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ABSTRACT: Thioredoxin reductase 1 (TR1) is a key component in the thioredoxin system, one of major
redox systems in mammals that links NADPH and thiol-dependent processes. Mammalian TR1 genes are
known to be regulated by alternative splicing. In this report, comparative genomic analyses were used to
identify and characterize species-specific and common alternative forms of mammalian TR1 genes. Six
human TR1 isoforms were identified that were derived from a large number of transcripts and differed in
their N-terminal sequences. One isoform resulted from exons located 30-70 kb upstream of the previously
identified core TR1 promoter and was composed of a basic TR1 module fused to a glutaredoxin (Grx)
domain that contained an unusual active site CTRC sequence. This TR1 form occurred in humans, dogs,
and chimpanzees but was inactivated in mice and rats. The CTRC motif in the human enzyme made the
N-terminal domain inactive in the Grx assays tested. However, when mutated to CPYC, an active site
present in most Grxs, the Grx domain was active. In addition, the presence of the Grx domain interfered
with the TR1 activity, distinguishing this enzyme from other proteins with Grx and TR fusions. The data
suggest that the fusion of the basic TR1 module and variable N-terminal sequences links the pyridine
nucleotide thiol/disulfide oxidoreductase pathway to specific cellular redox functions and may control
spatial and temporal expression of TR1 transcripts. Our data also suggest that various N-terminal extensions
in mammalian TRs are often expressed in testes.

The thioredoxin (Trx)1 system is one of two major redox
systems in cells (1, 2). It is composed of thioredoxin
reductase (TR), Trx, and thioredoxin peroxidase and is
present in all organisms. In this system, a small thiol/disulfide
oxidoreductase Trx and Trx peroxidase (also called peroxi-
redoxin) are two Trx-fold proteins that use cysteine chemistry
for redox reactions. The reduced state of Trx is maintained
by TR, which is an NADPH-dependent FAD-containing
enzyme and a member of the pyridine nucleotide disulfide
oxidoreductase family (3). There are two known TR types
that evolved by convergent evolution (4, 5): a homodimer
of 35 kDa subunits present in prokaryotes, yeast, and plants
(6) and a homodimer of 55-65 kDa subunits that occurs in
animals and some lower eukaryotes (2, 7, 8).

Mammalian TRs are selenoproteins with a penultimate
selenocysteine (Sec) in its carboxyl-terminal active center

(9, 10). TR plays a central role in reduction of disulfides
and other oxidized forms of cysteine residues in redox-
regulated proteins through its substrate Trx. TR can also
reduce a broad spectrum of small molecules, such as
hydroperoxides (11), selenite (12), dehydroascorbate (13),
NK-lysin, and vitamin K. Three mammalian TR genes were
previously identified that encode TR1 (cytosolic enzyme, also
called TrxR1), TGR (thioredoxin and glutathione reductase,
also called TR2 or TrxR3) (7), and TR3 (a mitochondrial
TR, also called TrxR2 and TRâ) (14-16). The three
mammalian TRs are highly homologous and contain a
conserved CVNVGC active site in the N-terminal regions
and a carboxyl-terminal GCUG (U represents Sec) tetrapep-
tide that are both essential for TR function (17, 18). TGR
was found to have an additional domain with homology to
glutaredoxin (Grx) (7). Grx is a component of another major
redox system, the glutathione system (19).

It is generally thought that the Trx and glutathione systems
function independently of each other in vivo. However, the
finding of TGR suggested that these two systems may
interact with each other. Moreover, it was found thatDroso-
phila melanogasterdoes not have a functional glutathione
reductase and that glutathione is reduced in this organism
via the Trx system (20).

Following identification of the Grx-fused TGR in mam-
mals, similarly organized homologous proteins were found
in several other organisms, including three parasites (21-
23), indicating that the fusion of Grx and TR domains is not
limited to mammals. However, there are important differ-
ences between mammalian and parasite TGRs. First, the
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mammalian enzyme has a tissue-specific expression pattern;
the protein is almost exclusively expressed in testis (unpub-
lished data); and second, the Grx domain of mammalian TGR
contains a CxxS (cysteine separated from serine by two other
residues) active site motif, whereas the parasite TGRs contain
a typical CxxC active site motif that is found in most
glutaredoxins (21-23). These differences suggest that,
despite similar domain organization, mammalian and parasite
TGRs may represent two functionally distinct types of
proteins.

Analysis of TR1 mRNA expression revealed its low levels
in brain and high levels in the medullary rays of the rat
kidney (24). Interestingly, a kidney-derived cDNA clone
differed from known TR1 cDNA sequences in 5′ sequences
(24). In addition, a third differential 5′ sequence was detected
in rodents. We also observed three differential 5′ sequences
in rodent TR1 genes and predicted that they result from
alternative first exon splicing (25). It was also proposed that
alternative splicing could explain, at least in part, extensive
heterogeneity within human TR1 preparations. However,
genomic sequences of any of the TR1 genes were not
available to test these predictions. After completion of human
and mouse genomic projects, the three alternative cDNA
forms were mapped to genomic sequences, providing further
support for regulation of TR1 by alternative splicing (26).

