
pubs.acs.org/BiochemistryPublished on Web 03/17/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 3317–3326 3317

DOI: 10.1021/bi901962p

Insights into the Specificity of Thioredoxin Reductase-Thioredoxin Interactions. A
Structural and Functional Investigation of the Yeast Thioredoxin System†

Marcos A. Oliveira,‡ Karen F. Discola,§ Simone V. Alves,§ Francisco J. Medrano, ) Beatriz G. Guimar~aes,^ and
Luis E. S. Netto*,§

‡Departamento de Biologia, Universidade Estadual Paulista, S~ao Vicente, Brazil, §Departamento de Gen�etica e Biologia Evolutiva,
Instituto de Biociências, Universidade de S~ao Paulo, S~ao Paulo, Brazil, )Departamento de Gen�etica e Evoluc-~ao, Instituto de Biologia,

Universidade Estadual de Campinas, Campinas, Brazil, and ^Synchrotron Soleil, L’Orme de Merisiers, Saint Aubin-BP48,
Gif-sur-Yvette Cedex, France

Received November 13, 2009; Revised Manuscript Received March 16, 2010

ABSTRACT: The enzymatic activity of thioredoxin reductase enzymes is endowed by at least two redox centers: a
flavin and a dithiol/disulfide CXXC motif. The interaction between thioredoxin reductase and thioredoxin is
generally species-specific, but the molecular aspects related to this phenomenon remain elusive. Here, we
investigated the yeast cytosolic thioredoxin system, which is composed of NADPH, thioredoxin reductase
(ScTrxR1), and thioredoxin 1 (ScTrx1) or thioredoxin 2 (ScTrx2).We showed that ScTrxR1was able to efficiently
reduce yeast thioredoxins (mitochondrial and cytosolic) but failed to reduce the human and Escherichia coli
thioredoxin counterparts. To gain insights into this specificity, the crystallographic structure of oxidized ScTrxR1
was solved at 2.4 Å resolution. The protein topology of the redox centers indicated the necessity of a large
structural rearrangement for FAD and thioredoxin reduction using NADPH. Therefore, we modeled a large
structural rotation between the two ScTrxR1 domains (based on the previously described crystal structure,
PDB code 1F6M). Employing diverse approaches including enzymatic assays, site-directed mutagenesis,
amino acid sequence alignment, and structure comparisons, insights were obtained about the features involved
in the species-specificity phenomenon, such as complementary electronic parameters between the surfaces of
ScTrxR1 and yeast thioredoxin enzymes and loops and residues (such as Ser72 in ScTrx2). Finally, structural
comparisons and amino acid alignments led us to propose a new classification that includes a larger number of
enzymes with thioredoxin reductase activity, neglected in the low/high molecular weight classification.

Thioredoxin reductase is a member of the nucleotide pyridine
disulfide oxidoreductase family, which includes glutathione reduc-
tase, alkyl hydroperoxide reductase F (AhpF)1, and lipoamide
dehydrogenase (1). Constituents of this family are homodimeric
flavoproteins that also contain one or two dithiol-disulfidemotifs,
either CXXXXC or CXXC, or both (1-5). Thioredoxin reductase
catalyzes the disulfide reduction of oxidized thioredoxin using
NADPH via the FAD molecule and the redox-active cysteine
residues (6). Thioredoxins are low molecular mass proteins (about
12 kDa) that are involved in central cellular processes such as the
synthesis of deoxyribonucleotides, sulfurmetabolism, regulation of
gene expression, and oxidative stress defenses (7).

Thioredoxin reductase enzymes are widely distributed among
all of the kingdoms and are commonly divided in two classes: the

high molecular weight (HMWTrxRs) and low molecular weight
(LMW TrxRs) thioredoxin reductase enzymes (8). HMWTrxRs
are present in mammals, birds, insects, Caenorabitis elegans, and
Plasmodium falciparum as dimers with a monomer molecular
mass of approximately 55 kDa. Several HMW TrxRs have
an additional redox center containing selenocysteine at the
C-terminus (9, 10).

LMWTrxRs are present in Archaea, bacteria, plants, and lower
eukaryotes (such as yeasts) as dimers with a monomer molecular
mass of approximately 33 kDa. In contrast with HMWTrxRs, the
available three-dimensional structures of LMW TrxRs show the
NADPHandFADbinding sites positionedonopposite faces of the
molecule (6, 11, 12), making the transfer of electrons in this con-
formation (named FO for flavin oxidized) very unlikely. Further-
more, the dithiol-disulfide redox centers in these structures are
buried deep in the polypeptide chain, creating a steric barrier for
thioredoxin reduction. It was later shown that thioredoxin reduc-
tase from Escherichia coli can also adopt an alternative conforma-
tion designated FR (flavin reduced), allowing flavin reduction by
NADPH (13). Transition between theFRandFOconformations is
possible because theNADPHdomain exhibits a 67� torsion relative
to the FAD domain (13). In the FR conformation, FAD reduction
by NADPH and reduction of the substrate (thioredoxin) by the
thioredoxin reductase dithiol/disulfide redox are both feasible.

