxidation–reduction of two thiol groups. Trx functions as the
electron donor for ribonuleotide reductase [1], 3′-phosphoadenosine-
5′-phosphosulfate reductase [2], protein methionine sulfoxide reduc-
tase [3] and Trx-dependent peroxidases [4] etc. Trx is also a potent
universal reductant against disulfides in low-molecular-weight
compounds [5].

The Trx system, together with the glutathione/glutaredoxin (GSH/
Grx) system, plays an important role in maintaining the cellular redox
homeostasis [6]. GSH is the most abundant low-molecular-weight
thiol [7], and its ratio to the oxidized form GSSG is mainly maintained
by glutathione reductase (GR) [8]. However, absence of GR in some
species such as fruit fly has been reported, indicating the important
role of Trx system in the homeostasis of GSH/GSSG [9]. Recent studies
mainly focused on the in vitro activity of the Trx system towards GSSG
[9,10], leaving the information concerning the reaction intermediate
largely unknown.

The yeast Saccharomyces cerevisiae contains a cytoplasmic (Trx1/2
and Trr1) [11,12] as well as an intact mitochondrial Trx system (Trx3
and Trr2) [13]. In S. cerevisiae, a lethal genetic screen for the null
Physical Sciences at Microscale
hnology of China, Hefei, Anhui

ll rights reserved.
mutant of GR showed an overlapping role between Trx and Grx
systems [14]. Further reports revealed that GSSG would be accumu-
lated in cells deficient of both TRX1 and TRX2 [15]. In fact, the
regulation of the two systems is not reciprocal that independent redox
regulation of Trxs could enable cells to survive in conditions under
which the GSH/Grx system is over-oxidized [16]. It seems that the
GSH/GSSG ratio is modulated by the yeast Trx system, but the GSSG-
reducing rate is unclear.

Thus, we tested the apparent second-order rate constant k2 of
reduced Trx1 towardsGSSG,which characterizes the chemical reaction
between the Trx system and GSSG by the following reaction sequence:

NADPH + TrxS2 + Hþ →
k1 NADPþ + Trx SHð Þ2 ðReaction 1Þ

Trx SHð Þ2 + GSSG →
k2 TrxS2 + 2 GSH: ðReaction 2Þ

The measured k2 value in Reaction 2 (6 mM−1 min−1) is similar to
the previous data from Escherichia coli (6 mM−1 min−1) [17] and
Drosophila melanogaster (10 mM−1 min−1) [9], but these values are
much lower than that from Plasmodium falciparum (39mM−1 min−1)
[10]. Considering the high level of sequence identity among
thioredoxins from these species (40% to 48%), and the absolute
conservation of the active site, the discrepancy should be resulted
from some subtle structural variations. In an attempt to clarify this
puzzle, we solved the crystal structures of oxidized Trx1 and
glutathionylated Trx1C33S mutant (Cys33 is the C-terminal cysteine
residue of the active site).

Comparisons of primary and tertiary structures of thioredoxins
from several species revealed the essential residues which may
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Table 1
Data collection and crystallographic statistics.

Oxidized Trx1
(Trx1-ox)

Glutathionylated Trx1
(gsTrx1C33S)

Data processing
Space group P212121 P1
Unit cell parameters
a, b, c (Å) 32.29, 46.59, 64.20 38.53, 38.81, 41.70
α, β, γ(°) 90, 90, 90 72.91, 87.51, 60.58
Resolution (Å) 28.85–1.76 (1.83–1.76)a 33.32–1.80 (1.90–1.80)
Unique reflections 10,873 (1058) 17,174 (2416)
Completeness (%) 99.0 (96.4) 93.5 (89.28)
I/σ(I) 23.6 (4.0) 31.89 (11.95)
Rmerge

b (%) 4.0 (22.9) 4.0 (7.0)
Refinement statistics
Resolution (Å) 28.85–1.76 (1.81–1.76) 33.32–1.80 (1.85–1.80)

Rwork
c 0.20 (0.30) 0.19 (0.19)

Rfree
d 0.25 (0.36) 0.22 (0.26)