In this report, we used comparative genomic methods to
map available mammalian TR1 cDNA sequences and identi-
fied novel, species-specific and common alternatively spliced
forms of this protein. Analysis of these forms revealed that
the basic TR1 module is fused to various redox sequences
and that such fusion allows the linkage of these sequences
to an electron donor, NADPH, and provides expression of
the fusion proteins in temporal and spatial manner. Surpris-
ingly, we also identified a Grx domain-containing form of
TR1. This form exists in human, chimpanzee, and dog but
is inactive in mouse and rat.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were obtained from Sigma unless
indicated otherwise. Competent cells were obtained from
Novagen.

Sequence Analysis. Sequence analyses were performed
using variousbasic local alignment searchtool (BLAST)
programs (http://www.ncbi.nlm.nih.gov/BLAST/) and vari-
ous NCBI databases [nonredundant (NR), database of
expressed sequence tags (dbEST), Genome Survey Sequence
(GSS), High Throughput Genomic Sequences (HTGS), and
Whole Genome Shotgun (WGS)]. SECIS element prediction
was performed using SECISearch 2.0 (http://genomics.unl.
edu/SECISearch.html) (27). The presence of signal peptides
was assessed by PSORT II (http://psort.ims.u-tokyo.ac.
jp/form2.html), SignalP (http://www.cbs.dtu.dk/services/
SignalP-2.0/), Signal Peptide Prediction (http://bioinformatics.
leeds.ac.uk/prot_analysis/Signal.html), and Mitoprot (http://
ihg.gsf.de/ihg/mitoprot.html). Multiple sequence alignment
was performed using ClustalW (28) in BioEdit, and the
alignment figures were generated in BioEdit. Phylogenetic
analyses were performed using PHYLIP. Tissue- and cell-
type information of various ESTs (Supporting Information,
Table S3) was retrieved from the NCBI EST database.

Construct Preparation.5′-GAGTATTCATATGGGCT-
GCGCCGAGGGCAAGGCA-3′ was used as the 5′ primer

to amplify various Grx-TR1 forms and the Grx domain
sequences from an EST clone BG772375. 5′-GCGAAGCT-
TCATCCACACTGGGGCTTAACCTCAGCA-3′ was used
as the 3′ primer to amplify the truncated form of Grx-TR1.
5′-GCGAAGCTTCATCCACACTGGGGCTTAACCGC-
AGCA-3′ was used as the 3′ primer to amplify the cysteine
mutant of Grx-TR1. 5′-TATAAGCTTAGCTAGCGATTG-
GTGCAGACCTGCAACCGATGGACCTCAGCAGCCA-
GCCTGGAGGATGC-3′ was used as the 3′ primer to
amplify the wild-type Grx-TR1 form. These sequences
contained anEscherichia coli formate dehydrogenase H
SECIS element immediately downstream of the stop signal.
The PCR products of the above three constructs were inserted
into the pET28a vector (Novagen) betweenNdeI andHindIII
sites. When expressed, these constructs generated proteins
containing N-terminal 6-His tags.

5′-TATAAGCTTAGCTAGCGATTGGTGCAGACCTG-
CAACCGATGGTTAACCTCAGCAGCCAGCCTGGAG-
GATGC-3′ was used as the 3′ primer to amplify the tagged
wild-type Grx-TR1 form. AnE. coli formate dehydrogenase
H SECIS element was also present in this construct followed
by a sequence coding for a C-terminal 6-His tag. The PCR
product was inserted into the pET21b vector (Novagen)
betweenNdeI and HindIII sites.

The preparation of TR1 constructs was similar to that of
Grx-TR1, except that 5′-GAGTATTCATATGAACGGC-
CCTGAAGATCTTCCC-3′ was used as a 5′ primer. 5′-
GAGTATTCATATGGGCTGCGCCGAGGGCAAGGCA-
3′ and 5′-GCGAAGCTTATTTTAGTAGCTTTTGAAG-3′
were used to amplify the Grx domain. Point mutations were
obtained using the QuickChange XL site-directed mutagen-
esis kit from Stratagene according to the protocol of the
manufacturer.

Expression.Recombinant proteins were expressed in the
BL21(DE3) strain (Novagen), and His-tagged proteins were
purified using Ni-NTA-agarose (Qiagen) according to the
QIAexpressionist protocol (Qiagen).