Saccharomyces cerevisiae has two thioredoxin reductase en-
zymes, which both belong to the LMW TrxRs class and are
located in different compartments, the cytosol (ScTrxR1) and the
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mitochondria (ScTrxR2). Deletion of the ScTrxR1 gene, but not
of the ScTrxR2 gene, rendered the cells unviable (14). ScTrxR1 is
involved in the reduction of the two cytosolic thioredoxin
isoforms (ScTrx1 and ScTrx2), which possess a high degree of
amino sequence conservation between themselves (78% of
identity and 89% of similarity).

In this work, we showed that ScTrxR1 was able to efficiently
reduce ScTrx1, ScTrx2, and yeast mitochondrial thioredoxin
(ScTrx3) but failed to reduce the E. coli thioredoxin A (EcTrx)
and human thioredoxin 1 (HsTrx). To gain insights into this
remarkable TrxR-Trx species specificity, we determined the
crystallographic structure of a low molecular weight thioredoxin
reductase from a fungus, S. cerevisiae (ScTrxR1). The structure
revealed that the molecule is in the FO conformation. Addition-
ally, the structure in the FR state was modeled based on the
crystallographic structure of E. coli thioredoxin reductase com-
plexed with thioredoxin (13) (PDB code 1F6M). Structural
comparisons provided insights about substrate specificity. Some
of the hypotheses raisedwere confirmedby enzymatic assayswith
ScTrx1 and ScTrx2 mutants, among them the role of the Ser72

(ScTrx2)/Ala71 (ScTrx1) residue in the specificity phenomenon.
Finally, structural analyses together with sequence alignments
provided arguments for the proposal of a new classification
system for enzymes with thioredoxin reductase activity. Interest-
ingly, ScTrxR1 residues involved in NADPH and FAD binding
are highly conserved, whereas those residues involved in thior-
edoxin binding are highly variable.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Crystallization. ScTrxR1
was expressed, purified, and crystallized as described before by
Oliveira et al. (39).
Enzymatic Activity. ScTrxR1 activity toward various thior-

edoxin substrates was followed spectrophotometrically (ɛ412nm=
13600 M-1 cm-1) by the DTNB reduction assay (10). ScTrxR1
concentrations were fixed in all experiments at 0.03 μM. Thio-
redoxin concentrations were ranged from 0.1 to 8.0 μM. Reac-
tions were initiated by the addition of 0.2 mM NADPH. Other
reagents used in the assay included 0.1 mg/mL BSA, 0.25 mM
DTNB, and 1 mM EDTA. The apparent kinetic constants were
determined by nonlinear regression of Michaelis-Menten plots
using the GraphPad Prism software. Measured activities in all
assays were corrected by subtracting the velocities of the control
reactions without thioredoxin, and three independent experi-
ments were performed at each thioredoxin concentration.
Structure Solution and Refinement. The S. cerevisiae

TrxR1 structure was solved by molecular replacement by means
of the program AmoRe (40) using the atomic coordinates of
Arabidopsis thaliana TrxR1 (PDB code 1VDC) as the search
model. Structure refinement was performed using the program
REFMAC 5.0 (41), and 5% of the data was set aside for cross-
validation. Visual inspection of the electron density maps and
model rebuilding were carried out with the program O (42).
During the final cycles, water molecules were added both
manually and using the program ARP/warp (43). The hetero-
compounds citrate and FAD were added to the model on the
basis of the shape and difference density peaks in the 2Fo - Fc
andFo-Fc densitymaps. The last three cycles of refinementwere
carried out using TLS (44). The coordinates have been deposited
in the Protein Data Bank, accession number 3ITJ.
Analyses of the Primary, Tertiary, andQuaternary Struc-

tures. The multiple sequence alignment (MSA) was performed

using ClustalX (45). Colors indicate the degree of similarity, which
reflect physicochemical properties conserved for residues in each
column based on the AMAS method of multiple sequence
alignment analysis (46). The alignments are colored using Jal-
view (47). Dali (48) and VAST (49) were used for the comparison
with protein tertiary structure coordinates deposited in protein
structure database (http://www.rcsb.org). Tertiary andquaternary
structure superpositions were carried out using the coordinates
that had demonstrated significant structural similarity with
S. cerevisiae TrxR1; they were carried out with the LSQKAB pro-
gram from the CCP4 suite (Collaborative Computational Project,
Number 4, 1994) (50) and SSM of the Coot program (51). Amino
acid conservation in the protein structures was mapped using
Consurf (52). The molecular representations were generated using
Pymol (http://www.pymol.org).2

RESULTS AND DISCUSSION

ScTrxR1 Specifically Reduces Yeast Thioredoxin En-
zymes. It has been assumed that thioredoxin reductase-
thioredoxin interactions show species specificity, although no
systematic investigation has been reported (15). The two cytosolic
thioredoxin proteins from yeast (ScTrx1 and ScTrx2) share 78%
amino acid identity and demonstrate 30% (ScTrx1) and 35%
(ScTrx2) amino acid sequence identity relative to the EcTrx, 47%
(ScTrx1) and 49% (ScTrx2) relative to HsTrx, and 46% (ScTrx1)
and 43% (ScTrx2) relative to ScTrx3. In spite of these similarities,
ScTrxR1 was able to specifically reduce both ScTrx1 and ScTrx2
with similar efficiency, whereas HsTrx and EcTrx displayed only
slight activity (Figure 1). Furthermore, ScTrxR1 was also able to
reduce mitochondrial ScTrx3 (Figure 1). ScTrxR1 displayed
higher catalytic efficiency toward ScTrx2, mainly due to a lower
KM

app value (Table 1). Therefore, ScTrxR1 showed a very high
species specificity toward the yeast thioredoxin enzymes among
other thiol-disulfide oxidoreductases. Molecular aspects of this

