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Thioredoxin reductases (TrxRs) from mammalian cells contain an
essential selenocysteine residue in the conserved C-terminal se-
quence Gly-Cys-SeCys-Gly forming a selenenylsulfide in the oxi-
dized enzyme. Reduction by NADPH generates a selenolthiol,
which is the active site in reduction of Trx. The three-dimensional
structure of the SeCys498Cys mutant of rat TrxR in complex with
NADP1 has been determined to 3.0-Å resolution by x-ray crystal-
lography. The overall structure is similar to that of glutathione
reductase (GR), including conserved amino acid residues binding
the cofactors FAD and NADPH. Surprisingly, all residues directly
interacting with the substrate glutathione disulfide in GR are
conserved despite the failure of glutathione disulfide to act as a
substrate for TrxR. The 16-residue C-terminal tail, which is unique
to mammalian TrxR, folds in such a way that it can approach the
active site disulfide of the other subunit in the dimer. A model of
the complex of TrxR with Trx suggests that electron transfer from
NADPH to the disulfide of the substrate is possible without large
conformational changes. The C-terminal extension typical of mam-
malian TrxRs has two functions: (i) it extends the electron transport
chain from the catalytic disulfide to the enzyme surface, where it
can react with Trx, and (ii) it prevents the enzyme from acting as
a GR by blocking the redox-active disulfide. Our results suggest
that mammalian TrxR evolved from the GR scaffold rather than
from its prokaryotic counterpart. This evolutionary switch renders
cell growth dependent on selenium.

Thioredoxin reductase (TrxR) (EC 1.6.4.5) is a member of the
pyridine nucleotide–disulfide oxidoreductase family (1). En-

zymes of this family, such as glutathione reductase (GR),
lipoamide dehydrogenase, and trypanothione reductase, form
homodimers, and each subunit contains a redox-active disulfide
bond and a tightly bound FAD molecule. TrxR catalyzes reduc-
tion of Trx by NADPH. Trx is a ubiquitous 12-kDa protein, which
in its dithiol form is the major disulfide reductase in cells (2, 3).
Mammalian Trx is an essential protein (4) with a large number
of functions in cell growth, such as thiol redox control of
transcription factors, electron transport to ribonucleotide reduc-
tase, or defense against oxidative stress and apoptosis (2, 3). Trx
and TrxR are present in all living cells from archea to human (3,
5). Whereas the essential features of Trx have been conserved
during evolution, mammalian TrxRs are very different in struc-
ture and properties from the enzymes in bacteria, fungi, and
plants (5, 6). For instance, mammalian TrxRs have a higher
molecular mass ($55 kDa) and a very broad substrate specificity
(7) in contrast to the smaller (35 kDa) specific enzymes repre-
sented by the well characterized Escherichia coli TrxR (8).
Mammalian TrxR directly reduces not only Trx from different
species but also many nondisulfide substrates such as selenite (9),
lipid hydroperoxides (10), and H2O2 (11) but not glutathione
disulfide (GSSG) (5–7). Furthermore, the mammalian enzymes

are inhibited by a number of clinically used drugs (review in
ref. 12).

Cloning and sequencing of a putative human (13) and the
bovine and rat cytosolic TrxR (14) revealed that they are similar
to GR and not to the Escherichia coli TrxR enzyme. Compared
with GR, the polypeptide chain of rat TrxR contains a C-
terminal extension of 16 residues carrying a penultimate seleno-
cysteine residue in the conserved sequence motif Gly-Cys-
SeCys-Gly (14, 15). The selenocysteine residue is essential
because its replacement with cysteine results in a mutant rat
TrxR enzyme with about 1% activity with Trx as substrate and
with a major loss in kcat (11). Other activities of Se-containing
TrxR and reduction of lipid hydroperoxides and H2O2 are lost in
the Cys mutant, indicating an absolute requirement of selenium
for these reactions. Because of the high nucleophilicity of
selenolate, it is more susceptible to oxidation by H2O2 than
thiols, a property that allows extension of the substrate spectrum
toward hydroperoxides in the mammalian enzymes (11).