Analysis of Redox Potential.To determine the redox
potential of the Grx domain, a previously reported method
(29) was used. Briefly, 15µg of the recombinant mutant
Grx domain (C3S/C90S) was incubated in 100 mM sodium
phosphate, pH 7.0, and 1 mM EDTA redox buffer in the
presence of variable GSH/GSSG concentrations and ratios
at room temperature for 4 h. The GSH content was
determined by titration using 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) before and after the incubation (ε412 ) 13600
M-1 cm-1). Ice-cold TCA (15%) was added to all samples,
and samples were incubated on ice for 15 min. The
precipitated proteins were then spun down by centrifugation
at 13000 rpm for 10 min, and the precipitates were washed
with ice-cold acetone and recentrifuged. The tubes were dried
and the proteins resuspended in 9µL of 100 mM sodium
phosphate, pH 7.0, 1 mM EDTA, and 1% SDS, followed
by addition of 15 mM 4-acetamido-4′-maleimidylstilbene-
2,2′-disulfonic acid (AMS; Molecular Probes) to the samples.
The alkylation was performed at 37°C for 2 h, and the
samples were subjected to SDS-PAGE under nonreducing
conditions and Coomassie Blue staining. The redox potential
was calculated as described (30).

75Se Labeling.Five milliliters of E. coli cells carrying the
tagged TR1 plasmid were grown to OD600 0.6, and 0.08 mCi
of freshly neutralized75Se[selenite] was added along with
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0.1 mM IPTG to the cell culture. Cells were grown for 12 h
at 30 °C, collected by centrifugation, and solubilized in
SDS-PAGE sample buffer, and proteins were electro-
phoresed and transferred to a PVDF membrane. The mem-
brane was exposed for 12 h, and the75Se radioactivity pattern
was visualized using a PhosphorImager. The membrane was
also subjected to western blot analysis using anti-His-tag
antibodies (Novagen).

Enzyme Assays.Thioredoxin reductase activities were
assayed using two methods: (i) NADPH-dependent reduction
of DTNB determined as an increase in absorbance at 412
nm at 25°C (31). A reaction mixture contained 0.2 mM
NADPH, 5 mM DTNB, and 10 mM EDTA in 0.5 mL of
100 mM sodium phosphate buffer, pH 7.0. Recombinant
protein (200µM) was used in each activity measurement.
The activity was calculated as [(OD412× 0.5 mL)/(13.6 mmol
× 2)] × 60 s min-1 (mg of protein)-1. (ii) NADPH-
dependent reduction of 0.5 mg/mL insulin and 3µM E. coli
Trx was determined as a decrease in absorbance at 340 nm
at 25 °C (31). The reaction mixture contained 0.2 mM
NADPH, 0.5 mg/mL insulin, 1 mM EDTA, and 3µM Trx
in 0.5 mL of 50 mM phosphate buffer, pH 7.0. The activity
was calculated as [(OD340 × 0.5 mL)/(6.22 mmol)]× 60 s
min-1 (mg of protein)-1.

Glutathione reductase activity was assayed as the NADPH-
dependent reduction of GSSG determined as the decrease
in absorbance at 340 nm at 25°C (32). The 0.5 mL reaction
solution contained 0.2 mM NADPH, 5 mM GSSG, and 1
mM EDTA in 100 mM Tris-HCl, pH 7.6. One unit of GR
reduces 1µmol of oxidized GSSG/min.

Grx activity was assayed as the decrease in absorption at
340 nm at 25°C (19). The reaction mixture contained 0.2
mM NADPH, 1 mM GSH, 2 mM EDTA, 0.4 unit of GR,
and 1 mMâ-hydroxyethyl disulfide (HED) in 0.5 mL of
0.1 M Tris-HCl buffer, pH 8.0. The Grx sample was added
to the solution after 2 min of incubation. One unit of activity
was defined as the consumption of 1µmol of NADPH/min.

Disulfide bond isomerization activity was assayed as the
activation of denatured RNase A (sRNase A), a fully oxidized
protein containing predominantly nonnative disulfides. Only
those RNase A molecules possessing all four native disulfides
have significant ribonucleolytic activity. sRNase A was
obtained as described in Woycechowsky et al. (33). Briefly,
fully reduced RNase A (70µM) in 20 mM Tris-HCl buffer,
pH 8.0, containing 6 M guanidine hydrochloride and 1 mM
EDTA was fully oxidized by air and diamide, the reducing
agent was removed by running a PD-10 column (Amersham
Biosciences, Piscataway, NJ) in the presence of 6 M
guanidine hydrochloride, then 5 mM diamide was added to
the protein, and the solution was incubated at 37°C for 2 h.
Exhaustive dialysis against 0.1 M Tris-HCl buffer, pH 7.6,
containing 1.0 mM EDTA was then performed to remove
guanidine hydrochloride. This method produced RNase A
with <0.1 mol of thiol/mol of protein and approximately
1% of the ribonucleolytic activity of native RNase A. The
RNase A activity was determined by following the hydrolysis
of 2′,3′-cCMP as an increase in absorbance at 296 nm (∆ε296

) 0.19 mM-1). cCMP (5 mM) was incubated with 1µM
sRNase A and the recombinant Grx domain for up to 1 h.
The differences in absorbance at 296 nm were determined
at different times and used to calculate RNase A activity.
Native RNase A was used as the positive control.