FIGURE 1: Species-specific reduction of thioredoxin enzymes by
ScTrxR1. The reduction of ScTrx1 (- - -O), ScTrx2 (—2), ScTrx3
( . . .�), HsTrx ( . . .Δ), and EcTrx (—9) by ScTrxR1. Thioredoxin
reductase concentrationwas fixed at 0.03μM,and the concentrations
of thioredoxins ranged from 0.1 to 8.0 μM. Reactions were initiated
with the addition of 0.2 mM NADPH. Other reagents used in
the assay included 0.1 mg/mL BSA and 0.25 mM DTNB. The
apparent kinetic constants were determined by nonlinear regression
of Michaelis-Menten plots using the GraphPad Prism software.
No activity of ScTrxR1 was observed toward EcTrx and HsTrx,
even when higher concentrations of these proteins were used
(10 μM).

2During the preparation of the manuscript, the crystal structure of
ScTrxR1 was reported by Zhang et al. (53). The two structures are
identical, but no detailed investigation of the substrate species specificity
(including the enzymatic activities of ScTrxR1 toward various thio-
redoxin substrates, as well as site-directed mutagenesis studies) was
performed in ref 53.
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specificity were investigated here through structural and bio-
chemical analyses.
Overall Structure of ScTrxR1. To gain insights into the

ScTrxR1-ScTrx1/ScTrx2 interactions, the crystal structure of
ScTrxR1has been refined at 2.4 Å resolution to anRfactor of 0.169
(Rfree = 0.194). The asymmetric unit is composed of four mono-
mers, namedA,B, C, andD,which forma cross-shaped structure
(Figure 2A).

Thequality of electrondensitymaps allowed themodelingof 317,
318, 314, and 307 residues ofmonomersA,B,C, andD, respectively
(out of 318 residues).Most of the lack in electron density was found
in monomers C and D and included their active sites. The final
model includes 1257 amino acids, 50 of which were assigned as ala-
nine (40 located in monomers C and D). The final model has good
overall stereochemistry. All non-glycine and non-proline residues

fall in the most favored or additionally allowed regions of the
Ramachandran plot as defined by the program PROCHECK (16).
Crystal data and final model statistics are reported in Table 2. The
CR rmsd among the four monomers in the asymmetric unit are in
the range 0.37-1.69 Å (B/A=0.37, B/C=1.13, B/D=1.64,A/C=
1.22,A/D=1.61, andC/D=1.69). Despite the slight differences, the
monomers are structurally identical, and therefore we will use
monomer B to describe the structure of ScTrxR1.

The ScTrxR1 monomer is composed of two β-R-β-R-β do-
mains that form the binding sites of NADPH and FAD
(Figure 2B) similar to the Archaea, bacteria, and plant counter-
parts (6, 8, 12, 17). The FAD binding domain is composed of
residues 1-121 (β strands 1-8 and R helices 1-3) and 253-318
(β strand 19 and R helices 9-11). A FAD molecule is bound to
the ScTrxR1 structure and is stabilized by interactions with the
residues Pro13, Glu33, Gln45, Asn54, Gln136, Asp288, and Gln296.
The FAD interactions are very similar to those found in LMW
TrxRs of other organisms (6, 8, 12, 17).

The NADPH binding domain is a continuous sequence (from
residue 123 to residue 250) and is composed of β strands 10-17
and R helices 5-8. Curiously, a strong electron density, which
does not correspond to water molecules, was observed at the
NADPH binding site. Two citrate molecules (Figure 2C) that
probably come from the crystallization mother liquor solution
fitted well into these electronic densities (Supporting Informa-
tion, Figure S1). These citrate molecules are stabilized by several
polar interactions with the side or main chain amines of residues
Lys124, Ser165, Arg185, Lys186, Arg190, and His250.

Table 1: Apparent Kinetic Parameters for Reduction of Thioredoxins by

ScTrxR1a

KM
app (μM) kcat

app (s-1) kcat/KM

Trx1-TrxR1 1.3 ( 0.2 43.7 ( 2.5 (3.4 ( 1.2) � 107

Trx2-TrxR1 0.6 ( 0.1 42.9 ( 1.5 (7.3 ( 1.5) � 107

Trx3-TrxR1 1.1 ( 0.1 34.0 ( 1.1 (3.1 ( 1.1) � 107

Trx human-TrxR1 nd nd nd

Trx E. coli-TrxR1 nd nd nd

aParameters determined by nonlinear regression from data presented in
Figure 1 and fitted by theMichaelis-Menten equation (GraphPad). nd, not
determined.

FIGURE 2: ScTrxR1 structure. (A) The asymmetric unit of yeast TrxR1 is composed of four monomers (named A, B, C, and D) forming a cross-
shaped structure. The monomers are represented by different colors. (B) The ScTrxR1monomer structure, colored in blue, shows bothNADPH
andFADbinding domains composed of a β-R-β-R-β fold.A linear representation of the secondary structure assignment is shown at the right side,
and the N- and C-termini are indicated in the model. (C) Close-up view of the NADPH binding site occupied by two citrate molecules. (D) Final
2Fo- Fc map contoured at 1.5σ showing the FAD electron density and the Cys142-Cys145 disulfide. The FADmolecule and catalytic cysteines
are in ball and stick format.
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The two domains are linked by a short β sheet composed of
strands 9 and 18. Interestingly, the two domains themselves share
substantial structural similarities (rmsd of 2.59 Å for 83 super-
posed CR atoms as calculated by SSM (18)). Structural simila-
rities between the two domains are in agreement with the
suggestion that these domains arose from a gene duplication
event (19).