The truncated enzyme lacking the SeCys-Gly dipeptide is
folded and contains FAD but is inactive, although titrations with
NADPH yield the characteristic red-shifted thiolate-f lavin
charge transfer complex common for GR and mammalian TrxR
(11, 16). Recently, the active site of mammalian TrxR was
identified as a selenenylsulfide in the oxidized enzyme, and a
selenolthiol is formed from the conserved Cys-SeCys sequence
(17). The selenenyl sulfides in the oxidized human enzyme also
have been confirmed (18).

TrxRs from mammalian sources belong to the rare group of
enzymes containing selenocysteine, and few crystallographic
studies of such enzymes have been performed, e.g., glutathione
peroxidase (19) and formate dehydrogenase H (20). Here, we
report the three-dimensional structure of the SeCys498Cys
mutant of rat TrxR complexed with NADP1. The crystal struc-
ture analysis reveals the overall fold of the enzyme, provides
insights into the architecture of the active site, and allows a
detailed comparison to other members of the pyridine nucleo-
tide disulfide oxidoreductase family.

Materials and Methods
Protein Purification and Crystallization. Purification and crystalli-
zation of the SeCys498Cys mutant of rat TrxR in the presence of
NADP1 was carried out as described (21).
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Crystallographic Data Collection. X-ray data from a single crystal
were collected to 3.0-Å resolution on a MAR345 image plate at
a temperature of 100 K and a wavelength of 1.104 Å at the
synchrotron beamline I711 (MAX Laboratory, Lund University,
Sweden). Crystallization buffer containing 20% ethylene glycol
was used as cryoprotectant. The x-ray data were processed and
scaled with the HKL suite (22), and the statistics of the data set
are given in Table 1. The crystals belong to the monoclinic space
group P21 with cell dimensions a 5 78.9 Å, b 5 140.5 Å, c 5 170.8
Å, and b 5 94.6°.

Molecular Replacement and Crystallographic Refinement. A dimer of
GR from human erythrocytes (PDB accession code 1GRA),
with 36% sequence identity, was used as a search model for
molecular replacement. Loop regions, where sequence align-
ments indicated differences in lengthyconformation, were re-
moved from the model, and all residues that are not identical in
rat TrxR and GR were replaced by alanine side chains. Molec-
ular replacement was carried out by using the program EPMR
(23). The calculations resulted in one single solution clearly

above all others, giving three dimers in the asymmetric unit with
a correlation coefficient of 0.41 and r 5 53.4% and perfect
crystal packing. The next best solution had a correlation coef-
ficient of 0.354 and r 5 56%.

The coenzymes had been excluded from the search model, and
the correctness of the molecular replacement solution was
confirmed by electron density for FAD and the 29phospho-AMP
moiety of NADP1 appearing at the expected positions. Refine-
ment was performed with CNS (24). Five percent of the data were
selected to monitor the progress of refinement by calculation of
Rfree. Manual rebuilding of the model was performed with the
program O (25) based on sA-weighted 2Fo 2 Fc and Fo 2Fc
electron density maps.

The electron density maps suggested that a tryptophan residue
should replace Gly-53, which was confirmed by reexamination of
the original sequencing data (14). Refinement continued with
REFMAC5 (26), where the six subunits were considered as dif-
ferent TLS groups resulting in RfreeyR values of 26.4y23.0%,
respectively. Restrained noncrystallographic symmetry (CNSy
REFMAC; 100 kcalzmol21zÅ22y0.05 Å for main chain, and 50
kcalzmol21zÅ22y0.5 Å for side-chain atoms) was used in the
refinement.

Structural comparisons were carried out by using the program
TOP with default parameters (27). Modeling of the binding of Trx
to TrxR was performed manually with O (25). Figures were made
with MOLSCRIPT (28), BOBSCRIPT (27), and RASTER3D (29, 30).