Western Blotting.Polyclonal antibodies against the re-
combinant Grx domain of human TR1 were generated by
Covance (Princeton, NJ). The antibodies were further purified
on an affinity column containing the recombinant Grx
domain. Immunoblot assays were performed using standard
procedures at 1:1000 dilution of primary antibodies. Mem-
branes were developed using an ECL system (Amersham
Biosciences. Piscataway, NJ).

RESULTS AND DISCUSSION

Human and mouse TR1 genes are known to be alterna-
tively spliced (24-26), but alternative splicing forms have
not been previously characterized. Our initial sequence
analyses revealed that the number of alternative cDNA forms
is much larger than the three previously identified, and these
encode differential N-terminal sequences in TR1. Therefore,
we performed an exhaustive search for such forms expressed
from mammalian TR1 genes.

Human TR1 Gene.We mapped the EST and nonredundant
sequences that were homologous to previously identified
human TR1 cDNA forms to human genomic sequences and
analyzed genomic structures of detected alternative forms.
The coding region of TR1 spans 13 core exons on chromo-
some 12, with the first exon containing the AUG start codon
and the last exon the Sec-coding TGA codon and SECIS
element. We designate these core exons as exons 1-13
(Figure 1A). We could find no evidence for functional exon
deletion, insertion, or alternative splicing within these 13
exons. We thus focused on additional exons upstream of
exon 1.

We detected sequences for nine alternatively spliced forms
that contained additional exons (Figure 2, forms 2-10) and
were supported by the presence of cDNA sequences.
Together with the form that started with exon 1 (Figure 2,
form 1) there were total of ten splicing forms. These ten
forms involved seven additional exons, which we designated
as exons A-G (Figure 1B). Among the seven exons, exon
D was spliced at different 3′ splicing sites. The relative size
and position of all exons, as mapped on the genomic
sequence, are shown in Figure 1B.

The ten splicing forms and an additional predicted form
(see below) coded for six TR1 ORFs that differed in their
N-terminal regions (Supporting Information, Tables S1 and
S2). We designated these as isoforms I-VI. Isoform I, which

FIGURE 1: Genomic organization of the human TR1 gene. (A) Core
exons in the human TR1 gene are shown by vertical lines and boxes
and are numbered from 1 to 13. (B) All exons in the human TR1
gene. Alternatively spliced exons are designated by letters from A
to H with exons A to G supported by the presence of cDNA
sequences and exon H predicted by comparative genomic methods.
The position of the core promoter is indicated in (B).
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was the major TR1 form, was represented by cDNA forms
1-6 (Figure 2 and Supporting Information, Tables S1 and
S2). Translation of all six isoforms was predicted to start
from the ATG codon that was located in exon 1, encoding
a 499 amino acid ORF, which we designated as a basic TR1
module (Supporting Information, Tables S1 and S2).

Isoform II was encoded by splicing form 7, which was
represented by three ESTs and was the only form that
contained exon G. This isoform contained 44 additional
amino acid residues at the N-terminus of TR1, MLSRLV-
LNSWAQAIIRPRPPKVLGLQVTTFSEAYQEGRLQKL-
LK. PSORT II predicted that this sequence had a mitochon-

drial targeting signal, whereas SignalP and other prediction
methods made no such prediction. A tBLASTn search against
various sequence databases revealed conserved sequences
in mouse, Drosophila, and chimpanzee. However, the
N-terminal extension was also homologous to Alu repeats.
Further studies are needed to establish whether this isoform
is functional.

Isoform III was represented by splicing form 8 and coded
for 99 N-terminal amino acids upstream of the basic TR1
module, MQQVMLTCKGVNRGHAVPAGPGRKPRPRR-
SSRLLAGEKHLTRSALLLCHTEDGRALEGTLSELAAET-
DLPVVFVKQRKIGGHGPTLKAYQEGRLQKLLK. This

FIGURE 2: Alternatively spliced forms of the human TR1 gene. A representative EST entry is given for each splicing form, and the total
number of ESTs corresponding to each form is shown below the accession number. Splicing form 11 is predicted by comparing mouse, rat,
and human TR1 genes. No human ESTs are available for this form. Exons U1 and U2 are also shown, but these do not result in TR1 coding
regions. Some exons did not splice at typical splice sites; EST sequences revealed that these exons extended beyond predicted splice sites
(indicated by dashed exon segments in the figure).
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isoform was generated due to lack of exon G compared to
splice variants coding for isoform I. We could not find any
homologues of this sequence in other mammalian genomes
or cDNA sequence databases. This sequence contained a
putative glutathione binding site present in Grx sequences
but lacked an N-terminal active site of such proteins.

Isoform IV was represented by splicing form 9 and
coded for an additional 52 amino acids, MSCEDGRA-
LEGTLSELAAETDLPVVFVKQRKIGGHGPTLKAYQE-
GRLQKLLK, at the N-terminus of the basic TR module,
due to the presence of exon E. This sequence also contained
the C-terminal part of the Grx domain, including the putative
glutathione binding site. However, the lack of N-terminal
sequences within the Grx domain would preclude it from
forming the Trx fold.