The redox-active cysteine residues (Cys142-Ala-Val-Cys145) are
found in a loop located between β10 and R5 of the NADPH
domain and form a disulfide bond (Sγ-Sγ distance = 2.1 Å),
which is close to the flavin ring (Figure 2D). However, the
catalytic cysteines are buried in the NADPH domain, creating a
steric barrier for thioredoxin interaction. Additionally, the
NADPH binding site (occupied in the ScTrxR1 crystal structure
by two citrate molecules) is too far away to transfer reducing
equivalents to the flavin ring. This kind of organization is similar
to the FO conformation previously described for thioredoxin
reductases fromArchaea, bacteria, and plant organisms (6, 8, 12,
17). Due to its similarity to other LMW TrxRs, the probable
biological unit of ScTrxR1 is a homodimer (1), and it is
represented by monomers A and B (Figure 2A) with an interface
area between the monomers of ∼2040 Å2 as calculated by the
PISAprogram (20). From this analysis, it is clear that the dimer is
stabilized by a large number of hydrophobic and polar interac-
tions (Supporting Information, Figure S2).
Molecular Modeling of ScTrxR1 in the FR Conforma-

tion. In order to study the electron transfer process in ScTrxR1,
the atomic coordinates of the E. coli thioredoxin reductase-
thioredoxin complex (PDB code 1F6M) were used to model the
correspondingFR conformation for ScTrxR1. Initially, the FAD
and NADPH binding domains were separated, and the β7-β16
sheet linker was excluded. After superposition of the ScTrxR1

and E. coli NADPH domains, the two domains were then
rejoined, and with a few adjustments, it was possible to model
the FAD domain in an equivalent position to that seen in the E.
coli complex, following a procedure similar to that described by
Akif et al. (8). As previously observed for E. coli thioredoxin
reductase (13), no steric barriers to the proposed rotation were
encountered that could not be surmounted by the adjustment of
side chains. Superposition of the FR structures resulted in an
rmsd of 1.13 Å for the 120 aligned R-carbon atoms (out of 125).
As expected, the∼67� rotation brings theNADPHbinding site to
the FAD molecule and exposes the active cysteines to the
thioredoxin reduction (Figure 3B,D). For the reduction of the
ScTrxR1 disulfide by FADH2, a counter-rotation should occur
(Figure 3C).
Structural Analyses of ScTrxR1-Thioredoxin Interac-

tions. To investigate the features involved in the remarkable
ScTrxR1-ScTrx1 or ScTrxR1-ScTrx2 species-specific reduc-
tion (Figure 1), we analyzed the surface of ScTrxR1. The FR
model shows a distribution of charges at the thioredoxin-inter-
acting face, with a positive charge at an extremity (named region
A) and two negative ones (named B and C) in other positions of
ScTrxR1 surface (Figure 4). These three regions at the ScTrxR1
surface can potentially interact with complementary regions of
the thioredoxin enzymes (regions A0, B0, andC0) when taking into
account the structure of the thioredoxin reductase-thioredoxin
complex from E. coli (PDB code 1F6M). The ScTrxR1 region A
displayed a positive net charge, which is in part produced by the
side chain of amino acids Arg153, Lys175, and Lys137 and themain
chain of Ile139. The Trx counterpart region (A0) differs signifi-
cantly between yeast Trx (ScTrx1, ScTrx2, and ScTrx3) and
EcTrx, while HsTrx possesses intermediate properties (Figure 4).

Region B in the ScTrxR1 structure is negatively charged, whe-
reas B0 is positively charged in all of the analyzed thioredoxin en-
zymes. Regions B andB0 possess the catalytic cysteines of ScTrxR1
and the thioredoxin enzymes, respectively. Finally, region C is also
negatively charged in ScTrxR1, and C0 has a positive electrostatic
potential that is similar in yeast and HsTrx but again differs in
EcTrx. The charge distribution can partially explain the lower
activity of ScTrxR1 toward EcTrx. However, this analysis pro-
vided no evidence for the absence of ScTrxR1 activity toward
HsTrx. Therefore, other features were investigated.

In addition to the electronic surface properties, three ScTrxR1
loops (named here X, Y, and Z and shown as blue structures in
Figure 4B) appear to be relevant in recognition of the yeast thio-
redoxin enzyme surface. Loop Z is positioned at one extremity of
ScTrxR1 and is composed of segment 216-AKGDGKLLN-224.
Compared to the yeast thioredoxin enzymes, loop Z was not well
accommodated by the HsTrx and EcTrx surfaces, since a larger
space can be observed between the two proteins (Figure 4B).
Loop X is shorter and contains amino acids 83-88 (ITETVS); it
can interact with basic residues such as those contained in the
positively charged region C0 of thioredoxins. This segment is not
conserved in EcTrxR (80-IFDHIN-85) and HsTrxR (127-YE-
NAYG-132). As seen with loop Z, loop X also did not appear to
fit well in the HsTrx and EcTrx surfaces (Figure 4B).