Results
Electron Density Map and Quality of the Model. The asymmetric unit
of the crystal contains three dimers of rat TrxR. With a few
exceptions, all polypeptide chains are well defined in electron
density. The real space fit correlation to the electron density map
is in the range 0.75 to 0.8 for all subunits except subunit C, where
it is slightly less at 0.7. Less well defined regions of the polypep-
tide chain include several disordered residues at the N and C
termini and two long surface loops (poor electron density for the
side chains of residues 91–93 and 272–278, respectively). The
final model includes residues 10–499 (subunits A and F), 9–495
(subunits B and D), 14–499 (subunit C), and 9–499 (subunit E),
six FAD molecules, six NADP1 molecules (29-phospho-AMP
moiety of NADP1), and 15 water molecules. The electron

Fig. 1. Stereo view of an Fo 2 Fc electron-density omit map
for the C-terminal residues 484–499, contoured at 3.0 s. The
refined model is superimposed.

Table 1. Data collection and refinement statistics

Resolution (Å) 30.0–3.0 (3.05–3.0)
Number of observations 212,337
Number of unique reflections 69,351
^IysI& 11.0 (2.1)
Completeness 92.7 (77.6)
Rsym 9.5 (44.8)
Refinement statistics
Number of atoms 23,104
Rfactor 0.230
Rfree 0.264
Overall B factor (Å2) 22.5
Average B factor for C-terminal 16 residues (Å2) 29.7
rms deviation bonds 0.013
rms deviation angles 1.970
Ramachandran plot, nonglycine residues in:

Most favorable regions (%) 82.9
Additional allowed regions (%) 17.1
Disallowed regions (%) 0.0
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density for FAD and the 29-phospho-AMP moiety of NADP1 is
well defined in all subunits. There is, however, no electron
density for the nicotinamide ring, and it was therefore not
included in the model. Fig. 1 shows an omit map for the
C-terminal tail of the polypeptide chain.

Overall Structure of Rat TrxR. The subunit of rat TrxR consists of
the FAD binding domain (residues 1–163 and 297–367), the
NADP(H) binding domain (residues 164–296), and the interface
domain (residues 368–499) (Figs. 2 and 3). The FAD and NADP
binding domains have similar folds; each domain contains a
central five-stranded parallel b-sheet and a three-stranded b-me-
ander that is packed against the larger b-sheet. The other side of
the parallel sheet is covered by several a-helices. These domains,
variants of the Rossmann fold, bind NADP(H) and FAD in a
manner characteristic of this fold (31). In rat TrxR, there is an
insertion in the FAD binding domain between strand A2 and
helix a2, which forms two small b-strands. The active disulfide,
formed by Cys-59 and Cys-64 located on helix a2, shows the same
distortion at this position as other pyridine nucleotide disulfide
oxidoreductases. The redox-active disulfide of rat TrxR is thus
located in the FAD domain, as in GR (31), and not in the NADP

binding domain as in prokaryotic TrxR (32), in agreement with
conclusions based on amino acid sequence comparisons (14).

The third domain, the interface domain, contains an antipa-
rallel five-stranded b-sheet E flanked on both sides by four
helices. This domain participates in subunit–subunit interactions
and forms a large part of the dimer interface.

The C-terminal extension with the characteristic motif Gly-
Cys-SeCys-Gly carrying the essential selenocysteine residue (Fig.
4) is unique for mammalian TrxRs. Residues 470–483, which
correspond to the last residues of GR, have the same confor-
mation as in GR. The first three residues of the extension,
Val-484–Thr-485–Lys-486, continue in the direction toward the
surface of the molecule, running antiparallel to the edge strand
of b-sheet E of the interface domain. At the position of Arg-487,
the chain makes a sharp turn and runs parallel to the outer strand
in sheet F. Another turn at position Ser-495 directs the remain-
ing part of the chain toward the active site of the second subunit.
The last residues form mainly van der Waals interactions with
enzymic groups at the active site. Noteworthy is the interaction
of main-chain oxygen atom of Cys-498 with the side chain of
Tyr-116. The latter residue is conserved in GR and interacts with
bound glutathione. The C-terminal carboxyl group of the chain
is anchored to the protein via a salt bridge with the side chain of
Lys-29.