Isoform V was represented by splicing form 10. Two ESTs
(BG772375 and BG717223) corresponded to this splicing
form. We generated a full cDNA sequence of BG772375
and determined that there was a sequence error within the
NCBI sequence, which caused a frame shift. The correct
cDNA sequence coded for a protein with an N-terminal 150
amino acid extension relative to the basic TR1 module.
Conserved domain and PSI-Blast searches indicated that this
extension corresponded to a Grx domain and identified a
conserved CxxC active site motif within the N-terminal part
of the domain. Further phylogenetic analyses using a large
collection of Grx sequences revealed that the Grx domain
in TR1 clustered with the Grx domain found in TGR and
with a Danio rerio TR1 sequence, which also contained the
Grx domain (Figure 3A).

We further aligned an entire amino acid sequence of the
human Grx-containing TR1 isoform (Grx-TR1) with avail-
able TGR and fish TR1 sequences. The sequence alignment
(Figure 3B) revealed that all of these proteins contained a
conserved Grx domain with either CxxC or CxxS motifs and
a basic TR module with the conserved CVNVGC active site
and a C-terminal GCUG tetrapeptide. The phylogenetic tree
generated using the full-length sequences (Figure 3C) was
organized similarly to that generated using Grx sequences
(Figure 3A). These analyses showed that the human Grx-
TR1 form was evolutionarily closer toD. rerio TR1 and
mammalian TGRs than toEchinococcus granulosusand
Schistosoma mansoniTGRs. Thus, the data suggested that
these proteins evolved from a common ancient ancestor, in
which the Grx domain and the TR module were fused. It
also appears that the CxxC motif was the initial sequence in
the ancestor TR-fused Grx domain and that it gave rise to
the CxxS motif in mammalian TGRs.

Besides the ten alternatively spliced forms, there were at
least two additional forms that were generated by exon
splicing but terminated upstream of the sequences coding
for the basic TR1 module. Splicing form 12 was not spliced
at the 3′ splicing site of exon E and contained genomic
sequences downstream of exon E. It is possible that this form
was generated from an erroneous pre-mRNA.

Splicing form 13 contained two additional exons, U1 and
U2, which could not be found in any other alternatively
spliced forms of the human TR1 gene, and exons B and C.
This form was the only other alternative form that contained
exons B and C other than form 10. Similarly to form 12,
form 13 did not splice at the 3′ splicing site of exon C and
was further extended along the genomic sequence. Finally,

a splicing form (form 11) was predicted that coded for
isoform VI but was not represented by available human
cDNA sequences (described below). Tissue distribution of
alternatively spliced forms, determined by analyzing human
ESTs, is shown in Table S3 (see Supporting Information).

Mouse and Rat TR1 Genes.The TR1 gene was located
on chromosome 10 in the mouse genome and chromosome
7 in the rat genome. As in the human gene, the basic TR1
module was encoded by exons 1-13. The exhaustive analysis
of mouse EST and nonredundant sequences revealed that
the mouse TR1 gene also had alternative exons D and E.
On the other hand, no cDNA sequences could be detected
to support the occurrence of mouse exons F and G. There
was an additional alternatively spliced form, which was not
detected by mapping human cDNA sequences on the human
genome. This form encoded a 102 amino acid N-terminal
extension in the mouse TR1 (25). PSI-Blast and conserved
domain searches revealed no homology to known domains.
However, like the Grx form of human TR1, this form had a
CxxC sequence, suggesting a possible redox function.

Mapping of this form to the mouse genomic sequence
revealed two additional exons upstream of exon 1. To further
analyze this splicing form, we analyzed the two mouse exons
against the human TR1 genomic and cDNA sequences. By
comparing relative positions and sequence conservation of
the first of these two exons, we found that it was homologous
to human exon B (Figure 4A). In addition, when the mouse
genomic region containing the two exons was analyzed by
BLAST against the corresponding human genomic region,
the human counterpart of both mouse exons could easily be
observed (Figure 4C). Using the same method, we also found
the rat counterparts of both exons (Figure 4C). Mouse and
rat sequences exhibited 69% identity to human exon B,
suggesting a common evolutionary origin. Furthermore,
sequence analysis of the dog shotgun genome revealed the
two conserved exons (accession number AACN010048775).
The conservation of these exons and protein sequences
encoded by them (Figure 4D) suggests that this rare form is
present in various mammals, including humans, even though
no human cDNA sequences could be detected in sequence
databases. Thus, an additional alternatively spliced form,
human form 11 that coded for isoform VI, could be predicted
in the human TR1 gene (Figure 2). Phylogenetic analysis
(Figure 3C) showed that the human protein was closer to
the dog sequence than to those of mouse and rat.