Loop Y is directly related to substrate reduction since it con-
tains the catalytic cysteine residues and Asp146, which is appar-
ently involved in substrate recognition and/or acid-base cata-
lysis (see description below of Figure 5). Furthermore, loop Y is
positioned in between loops 2 and 3 of the Trx proteins (shown as
green and red structures in Figure 4B), and its amino acid
sequence is very divergent from other LMW TrxRs (see results

Table 2: Crystallographic Data and Refinement Statisticsa

space group C2

unit cell parameters

a, b, c (Å) 127.97, 135.41, 75.81

β (deg) 89.95

resolution limits (outer shell) (Å) 46.6-2.4 (2.46-2.40)

no. of total reflections 297954

no. of unique reflections 48181

completeness (%) 99.6 (99.7)

multiplicity 6.1 (6.0)

Rsym
b (%) 9.9 (32.5)

ÆI/σ(I)æ 5.8 (2.2)

reflections

working 46488

test 2459

non-hydrogen atoms

protein 9270

heteroatoms (FAD and citrate) 302

waters 277

Rfactor/Rfree (%) 16.91/19.40

rmsd

bonds (Å) 0.024

angles (deg) 2.25

average B factor

main chain 19.62

side chains and waters 22.77

Ramachandran analysis (%)

most favored regions 85.6

additionally allowed regions 14.4

PDB code 3ITJ

aValues in parentheses refer to the highest resolution shell. bRsym =P
hkl

P
i|Ihkl,i - ÆIæhkl|/

P
|ÆIæhkl|.
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below and Supporting Information, Figure S4). Therefore, loops
X, Y, and Z appear to be relevant features for ScTrxR1’s
recognition of its thioredoxin partner.

In addition to electronic surfaces and ScTrxR1 loops, thio-
redoxin loops appear to be important for protein-protein inter-
actions. Recent structural analyses have revealed that yeast
cytosolic thioredoxin enzymes contain three highly flexible loops,
loop 1 (17-SGDK-20), loop 2 (28-ATWCGPCK-35), and loop 3
(68-AEVSSMP-74), which could also be implicated in substrate
interactions (21, 22). The amino acid sequence of loop 2 (that
contains the catalytic cysteine residues) is highly conserved in all
thioredoxin enzymes, which contrasts with the sequence varia-
bility of loops 1 and 3 (Figure 5A).Another indication that loop 3
is a relevant feature for substrate specificity in the thioredoxin-
thioredoxin reductase interactions comes from the molecular
dynamics simulation and protein-protein docking studies along
with site-directed mutagenesis, showing that Arg73 fromEcTrx is
important for its productive binding to thioredoxin reductase

from E. coli (23). Interestingly, Arg73 is not conserved in yeast
thioredoxin (Ser in ScTrx1 and ScTrx2, Thr in ScTrx3) and is
present in loop 3 of EcTrx (Figure 5).

Additional analyses using the FR model indicated that resi-
dues present in thioredoxin loops 2 and 3 may in fact provide
interacting elements with ScTrxR1 (Figure 5B). Two charged
residues of ScTrxR1, Lys137 and Asp146, appear to interact with
Glu69 and Ser72 (from loop 3), respectively, of ScTrx 2. The
residues in this loop are relatively conserved between the two
cytosolic yeast thioredoxin enzymes, and similar interactions can
occur with both (Figure 5A). In contrast, residues equivalent to
Ser72 of ScTrx2 vary among the thioredoxin enzymes. Since loop
1 is very far from the interacting regions and loop 2 is highly
conserved among the five proteins, loop 3 is probably one of the
features involved in the species specificity of the reductions
carried out by ScTrxR1 (Figure 5).

To test this hypothesis, ScTrxR1K137A and ScTrxR1D146A
were generated by site-directed mutagenesis, and their ability to

FIGURE 3: Molecularmodeling of theNADPHdomain rotation. (A) ScTrxR1 in the FO state shows the catalytic cysteines oxidized to a disulfide
bond and buried in the protein structure. NADPH and FAD are far away from each other. (B) A large rotation of about 67� places the NADPH
molecule close to the FADmolecule (adopting the FR state), allowing the hydride transfer to the flavin (C) counter-rotation (back to FO state)
approximating FADH2 to the disulfide bond of the ScTrxR, allowing its reduction and then (D) another rotation (to FR state), bringing the
buried cysteines to the solvent surface, which allows thioredoxin reduction. The conformation of FR has been modeled based on the
corresponding conformation of the E. coli complex TrxR-Trx and AADPþ (an NADPH analogue) (PBD code 1F6M). Sulfur atoms in the
catalytic cysteines of TrxR1 are represented in yellow.