The active sites of TrxR are located at the interface between
the two subunits, and the dimer is therefore the functional unit
of the enzyme. Out of the 30 residues forming the interface
region of rat TrxR, 10 are conserved in GR (Fig. 2).

Fig. 2. Amino acid sequence and secondary structure elements. The second-
ary structure of rat TrxR is shown in the upper line. The nomenclature of the
secondary structure elements is the same as used for GR (31); each a-helix is
labeled by a sequential number, and each b-strand is indicated by a letter
giving the sheet name and a number. Second line, amino acid sequence of rat
TrxR; third line, sequence of human GR. Conserved residues are shown in bold
letters. Possible functions of individual residues are indicated in the lower line.
f, flavin binding; n, NADPH binding; d, participation in dimer interface; a,
active site.

Fig. 3. Ribbon representation of the dimer of rat TrxR. The two subunits are
shown in light or dark colors, respectively. Red, FAD binding domain; yellow,
NADP binding domain; blue, interface domain. Bound FAD (red) and NADP
(orange) are shown as ball-and-stick models.
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Comparison with Related Enzymes. Enzymes most similar in amino
acid sequence, fold, and topology to rat TrxR are GR (31, 33),
trypanothione reductase (34), and dihydrolipoamide dehydro-
genase (35). Dihydrolipoamide dehydrogenase and trypano-
thione reductase also have C-terminal extensions of the polypep-
tide chain (Fig. 4). In trypanothione reductase, the conformation
of the C-terminal residues is completely different from rat TrxR,
forming two additional antiparallel b-strands in the central
b-sheet of the interface domain, which are thus far from the
active site. In lipoamide dehydrogenase, the last residues form an
arm that protrudes into the subunit interface (35) toward the
active site similar to rat TrxR, but the conformation of the C
termini is quite different in these two enzymes (Fig. 4).

All insertions and deletions in the polypeptide chains of the
compared enzymes of the family occur in loops at the surface of
the protein. Two insertions in TrxR, comprising residues 44–54
and 142–149, form two b-hairpins and shield the adenine part of
the FAD molecule, which is more buried in TrxR than in GR.
Insertions in the NADP binding domain occur at the N and the
C termini of the b-strand E2, thus extending this strand.

FAD and NADP Binding. The cofactor FAD is tightly, but nonco-
valently, bound to rat TrxR, and almost all FAD atoms that can
act as hydrogen bond donors or acceptors are engaged in
hydrogen bonds. As in all other pyrimidine nucleotide disulfide
oxidoreductases of known structure, the FAD molecule has an
extended conformation. Most of the interactions between FAD
and the enzyme are made by residues from the FAD binding
domain and are very conserved in the family (Fig. 2).

The coenzyme NADP is bound in a cleft between the FAD
and NADP binding domains with the adenine moiety packed
against the central b-sheet of the NADP binding domain. The
rest of the molecule extends toward the isoalloxazine ring of
FAD. Besides Tyr-200, there are only two other conserved
residues in the NADP binding site: Arg-221 and Arg-226. Both
residues form hydrogen bonds with the 29 phosphate of NADP
and are thus involved in recognition of NADP versus NAD.

The GSSG Binding Site Is Conserved in Mammalian TrxR. In GR,
residues from four helices of one subunit and the C-terminal part
of the other subunit form the substrate binding site. Because GR
and rat TrxR differ in substrate specificity, it was expected that
their substrate binding sites should be different. However,
residues that form hydrogen bonds with glutathione in GR are
conserved in rat TrxR. In human GR, direct hydrogen bonds
were found between GSSG and the side chains of residues

Ser-30, Arg-37, Tyr-114, Arg-347, His-467, and Glu-473 (36).
Arg-37 and Arg-347 anchor the carboxyl group of GSSG, and the
hydroxyl groups of Tyr-116 and Ser-30 form hydrogen bonds
with main-chain atoms of GSSG. With the exception of the
conservative substitution R37K (we also note that this side chain
is not conserved in GR), all of these residues are present in rat
TrxR. Whereas Arg-37 in GR is anchoring the carboxyl group of
glutathione inside the active site, the corresponding residue,
Lys-29, in TrxR forms a salt bridge with the terminal carboxyl
group. The last residues of the C-terminal part of the polypeptide
chain are partly occupying a possible glutathione binding site and
thus prevent access of GSSG to the catalytic disulfide at the
active site (Fig. 5).