Identification of the alternatively spliced human form 11
using mouse, rat, and dog sequences raised the question of
whether a mouse cDNA form can be detected that encoded
Grx-TR1. Analysis of mouse cDNA sequences revealed no
ESTs that corresponded to human exons A or C, but exon B
was present in the mouse form described above. We analyzed
human exon A and C sequences against mouse and rat
genomic sequences but failed to identify homologous
sequences. In the pairwise comparison of human, mouse, and
rat exons B (Figure 4A), we found a gap (shown by the red
closed box, Figure 4A) in mouse and rat exon B sequences,
which corresponded to the region coding for the CxxC motif.
Thus, mouse and rat genomes lacked sequences coding for
active site residues in the Grx domain. Further analysis of
possible coding sequences in this exon (Figure 4B) revealed
that exon B in mouse and rat genomes had several translation
stop signals within the sequence. The presence of detectable
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FIGURE 3: Sequence alignment and phylogenetic analysis of Grx-TR1. (A) Grx phylogenetic tree. The Grx domain of TR1 was aligned
with other Grx homologues, and the phylogenetic tree was generated. (B) Sequence alignment of Grx-TR1 and its closest homologues:
parasite TGRs,D. rerio TR1 and mammalian TGRs. (C) Phylogenetic trees of mammalian TR1. Left panel: phylogenetic tree that includes
Grx-TR1|H.sapiens (human Grx-TR1), Grx-TR1|C.familiaris (dog Grx-TR1), TGR|H.sapiens (human TGR), TGR|M.musculus (mouse
TGR), TGR|R.norvegicus (rat TGR), TGR|S.mansoni (S. mansoniTGR), TGR|E.granulosus (E. granulosusTGR), TR1|D.rerio (zebrafish
TR1). Middle panel: phylogenetic tree of the TR1 module. Right panel: phylogenetic tree of the N-terminal sequences of isoform VI.
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but dysfunctional exon B in mouse and rat sequences
suggested that this form was previously present but is
currently inactivated in these organisms.

Is Grx-TR1 unique in humans? We analyzed the human
sequences corresponding to the Grx domain against all
currently available mammalian genomic sequences. A dog
entry (accession number AACN010115548) was found in
WGS and a chimpanzee entry (accession number AG058691)
was found in the GSS database. The alignment of nucleic
acid sequences within exon B (Figure 4A) and dog and
chimpanzee ORFs (Figure 4B) suggested that the Grx-
containing TR1 was encoded in dog and chimpanzee

genomes. Further searches with human exons A and C
revealed no homologous exon A sequences in mammals but
found a dog exon C sequence in WGS (accession number
AACN010522948). The lack of exons A and C in chimpan-
zee sequences was probably due to the small number of
genomic sequences currently available for this animal.

To test for the occurrence of the Grx-TR1 form in vivo,
we homogenized dog and bovine testis samples and applied
them to an ADP-Sepharose, which is an affinity column
for thioredoxin reductase and other pyridine nucleotide
disulfide oxidoreductases. The enriched TR fraction was
probed in immunoblot assays with antibodies developed

FIGURE 4: Homology and heterology of mammalian TR1 genes. (A) Sequence alignment of exon B in human, mouse, rat, dog, and chimpanzee
genomic sequences. The exon is shown by a black closed box, and the red closed box indicates the region encoding the CxxC active site.
(B) ORF view of mammalian exons B. Protein sequences were aligned according to nucleotide sequence shown in (A). Mouse and rat
sequences contained in-frame stop signals, so their downstream sequences are not shown. The closed box indicates the CxxC active site.
(C) Sequence alignment of exon H in the mouse TR1 gene and corresponding genomic sequences in human and rat genomes (the overall
sequence identity of this exon, shown by a black box, was 69%). (D) Protein sequence alignment of the N-terminal domain of mouse
isoform VI and predicted rat, human, and dog counterparts. The alignment shows 39% sequence identity.
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against the Grx domain of human TR1. A band was detected
in the bovine sample that corresponded to the predicted size
of the Grx-containing form (Figure 5, left panel), suggesting
the presence of Grx-TR1 in the sample. The bovine and dog
samples were also probed with antibodies raised against a
synthetic peptide corresponding to the C-terminal 16 residues
of human TR1, which detected a weak band of the 67 kDa
TR1 protein in addition to a strong band of the major form
of TR1 that migrated as a 55 kDa protein. It is possible that
the bovine Grx-TR1 is more abundant than the corresponding
dog enzyme; however, both are likely expressed at very low
levels, consistent with a small number of ESTs available for
this form (see below). The confirmation of the occurrence
of the bovine Grx-TR1 isoform requires genomic sequences
of exons A, B, and C, which are currently not available.