FIGURE 4: Complementary electrostatic surfaces of the ScTrxR1 andTrx loops. (A) Electrostatic surfaces of ScTrxR1, ScTrx1 (PDB code 2I9H),
ScTrx2 (PDB code 2FA4), ScTrx3 (PDB code 2OE3), HsTrx1 (PDB code 1ERU), and EcTrx (PDB code 1XOA) are colored by charge from red
(negative) to blue (positive). Three complementary contact areas between thioredoxin reductase and thioredoxin from yeast can be identified and
are labeled A-A0, B-B0, and C-C0 (highlighted in green, yellow, and red, respectively). These regions were chosen by taking into account the
structure of the thioredoxin reductase-thioredoxin complex from E. coli (PDB code 1F6M). The catalytic cysteine residues are represented by
spheres. The structures of ScTrx1, ScTrx2, ScTrx3, HsTrx1, and EcTrx are in the oxidized state, while the cysteine residues of ScTrxR1 are in the
reduced state. (B) Accommodation of the ScTrxR1 loops into the surface of ScTrx1, ScTrx2, ScTrx3, HsTrx1, and EcTrx proteins. Thioredoxin
loops 2 and 3 are colored red and green, respectively, according to nomenclature described in Figure 5. Positive and negative charges are
represented by blue and red colors, respectively. The ScTrxR1 loops are colored in blue and labeled asX, Y, and Z. Catalytic cysteine residues are
represented by red spheres in ScTrxR1 (loop X) and orange spheres in the Trx proteins (loop 2).
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reduce ScTrx2 was evaluated. The replacement of Asp146 by
alanine resulted in the abolishment of thioredoxin reductase
activity (Figure 6A), which could indicate that this residue is
relevant for substrate recognition by ScTrxR1 through its inter-
action with Ser72 of ScTrx2 (Figure 5B). However, the inter-
pretation of this result is complex, since Asp140 from E. coli
thioredoxin reductase (equivalent to Asp146 in ScTrxR1) func-
tions as an acid-base catalyst (24). Nevertheless, this is the first
description of the essential role of the Asp residue in catalysis for
a eukaryotic LMW TrxR.

On the other hand, the Lys137 substitution to alanine did not
alter the ScTrxR1 activity toward ScTrx2 (Figure 6A), indicating
that this residue in not relevant for substrate interaction. In any
case, we cannot exclude the possibility that ScTrxR1 Lys137 is

involved in the thioredoxin reduction, since Kirkensgaard
et al. (25) observed thatEcTrxRGly129,Arg130, andAla237 provide
all five of the hydrogen bonds formed uponTrx binding (EcTrxR
Arg130 is equivalent to ScTrxR1 Lys137). Interestingly, the
residues immediately before the corresponding ScTrxR1 Lys136

vary considerably among the LMW TrxRs (W135Q136 in yeast,
K129G130 inE. coli,W140N141 inA. thaliana) and could contribute
to the specificity described here.

While further analyzing the reduction of thioredoxin proteins,
we observed that ScTrxR1 displayed a lower KM

app for the
reduction of ScTrx2 than for the reduction of ScTrx1 (Figure 1),
corresponding to an increased catalytic efficiency for the former
substrate (Table 1). A small divergence in the amino acid
sequences in both loop 2 (a single substitution of ScTrx1 Tyr26

FIGURE 5: Thioredoxin loops involved in TrxR interaction. (A) Alignment of the amino acid sequences of ScTrx1, ScTrx2, ScTrx3, HsTrx, and
EcTrx. Identical residues are highlighted in cyan, and the colored boxes denote the three flexible interacting loops (yellow, loop 1; red, loop 2; green,
loop 3).Alignmentswere performedusingClustalX software (39). (B) The ScTrxR1FRmodel (blue) and the crystal structure of ScTrx2 (gray) were
individually superposed over the correspondingE. coli complex (PDB code 1F6M). ScTrx2Glu69 and Ser72 from loop 3 can formpolar interactions
with Lys137 and Asp146 from ScTrxR1. The Trx loop residues are represented as balls and sticks in yellow (loop 1), red (loop 2), and green (loop 3).
The green and red arrows show the position of ScTrx2F27 and ScTrx2S72 (A and B), and residues are represented as balls and sticks (B).
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by a Phe27 in ScTrx2) and loop 3 (two substitutions: Asn67 and
Ala71 in ScTrx1 and Ala68 and Ser72 in ScTrx2) might contribute
to the differences observed in the catalytic process (Figure 1). To
test this hypothesis, site-specific mutants were generated, repla-
cing the residues present in loops 2 and 3 of ScTrx1 and ScTrx2.

The replacement of Ser72 with Ala impaired the ability of
ScTrxR1 to reduce ScTrx2, whereas the substitution of Ala71

with Ser in ScTrx1 increased ScTrxR1 activity (Figure 6B,C;
Table 3). These data strongly implicated Ser72 in the higher
reduction rate of ScTrx2 in the process catalyzed by ScTrxR1,
corroborating our structural analyses.

The role of Phe27(ScTrx2)/Tyr26(ScTrx1) in this process is not
as clear. Although the replacement of Tyr26 with Phe in ScTrx1
resulted in augmentation of the ScTrx1 reduction rate (Figure 6B,
Table 3), the replacement of Phe27 with Tyr in ScTrx2 provoked
no effect (Figure 6C, Table 3).Nevertheless, when taken together,
the results presented here (Table 3, Figures 1, 5, and 6B,C)
indicate that ScTrxR1’s reduction of ScTrx2 is slightly more
efficient that its reduction of ScTrx1. Differences in the ability of
ScTrx1 and ScTrx2 to interact with other proteins (peroxiredo-
xins and phosphoadenosine 5-phosphosulfate) have also been
described recently (26).
Structural Comparisons and a New Classification Pro-

posal.Next, crystal structures of LMWTrxRs in the FO conforma-
tion were compared by secondary structure matching (SSM),
followed by CR alignment using the SSM-Coot routine. LMW
TrxR crystal structures share a high degree of structural similarity
except for insertions or deletions in some loops. Superposition of the
ScTrxR1 structurewith its LMWTrxRcounterparts fromA. thaliana
(1VDC, 63% identity), E. coli (1TDE, 50% identity), andMycobac-
terium tuberculosis (2A87, 47% identity) resulted in overall rmsd of
0.876 Å (310CR aligned), 1.246 Å (301CR aligned), and1.125 Å (302
CR), respectively (Supporting Information, Figure S3A).