Redox-Active Disulfide. The electron density map clearly shows the
presence of a disulfide bond between Cys-59 and Cys-64. The
isoalloxazine ring of FAD packs against this disulfide, and the
sulfur atom of Cys-64 is close to the isoalloxazine ring (3.6 Å),
suggesting that this residue is responsible for the formation of the
thiolate–flavin charge transfer complex.

Interaction with Trx. There are no experimental data to suggest
which residues participate in the binding of Trx to mammalian
TrxR. We modeled the structure of this complex by docking Trx
at the enzyme surface, minimizing the distance between its
disulfide and the C terminal of rat TrxR (Fig. 6). This docking
was possible without introducing steric clashes, and no confor-
mational changes involving main chain atoms of Trx or TrxR
were necessary. Based on this crude model, a putative binding
site for Trx can be proposed, which involves residues from both
subunits of TrxR. The binding area is formed by residues from
helix 4 of one subunit and residues from the C-terminal tail and
the loop connecting helix 10 and strand E4 of the second subunit.
In the model, hydrophobic residues of Trx dock to a nonpolar
surface of mammalian TrxR. Residue Trp-31 is packed between
Gly-115, Val-118, and Cys-497; Pro-34 of Trx stacks onto the side
chain of Trp-407. The interface contains a number of charged
residues, which may form salt bridges. Residues Arg-117, Arg-
121, and Lys-124 of TrxR could interact with the negatively
charged residues Asp-60, Asp-61, and Asp-64 at the surface of
Trx. Lys-72 of Trx and Glu-491 of TrxR could form an additional
ionic interaction.

Discussion
The present study has revealed a striking similarity in three-
dimensional structure between rat TrxR and GR. It also verifies

Fig. 4. Stereo view of the C-terminal extensions
in enzymes of the pyridine nucleotide–disulfide
oxidoreductase family. The structure of rat TrxR is
shown as a ribbon model (color coding as in Fig.
3). The C-terminal extensions are shown as Ca

traces (LiDH, dihydrolipoamide dehydrogenase,
magenta; TrpR, trypanothione reductase, green;
TrxR, rat TrxR, blue). The positions of the catalytic
disulfide (Cys-59–Cys-64), and the cysteine resi-
dues Cys-497 and Cys-498 in the C-terminal tail of
TrxR are indicated by yellow spheres.

9536 u www.pnas.orgycgiydoiy10.1073ypnas.171178698 Sandalova et al.



a previous proposal of the packing of the two subunits in a
head-to-tail arrangement (17). Particularly noteworthy is the
conservation in TrxR of active site residues that participate in
binding of the substrate glutathione in GR, despite the differ-
ences in substrate specificity. The conservation of three-
dimensional structure in the two enzymes strongly supports
suggestions that mammalian TrxR may have evolved from the
evolutionary more recent GR rather than from prokaryotic
TrxRs (17, 37). Evolution of a novel TrxR from a GR scaffold
involved extension of the electron transfer chain to the surface
of the enzyme by the incorporation of another redox center at
the C-terminal part of the chain. In some species, for instance
Plasmodium falciparum, this center consists of a Cys-XXXX-Cys
motif (37), whereas in mammals it is a Cys-SeCys peptide. In
both cases, this part of the chain can act as a swinging arm that
transports redox equivalents from the buried catalytic disulfide

of TrxR to the protein substrate, Trx. Prevention of glutathione
binding to TrxR is not achieved primarily by mutations of
substrate binding residues, as one might have anticipated, but
through steric hindrance via the C-terminal tail, which blocks
access to the catalytic disulfide of TrxR. One could therefore
expect that a truncated version of mammalian TrxR might be
active as a GR.