Contents of asymmetric unit
Protein atoms 848 1621
Water atoms 77 132

RMSDe geometry
Bond lengths (Å) 0.016 0.009
Bond angles (°) 1.551 1.195
Average of B-factors (Å2) 26.25 10.89
Wilson B-factors 23.07 13.7
Protein 25.46 9.64
Water 34.85 18.76
Glutathionyl moiety 29.89

Ramachandran plotf

Most favored (%) 97.20 98.54
Additional allowed (%) 2.80 1.46
Outliers (%) 0 0

PDB entry 3F3Q 3F3R

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.
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account for their divergent reaction rate constants towards GSSG. Of
these residues, Met35 (number according to yeast Trx1) is the most
important. Thus the mutant of Met35Arg was constructed, and the
subsequent activity assays provided us more insights into the
mechanism of Trx-GSSG reduction.

2. Materials and methods

2.1. Cloning, expression and purification

The coding sequences of yeast Trx1/YLR043C and Trr1/YDR353W
were constructed in pET28-derived vector as described elsewhere
[18,19] and the Trx1C33S (Cys33/Ser33 mutation) and Trx1M35R
(Met35/Arg35 mutation) mutants were obtained by site-directed
mutagenesis. All recombinant proteins with 6× His-tag at the N-
terminus were overexpressed in E. coli BL21 (DE3) strain, and subjected
to Ni-NTA affinity column followed by gel filtration with Superdex-75
or Superdex-200 (GE healthcare) for further purification. The
glutathionylated Trx1C33S (gsTrx1C33S) was prepared as described
[20]. All proteins used for the activity assay were purified with the
buffer containing 100 mM sodium chloride, 20 mM Tris–HCl, pH 8.0.

2.2. Crystallization, data collection, structure solution and refinement

The initial crystal screening trial was made with Hampton
Research Kit 1&2. The ultimate conditions for the growth of crystals
suitable for X-ray diffraction were 4% PEG 400, 12% PEG 8000, 0.1 M
sodium acetate pH 4.6 and 0.2 M zinc acetate for Trx1 [18] and 2.2 M
ammonium sulfate, 0.1 M sodium acetate pH 4.4 for gsTrx1C33S [20]
by hanging-drop vapor-diffusion method at 289 K. Diffraction data
were collected at 100 K on an in-house Rigaku MM007 X-ray
generator (λ=1.54180 Å) with a MarResearch 345 detector at School
of Life Sciences, University of Science and Technology of China (USTC,
Hefei, PR China).

The data were indexed and integrated with MOSFLM [21] and
scaled by SCALA [22] of CCP4 suite 6.0.2 [23]. The homology model
was generated from Trx2 (PDB code: 2FA4) [24]. The structures were
solved by molecular replacement with the program MOLREP [23,25]
followed by rigid body refinement and restrained refinement in
REFMAC5 [23,26]. Alternatively, manual rebuilding and water reloca-
tion were performed with COOT [27]. The stereochemistry of the
models was calculated with PROCHECK and MolProbity [23,28]. Final
coordinates and structure factors have been deposited in Protein Data
Bank (www.rcsb.org) under the accession code of 3F3Q and 3F3R. The
data collection and refinement statistics were summarized in Table 1.

2.3. Activity assay

The activity of S. cerevisiae Trr1 towards Trx1 or Trx1M35R was
determined by the DTNB (5,5′-dithiobis(2-nitrobenzoic acid)) assay,
which was performed as described previously [29]. Briefly, the
reaction mix of 200 μl containing 100 mM phosphate buffer, pH 7.5,
4 mM EDTA, 1 mM DTNB, 0.5 mM NADPH and various concentrations
of Trx from 0.2 to 14 μM were triggered by adding 10 nM Trr1. The
absorbance at 412 nm was monitored for 5 min at 25 °C (Beckman-
Coulter DU800).