Linkage of the Basic TR Module to Variable N-Terminal
Sequences in Testis.The human Grx-TR1 isoform (isoform
V) was represented by two ESTs, whereas the cDNA form
that contained exons U1, U2, and B was represented by three
ESTs, with all five ESTs being of the testis origin. In
addition, the 67 kDa mouse TR1 isoform (isoform VI) was
primarily expressed in testes as previously found using real-
time PCR (34). Thus, all forms that contained exon B
appeared to be expressed in a testis-specific manner. Interest-
ingly, the mouse TGR is highly abundant in testes (Sun, Su,
Novoselov, and Gladyshev, unpublished data). Thus, it
appears that the basic TR module in Grx-TR1 and TGR was
linked to variable N-terminal redox domains, which were
specifically expressed in testes.

Modeling of the TGR structure suggested that electrons
are transferred by this enzyme from NADPH via FAD,
the CVNCGC active site, and the C-terminal GCUG to the
active site cysteine in the Grx domain (7). Similar organiza-
tion of electron flow is expected in Grx-TR1 and other Grx-
containing TR forms. Whereas the structure of the N-terminal
domain in isoform VI is not known, it is likely that the
conserved cysteines in this domain are the ultimate acceptors
for NADPH electrons that are shuttled through the basic TR1
module.

The human TR1 core promoter was previously identified
(35), and our analysis of available EST sequences suggested
that most of these sequences could indeed be generated when
transcription is initiated from this promoter. Homology
analyses revealed a high degree of conservation within the

core promoter sequences among mammals (Supporting
Information, Figure S1). The region immediately upstream
of the transcription initiation site, in particular, is highly
conserved. However, the presence of upstream exons A, B,
and C that were located 30-70 kb upstream of the core
promoter and that gave rise to testis-specific cDNAs argues
for the presence of at least one additional promoter. This
promoter should be located upstream of exon A and primarily
activate transcription of the TR1 gene in a testis-specific
manner. A large number of alternative 5′ sequences in TR1
also suggests that the presence of additional promoters
located both upstream and downstream of the core TR1
promoter cannot be excluded.

We also analyzed SECIS elements in human, mouse, rat,
dog, andD. rerio TR1 genes. The predicted SECIS elements
(Supporting Information, Figure S2) show a very high level
of conservation except for theD. rerio structure, which has
an AU sequence instead of AA in the bulge. Such form of
a SECIS element has not been previously observed.

Expression and Characterization of Human Grx-TR1.The
fact that the Grx-TR1 isoform was not present in rat and
mouse but occurred in human, dog, and chimpanzee genomes
suggested that it might play a specialized function in a limited
number of mammals. To functionally characterize the human
Grx-TR1 form, we expressed this protein inE. coli. Expres-
sion constructs were developed that coded for (i) a truncated
form terminated at Sec (the Sec-coding UGA codon was
intact and terminated translation in the absence of the SECIS
element), (ii) a cysteine mutant in which Cys replaced Sec
(Sec648Cys), (iii) a wild-type Grx-TR1 [the full sequence
was followed by anE. coli formate dehydrogenase H SECIS
element (36)], and (iv) a tagged wild-type enzyme (similar
to the wild-type Grx-TR1 form, except that a His tag was
cloned at the C-terminus of the enzyme) (Figure 6A). Four
corresponding constructs were also developed that lacked
the Grx domain. We also separately expressed the Grx
domain (Figure 6A).

FIGURE 5: Expression of the Grx-TR1 form. Dog and bovine testes
were homogenized, the extracts were fractionated on an ADP-
Sepharose column, and the eluate was subjected to immunoblot
assays using antibodies specific for either the Grx domain of human
TR1 (left panel) or the C-terminal peptide of human TR1 (right
panel). The location of the 55 kDa form (a major form of TR1)
and the 67 kDa form is shown.

FIGURE 6: Expression of Grx-TR1 forms and their separate domains
in E. coli. (A) Expression of TR-Grx domains and full-size proteins.
Key: M, standards; lane 1, truncated form of Grx-TR1; lane 2,
cysteine mutant of Grx-TR1; lane 3, wild-type Grx-TR1; lane 4,
C-terminally tagged wild-type Grx-TR1; lane 5, truncated form of
TR1; lane 6, cysteine mutant of TR1; lane 7, wild-type TR1; lane
8, C-terminally tagged wild-type TR1; lane 9, Grx domain; lane
10, CPYC mutant of the Grx domain. Molecular masses of standards
are shown on the left. (B)75Se labeling of the tagged TR1 form.E.
coli cells expressing tagged TR1 were labeled with75Se as described
in Experimental Procedures. Lanes: left, crude extract; middle,
protein eluted from the His-tag affinity column; right, immunoblot
analysis of crude extract with anti-His-tag antibodies. Lanes 1 and
2 show PhosphorImager detection of75Se.
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All ten recombinant TR1 forms (expressed from four Grx-
TR1 constructs, four TR1 module constructs, and two Grx
domain constructs) were efficiently expressed in bacteria
(Figure 6A). However, in the C-terminally tagged protein,
the His tag was located downstream of the Sec-coding TGA.
Therefore, only those polypeptides that contained Sec also
contained the His tag, and polypeptides that were terminated
at the TGA due to low efficiency of Sec insertion into
recombinant proteins did not have the His tag. Thus, this
construct resulted in a mixture of tagged (∼1-10%) and
truncated (∼90-99%) proteins, but the tagged protein could
be separated from the truncated protein using His-tag affinity
columns.