The evolutionary distance between TrxR from prokaryotes
and lower eukaryotes on one hand and the enzyme from higher
eukaryotes on the other hand is further emphasized by the fact
that catalysis occurs in a completely different manner. TrxR
from E. coli shows a large rearrangement of the FAD and
NADPH binding domains as part of the catalytic cycle (38). In
mammalian TrxR, however, the orientation of these domains as
seen in the crystals would allow electron transfer from NADPH
to the disulfide of Trx without the necessity to invoke similar
large conformational changes.

The first steps of catalysis, reduction by NADPH and forma-
tion of a charge-transfer intermediate (Fig. 7), are common to
GR and mammalian TrxR and do not depend on the presence
of the SeCys-Gly peptide of mammalian TrxR (11). The second
part of the reaction, however, is different. In oxidized wild-type
enzyme, a selenenylsulfide bond was found between Cys-497 and
SeCys-498, which can be reduced upon addition of NADPH (14,
16, 17). It has therefore been proposed that in mammalian TrxR,

Fig. 7. Postulated reaction mechanism for mammalian TrxR.

Fig. 5. Active site of the SeCys498Cys mutant of rat TrxR (color coding as in Fig. 3). The observed conformation of Tyr-200 shields FAD from the solvent and
hinders proper binding of the nicotinamide ring of NADP1. The position of oxidized glutathione (Gl, brown) was derived from a superposition of the structures
of rat TrxR and the complex of GR with glutathione (36). The positions of the sulfur atoms of glutathione, the catalytic disulfide (Cys-59–Cys-64), and the cysteine
residues Cys-497 and Cys-498 are indicated by yellow spheres.

Fig. 6. Model of the complex of rat TrxR with human Trx. Color coding for
TrxR is as in Fig. 3, Trx is shown in green. Residues at the Trx–TrxR interface are
shown as stick models. The positions of the sulfur atoms of the catalytic
disulfide (Cys-59–Cys-64) and the cysteine residues Cys-32, Cys-35, Cys-497, and
Cys-498 are indicated by yellow spheres.
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the conserved Cys-497–SeCys-498 motif acts as a second redox
center and that electrons are transferred from the redox-active
disulfide via the redox center at the C terminal to the substrate,
Trx (14, 17, 37). This proposal is consistent with the observed
three-dimensional structure of mammalian TrxR, which repre-
sents compound 5 in Fig. 7. The conformation of the very C
terminal can be modeled in such a way that it approaches the
redox-active disulfide Cys-59–Cys-64 close enough for electron
transfer without steric clashes, decreasing the distance between
Cys-59 and Cys-497 from 12 Å to 3 Å. This conformational
change involves mainly residues Ser-495–Cys-498, where the
largest movement is that of Cys-497 (about a 5-Å displacement
of the Ca atom). The charge interaction between the C-terminal
carboxyl group of Gly-499 and the side chain of Lys-29 can be
maintained in the two conformations.

In such a model of the oxidized form of the Cys-497–SeCys-
498 motif, the selenium atom would be located very close to the
side chain of the conserved His-472, and the imidazole group
could participate in proton transfer to Cys-497. After reduction,
the C-terminal tail could then move away from the catalytic site
to a position at the surface of the enzyme, as seen in the structure

presented here, and interact with the bound substrate, Trx. The
model of the TrxR–Trx complex is consistent with a mechanistic
scenario for the dithiol–disulfide exchange reaction put forward
previously (17). In this step of the reaction, the selenolate anion
attacks the disulfide of Trx. The resulting enzyme, Trx-mixed
selenenylsulfide (Fig. 7, compound 6), is then attacked by
Cys-497 to regenerate the selenenylsulfide.

This proposal of a C terminus switching between a less
accessible, oxidized, and surface-exposed reduced Cys-SeCys
motif as part of the catalytic cycle of rat TrxR is consistent with
proteolysis data. The reduced enzyme is susceptible to degra-
dation by carboxypeptidase Y (14) or trypsin (39). Loss of
activity is caused by removal of the SeCys residue, indicating a
surface-exposed conformation of the C terminal. In the oxidized
enzyme, the last residues are buried at the active site and are not
accessible to the protease or to chemical modification (14, 18).
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