The reducing activity of Trx1 or Trx1M35R towards GSSG was
detected by monitoring the decrease of absorbance at 340 nm due to
the oxidation of NADPH. The 200 μl reaction mix containing 100 mM
phosphate buffer (pH 7.5), 4 mM EDTA, 250 μM NADPH, 200 nM Trr1,
5 μM Trx1 or Trx1M35R was started by the addition of GSSG, ranging
from 0.05 to 5 mM. An alternative method was also employed to get
the k2 value of the reaction, as described previously [10]. Briefly, the
reaction mix contains 100 mM phosphate buffer, pH 7.5, 4 mM EDTA,
250 μM NADPH, 10 nM Trr1, 5–20 μM Trx1 or Trx1M35R and 20 μM
GSSG. The absorbance at 340 nm was recorded for 5 min at 25 °C.
The kinetic constants of the two activity assay systems were
determined with OriginPro 7.5 by fitting to the Hill equation with a
Hill coefficient of 1. For the alternative method, considering Trx as an
electron shuttle, the rate constant between Trx and GSSG can be
determined as below [10]:

k2 =
vT Vmax − vð Þ

GSSG½ �T Trxtotal½ �T Vmax − vð Þ− KmTv
: ð1Þ

Vmax represents the maximum reaction rate of Trr1 towards Trx1,
as determined by the DTNB method, while Km is the Michaelis–
Menten constant of Trr1 towards Trx1, and v stands for the measured
reaction rate of Trx1 towards GSSG at the corresponding
concentration.

Although the above mentioned kinetic analysis system can help to
determine the reaction rate constant k2, little concerning the reaction
process is revealed. Thus a different activity assay systemwas employed
to determine the Km′ and kcat′ (the kinetic parameters for Trx-GSSG
reaction were indicated with a prime) values of Trx towards GSSG.

All proteins used for activity assaywere quantified according to the
molar extinction coefficient, ɛ280 nm of 24,600 and 10,220M−1cm−1

for Trr1 and Trx1, respectively.

3. Results and discussion

3.1. Overall structure and comparison between Trx1 and gsTrx1C33S

The crystal structures of Trx1 in the oxidized form (Trx1-ox) and
Cys33/Ser33 mutant covalently linked to a GSH (gsTrx1C33S) were

http://www.rcsb.org
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refined to 1.76 Å and 1.80 Å, respectively. The crystal of Trx1-ox
belongs to the space group of P212121 with one molecule in an
asymmetric unit, while gsTrx1C33S to the space group P1 with two
molecules (Table 1). The GSH molecule forms a disulfide bond with
Cys30 as clearly presented in the gsTrx1C33S structure (Fig. 1A). The
high quality of electron density map even allowed the precise
assignment of the N-terminal hexahistidine tag in the Trx1-ox
structure.

The overall fold of Trx1 resembles the previously reported NMR
structure of yeast Trx1[30], and crystal structures of yeast Trx2 [24]
and Trxs from other sources [31–33], consisting of five mixed β-
strands flanked by four α-helices (Fig. 2A). The active site is located
at the second α-helix and the loop that precedes it. The distance
between Sγ atoms of Cys30 and GSH cysteinyl in gsTrx1C33S is
2.30 Å. Different from GSH-bound glutaredoxins in Protein Data Bank
(www.rcsb.org), such as the glutathionylated yeast glutaredoxin 1
(gsGrx1, PDB code: 3C1S) [34], this is the first structure of the GSH-
bound thioredoxin without the previously defined GSH binding
groove. Moreover, Trx1C33S and GSH have much less interactions
compared with the structure of gsGrx1 [34]. Only two main chain
hydrogen bonds were found between the amino and oxygen atoms of
cysteinyl moiety of GSH and Met72-O and -N, respectively (Fig. 2B).
The GSH-like Trx recognizing motif (Glu-Cys-Gly) has also been
Fig. 1. The annealed omit electron density maps at 1.0 σ around the active sites of (A)
gsTrx1C33S and (B) Trx1-ox. GSH is colored in yellow. The continuous electron density
presents the disulfide bonds between Sγ atoms of Cys30 and the cysteinyl moiety of
GSH in gsTrx1C33S, and Cys30–Cys33 in Trx1-ox. All structure figures are generated
with PyMOL [36].