Although AhpFs (about 57 kDa) are larger than the LMW
TrxRs (about 33 kDa), an AhpF domain ranging approximately
from residue ∼200 to residue 520 (3, 27, 28), which corresponds to
the NADPH and FAD binding domains, shares high degree of
structural similaritywithScTrxR1 (Supporting Information,Figure
S3B). AhpF proteins possess an additional N-terminal domain
composed of two contiguous thioredoxin folds with an eight-strand
β sheet and fiveRhelices (Supporting Information, Figure S3B).All
of the LMWTrxR structures are in the FO conformation (Suppor-
ting Information, Figure S3A,B), and similar to the AhpF proteins,
they show FAD molecules and catalytic cysteines in equivalent
positions. Therefore, the domains sharedbyAhpFandLMWTrxR
were designated herein as “the catalytic core” (NADPH and FAD
binding domains) of thioredoxin reductases. Structural superposi-
tion of AhpF and ScTrxR1 gives an overall rmsd of 1.685 Å (281
CR aligned) for E. coli AhpF, whose crystallographic structure
comprises only the catalytic core, and 1.772 Å for the Salmonella
typhimurium AhpF full protein structure (299 CR aligned).

Additional domains attached to the catalytic core are not an
exclusive feature of AhpF proteins. Thioredoxin reductase from

FIGURE 6: Enzymatic properties of the site-specific mutants of
ScTrxR1 (A), ScTrx1 (B), and ScTrx2 (C). All reactions were
followed spectrophotometrically by the DTNB reduction assay
(A412nm) and were initiated with the addition of 0.2 mM NADPH.
The apparent kinetic constants were determined by nonlinear regres-
sionofMichaelis-Mentenplots using theGraphPadPrism software.
(A) Reduction of ScTrx2 by ScTrxR1 (—9), ScTrxR1K137A (- - -O),
and ScTrxR1 D146A (—2). (B) Reduction of ScTrx1 ( . . .O),
ScTrx1Y27F (- - -2), and ScTrx1A71S (—9) by ScTrxR1. (C)
Reduction of ScTrx2 (...O), ScTrx2F27Y (—2), and ScTrx2S72A
(—9) by ScTrxR1. Final concentrations used in the assay:
ScTrxR1, 0.03 μM; ScTrxs, from 0.1 to 8.0 μM; BSA, 0.1 mg/mL;
DTNB, 0.25 mM.

Table 3: Effect of Mutations on Apparent Kinetic Parameters for the

Reduction of Thioredoxin by ScTrxR1a

KM
app (μM) kcat

app (s-1) kcat/KM

Trx2-TrxR1 0.6 ( 0.1 42.9 ( 1.5 (7.3 ( 1.5) � 107

Trx2-TrxR1K137A 0.9 ( 0.1 47.1 ( 2.0 (5.2 ( 2.0) � 107

Trx2-TrxR1D146A nd nd nd

Trx2F27Y-TrxR1 0.7 ( 0.1 45 0.0 ( 2.3 (6.7 ( 2.3) � 107

Trx2S72A-TrxR1 28 ( 5b 30.1 ( 4.3b (1.1 ( 0.1) � 106 b

Trx1-TrxR1 1.3 ( 0.2 43.7 ( 2.5 (3.4 ( 1.2) � 107

Trx1Y27F-TrxR1 0.9 ( 0.1 52.7 ( 2.1 (5.8 ( 2.1) � 107

Trx1A71S-TrxR1 0.9 ( 0.1 43.4 ( 1.3 (4.8 ( 1.3) � 107

aParameters determined by nonlinear regression from data presented in
Figures 1 and 6 and fitted by theMichaelis-Menten equation (GraphPad).
nd, not determined. bWe could not achieve saturating concentrations of
Trx2-S72A; thus these data are only an estimation.
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Mycobacterium lepreae is unusual and possesses a thioredoxin
molecule attached to its C-terminal portion (29, 30). Sequence
alignment using the BlastP program (http://www.ncbi.nlm.nih.
gov/blastp) revealed several proteins or hypothetical proteins
that displayed this feature. Thioredoxin modules linked to the
catalytic core are present in eubacteria, cyanobacteria, and
plants, but, unfortunately, there are no structures for these
proteins available to date. Additionally, the structural compar-
ison of the biological units (dimer) strengthens the hypothesis
that ScTrxR1 is strictly related to AhpF, since the interactions
that maintain the biological units are conserved (Supporting
Information, Figure S2C).