Fig. 2. Interactions and conformational changes upon GSH binding. (A) The overall
structure superposition of Trx1-ox (in magenta) and gsTrx1C33S (in green). The active
site cystein, Met35 and glutathionyl moiety are shown in stick style. (B) Interactions
between Trx1C33S (in green) and GSH (yellow sticks). The active site WCGPS and
Met72 are illustrated as sticks, and the two hydrogen bonds between the main chain of
Met72 and cysteinyl moiety of GSH are indicated by black dashes with the distances in
angstroms.
reported in the C-terminal catalytic domain of PAPS reductase [2],
which has specific interaction with Trx. Although the interactions are
weaker than those in GSH-bound glutaredoxins, GSSG could be
transiently recognized by Trx. This rather dynamic interaction
between Trx and GSSG results in a much higher B-factor of the
GSH molecule compared to the average B-factor of Trx1C33S,
whereas the GSH and Grx1 in the gsGrx1 structure have a similar
B-factor. Thus the structure depicts an intermediate complex with
the product GSH ready to be released. Despite sharing a great
structural similarity, especially at active site, with Grx1, Trx1 serves
as a less active deglutathionylation agent, but a much better reducing
agent towards GSSG.

Structural superposition of Trx1-ox against gsTrx1C33S gives an
overall Cα RMSD (root mean square deviation) of 0.75 Å. The B-
factors of the region Lys34-Pro38 in Trx1-ox are higher than that of
the active site, whereas the corresponding region in gsTrx1C33S and
the active site have similar B-factors. There are conformational
differences between the glutathionylated Trx1Cys33Ser mutant and
the oxidized Trx1 at the second active site cysteine and succeeding
segment (Cys33/Ser33-Pro38) (Fig. 2B). The side chains of Lys34 and
Met35 shift to the opposite direction of GSH in gsTrx1C33S structure,

http://www.rcsb.org


Fig. 3. Multialignment of thioredoxins from different species with Trx1's secondary structures indicated. The active site residues, the residue involved in GSH binding, and the
distinguishing residue for various kinetic parameters are highlighted in red, magenta and yellow, respectively. The alignment was performed using CLUSTAL X [37] and the figurewas
prepared with ESPript [38].

Fig. 4. Lineweaver–Burk double reciprocal plots of (A) Trx1 or Trx1M35R towards GSSG
and (B) Trr1 towards Trx1 or Trx1M35R. The kinetic parameters are listed in Table 2.
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indicating this region is critical to the reduction activity. The side
chain conformational changes in the region of the redox active center
due to different redox states or active site mutations have been
observed in human hTrx1, yeast Trx3 and D. melanogaster DmTrx2
[31,32,35]. However, these changes are located at the region before
the first active site cysteine, rather than the segment succeeding the
second cysteine. Thus the conformational changes in our structures
are mainly due to glutathionylation, rather than redox switch or
active site mutations.

3.2. Comparison of Trx1 to thioredoxins from other species reveals a
single residue substitution varying their reduction activities towards
GSSG

As mentioned previously, the GSSG reduction efficiency of yeast
Trx system is similar to that from E. coli, D. melanogaster and H.
sapiens, but much lower than that of P. falciparum pTrx system.
Superposition of Trx1-ox against the structure of oxidized P.
falciparum pTrx (PDB code: 1SYR), E. coli TrxA (PDB code: 2TRX),
D. melanogaster DmTrx2 (PDB code: 1XWA) and human hTrx1
(PDB code: 1ERU) gives an overall Cα RMSD of 1.03 Å, 1.36 Å, 1.49 Å
and 0.94 Å, respectively. Given such a similar overall structure
shared by these Trxs, the local structural or sequence discrepancies
might be responsible for their different k2 values. Multialignment of
these Trxs reveals a distinct residue Arg43 that differs P. falciparum
pTrx from its homologs (Fig. 3). Remarkably, the corresponding
residue of the highly conserved Met35 in Trx1 undergoes a
significant conformational change upon GSH binding (Fig. 2B). The
substitution of Met with a positively charged residue Arg could
enforce the electrostatic interactions to the carboxyl group of GSSG
glycinyl moiety. We hypothesized that the Met to Arg substitution
will facilitate substrate binding at the expense of lower product
release rate.

3.3. Mutation of Met35 to Arg35 affects the enzyme activity

To verify this hypothesis, the Trx1M35R mutant was constructed
and purified. The DTNB reductionmethodwas employed to determine
the respective Km and Vmax values of the wild-type and M35R mutant
as the substrate of Trr1 (see Materials andmethods). The apparent Km

and kcat values were determined by non-linear regression of
Michaelis–Menten plots (OriginPro 7.5). The rate constant k2 of the
Trx1M35R mutant towards GSSG is about 2.5-fold to that of the wild-
type. This value was further validated by varying the final concentra-
tion of Trx1/Trx1M35R from 5 to 20 μM.