Interestingly, although the ScTrxR1 crystal structure, which is in
the FO conformation, does not show overall structural similarity
with themammalian TrxRs (belonging toHMWTrxR group), the
FR ScTrxR1 model revealed structural conservation between the
LMW and HMW TrxRs (Supporting Information, Figure S3C).
This same conservation was observed when the FR ScTrxR1
model was aligned with other nucleotide pyridine disulfide oxidor-
eductase structures such as glutathione reductase and lipoamide
dehydrogenase proteins (Supporting Information, Figure S3D). In
addition to theNADPHandFADdomains,HMWTrxRenzymes
possess a third domain, called the interface or dimerization
domain, which is composed of approximately 150 residues at the
C-terminus and accounts for the difference in molecular weight
between LMW and HMW TrxRs. The presence of the dimeriza-
tion domain also results in major differences in the structural
organization of the assembly of the two subunits (Supporting
Information, Figure S3E), which reflect variations with regard to
the electron transference between LMW TrxR and HMW TrxR
enzymes, including an additional redox center (an active disulfide
or selenyl sulfide) in the dimerization domain (31, 32).

Another groupof thioredoxin reductase enzymes possesses addi-
tional domains similar to glutaredoxin that are attached to the
HMW TrxR architecture. These enzymes, such as TGR from
Schistosoma mansoni and isoforms of mammalian TrxRs, are the
products of alternative splicing (33, 34). AhpF andTGRare exam-
ples of enzymes that possess thioredoxin reductase activity but that
cannot be easily categorized as either LMW or HMW TrxRs.

Although the properties of the thioredoxin reductase enzymes
are diverse, amino acid sequence alignments and structural
analysis indicated a high degree of conservation of “the catalytic
core” (Supporting Information, Figure S4). Therefore, a new
classification system is proposed here and is based on the
structural organization of different groups around the catalytical
core (Figure 7). According to our proposal, instead of the
classical division of thioredoxin reductase enzymes in the
LMW TrxR and HMW TrxR groups, they should be separated
into five categories, including AhpF and thioredoxin reductases
with N- or C-terminal extensions not covered by the traditional
classifications (Figure 7, Table 4). Therefore, this proposal
includes more enzymes than the initial system of HMW TrxR
and LMW TrxR groups.

Analyses of the ScTrxR1 FR model using the Consurf
program indicated that the most conserved residues are posi-
tioned at the center of the enzyme and the poorly conserved
regions are situated at the extremes of the molecule (Supporting
Information, Figure S5). The most conserved residues are posi-
tionedmainly inside themolecule and are involved in interactions
with the FAD (Supporting Information,Figure S5C) and NAD-
(P)H (Supporting Information,Figure S5C) molecules that are
present in the thioredoxin reductase-thioredoxin interactions in

all organisms. This is consistent with the fact that TrxR interac-
tions with these lowmolecular weight compounds should be very
similar throughout the different taxonomic groups.

In contrast, although all thioredoxin reductases share con-
siderable structural similarity, they do display different proper-
ties. Remarkably, the amino acid composition of the molecular
surface of these enzymes exhibits a high degree of diversity
(Supporting Information, Figure S5). In line with this rationale,
the extremes of the thioredoxin reductase surfaces display
increased variation, which possibly reflects the variation in the
properties of thioredoxin from different organisms and is prob-
ably at least partially involved in the species specificity of this
interaction (Figure 1).

Although some sporadic observations of species specificity in
TrxR-Trx interactions have beenmade, no systematic investiga-
tions have been carried out. For instance, while the thioredoxin
reductase fromE. coli can reduce onlyE. coliTrx1 andE. coliTrx
2, but not ScTrx3 (35), thioredoxin reductase frommammals can
reduce thioredoxin enzymes from other species (35, 36). In this
case, thioredoxin reduction is achieved in HMW TrxRs by the
C-terminal extension containing the additional redox center with
a second disulfide or a selenenyl sulfide (32). Therefore, the
species specificity phenomenon appears to strictly be a feature of
LMW TrxRs.

In addition to species specificity, organellar specificity also
appears to be relevant; a mitochondrial thioredoxin from a plant
is more efficiently reduced by mitochondrial thioredoxin from
yeast (ScTrxR2) than by cytosolic thioredoxin reductase from the
same plant (37). Recently, it was shown that nematode thio-
redoxin is reducible not only by thioredoxin reductase but also
unexpectedly by the glutathione-glutathione reductase path-
way (38), indicating that several aspects of these protein-protein
interactions still need to be elucidated.

In summary, despite some observations of species-specific
interactions, the molecular basis involved in the phenomenon is
still elusive. Therefore, this work contributed to the better
comprehension of the species specificity phenomenon. Initially,
we clearly defined the specificity of ScTrxR1 for various thio-
redoxin enzymes (Figure 1). Insights into this phenomenon were
then presented, which involved complementary electronic para-
meters between the surfaces of ScTrxR1 and the yeast thioredox-
in enzymes (Figure 4A) and the identification of loops
(Figures 4B and 5) and residues (such as Ser72 in ScTrx2) involved

FIGURE 7: Classification of the thioredoxin reductase enzymes. The
diagram shows the organization of the elements and domains in the
five TrxR types. In types 1, 2 and 3, the catalytic cysteines belong to
theNAD(P)Hdomain. In types 4 and 5, the cysteines are found in the
FAD domain.
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in protein-protein interactions (Figures 5 and 6 and Supporting
Information, S5). These findings are relevant in the context of
redox signaling where the partners for different oxidoreductases
vary and also in drug development since the thioredoxin reduc-
tases from pathogens possess very distinct properties from the
mammalian counterparts.

SUPPORTING INFORMATION AVAILABLE

Five figures as described in the text. This material is available
free of charge via the Internet at http://pubs.acs.org.
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