By applying various concentrations of the substrate GSSG, we
obtained the kinetic parameters for Trx1–GSSG reaction, which are
in agreement with our hypothesis (Fig. 4A). Excess Trr1 was added
to ensure that all oxidized Trx1 would be instantaneously converted
to its reduced form, excluding this reaction being a rate-limiting
step. The derived kcat′/Km′ (which approximately equals the rate
constant k2 of Reaction 2) values fits well with those k2 values



Table 2
Kinetic constants for Trx1 and Trx1M35R in different reactions.

Protein Trr1 (Reaction 1) GSSG (Reaction 2)

Km

(μM)
kcat (s−1) kcat/Km

(μM−1 s−1)
Km ′ (mM) kcat ′ (min−1) kcat ′/Km ′

(mM−1 min−1)

Trx1 2.25±0.16 17.79±0.37 7.9 4.91±0.23 29.44±0.91 6
Trx1M35R 12.33±0.63 15.63±0.40 1.27 1.15±0.04 16.24±0.23 14
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obtained by the above method (Table 2). Compared to the wild-type,
Trx1M35R has a lower Km′ towards GSSG (about 1/5) and a lower
turnover number kcat′ (about 1/2), resulting in an increased catalytic
efficiency kcat′/Km′ at a factor of 2.3 (Table 2). Taken together, the
elevated reaction rate constant k2 of the M35R mutant is contributed
by the significant increase of its affinity to GSSG, despite that the
kcat′ is decreased.

Notably, compared to the wild-type of Trx1, the Km value of Trr1
towards Trx1M35R is increased to about 5–6 folds while kcat is
decreased marginally, leading to a decreased kcat/Km at a factor of 6–7
(Fig. 4B and Table 2). According to the Trr–Trx complex model
proposed in our previous report [19], residueMet35 contributes to the
hydrophobic interactions at the interface between Trr1 and Trx1. The
M35R substitution will alter these interactions, resulting in a lower
affinity of Trx1M35R to Trr1 and a higher Km value.

3.4. Formation of the Trx-SG intermediate is the rate-limiting step during
GSSG reduction

Early reports underestimated the in vivo significance of thior-
edoxin-based GSSG reduction based on it low reaction efficiency
[14]. However, this reaction in the malaria parasite P. falciparum was
revisited, despite being simplified as a chemical reaction character-
ized by the rate constant k2 [9] (see Reaction 2). Based on the
structural comparison in combination with kinetic analyses pre-
sented in this work, we suggest that Trx-SG formation is the rate-
limiting step of the Trx system-driven GSSG reduction as shown in
Reaction 3.

Trx + GSSG →
↑

GSH

Trx� SGYTrx + GSH ðReaction 3Þ

First, GSSG oxidizes the reduced Trx1 into the Cys30-glutathiony-
lated form accompanying with release of a reduced glutathione GSH.
This step of GSSG binding to Trx1 is determinant to the Km′ value,
which is in the rank of millimolar. The high value is probably due to
the absence of sufficient interactions for GSSG binding. Nevertheless,
the crystal structure of gsTrx1C33S reveals large conformational
changes at helix α2 including Met35 upon glutathionylation, which
mimics the first step of GSSG binding. A single mutation of Met35Arg
will facilitate the binding of the negatively charged GSSG, resulting in
a significant decrease of Km′ value towards GSSG.

Second, Cys33 attacks the mixed disulfide of Trx1Cys30-SG to
release another reduced glutathione GSH at the cost of the oxidation
of Trx1, which will be turned-over by Trr1. The second step could be
characterized by the apparent turnover number kcat′, giving a kcat′/
Km′ value similar to the rate constant k2 determined independently in
this study. As indicated in the structures, the region around Met35
will shift to the opposite following glutathionylation of Cys30, leading
to a weaker interaction with the glycinyl carboxyl group of GSH for
the release of another reduced glutathione.

In conclusion, the reduction efficiency of Trx system-driven GSSG
reduction is largely determined by the affinity of Trx towards GSSG,
which is significantly influenced by the property of the residue
corresponding to Met35 in Trx1. The present crystal structures and
activity assays gave us more insights into the mechanism of Trx
system-driven GSSG reduction.
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