Insertion of selenocysteine into the tagged protein was
tested by metabolic75Se labeling of cells expressing the
protein (Figure 6B). Several75Se bands were detected (Figure
6B, lane 1 from left), with the major band being the 55 kDa
TR1 and others probably being TR1 degradation products
and/or proteins nonspecifically labeled with75Se. After the
affinity purification, only the 55 kDa band remained (Figure
6B, lane 2), which was also stained with anti-His-tag
antibodies in immunoblot assays (Figure 6B, lane 3). Since
the protein could be labeled with75Se and the purified protein
contained a His tag downstream of the selenocysteine TGA
codon, the data suggested that selenocysteine was indeed
inserted into this recombinant TR1 form.

We tested TR activities of the recombinant proteins. With
DTNB and NADPH as substrates, the activities of various
recombinant TR1 forms (Table 1) were similar to those
previously reported (11). However, the activities of the
recombinant forms of Grx-TR1 showed a different pattern.
The truncated form of Grx-TR1 showed higher activity (0.5
unit/mg) than that of truncated TR1 (0.07 unit/mg) while
the cysteine mutant of both recombinant forms showed
similar activities (0.7 and 0.75 unit/mg). The activities of
the cysteine mutant and the truncated form of TR1 were
similar to those reported previously (1.15 unit/mg for the
cysteine mutant and 0.075 unit/mg for the truncated form,
calculated from the original data) (11). It is not clear why
the truncated form of Grx-TR1 showed higher activity and
if it was due to the Grx domain. The His-tagged form of
both Grx-TR1 and TR1 showed low activities (0.03 and 0.21
unit/mg), taking into account that these were selenocysteine-
containing proteins. A possible explanation is that an
extension downstream of the C-terminal active site GCUG
(which also included a His tag) blocked the N-terminal thiol/
disulfide active site.

The kinetics of the truncated form and the cysteine mutant
for the Grx-containing form were determined (Table 2). As
previously established (37), both forms had similar kinetic
parameters. However, in the Trx/insulin assay, all Grx-
containing forms were inactive. In contrast, the TR1 forms
that lacked the Grx domain (except for the truncated form)
exhibited significant activities (0.15 unit/mg for the cysteine
mutant, 0.4 unit/mg for the wild type, and 0.2 unit/mg for
tagged wild type). The data were consistent with the previous

report (11) showing that electrons flow through the C-
terminal GCUG tetrapeptide and that Cys in place of Sec
could partially support the activity.

The low activity (0.4 unit/mg) of the recombinant wild-
type enzyme was expected. Wild-type TR1 forms expressed
in E. coli using a bacterial SECIS element incorporate Sec,
but the efficiency of Sec insertion is typically low (38).
Therefore, the isolated N-terminally tagged forms are a
mixture of 1-10% full-size and 90-99% truncated proteins.
It is difficult to separate full-size and truncated TR forms.
In contrast, the isolated C-terminally tagged protein is
presumably exclusive in the Sec-containing form, but the
presence of the tag appears to interfere with enzyme activity.
This observation may provide insight into why the GCUG
tetrapeptide is located at the C-terminus of the enzyme.
Indeed, further extension of the C-terminal sequence would
not be consistent with the reaction mechanism of TR as the
C-terminal peptide moves between and shuttles electrons
from the CxxxxxC thiol/disulfide center in TR to CxxC in
the Trx substrate.

The lack of TR activity (Trx/insulin assay) in Grx-TR1
forms was particularly interesting. As discussed above, the
fusion of Grx to the basic TR1 module would place the Grx
domain in close proximity of the C-terminal GCUG tetra-
peptide, possibly preventing the binding of Trx (7). Although
the similarly organized TGR exhibits TR activity, it is
possible that, in Grx-TR1, a tighter interaction between the
fused domains or lower flexibility of the linker peptide
between Grx and TR precludes interaction of GCUG and Trx.

To further understand a possible function of the Grx
domain, we determined its redox potential by equilibrating
the protein with a glutathione buffer, followed by alkylation
of reduced cysteines with AMS and analysis of migration
properties of oxidized (nonmodified) and reduced (modified
and therefore migrating slower) forms using SDS-PAGE
(Figure 7). The value of the redox potential was calculated
as -210 mV. This value is within the range of redox
potentials seen in previously characterized Grxs (-230 mV
for Grx1 to -200 mV for Grx3) (30) and is also similar to
the redox potentials of protein disulfide isomerases (39).
Thus, the redox potential of the Grx domain is most
consistent with its function as either a reductant of a high
redox potential substrate or a protein that isomerizes disulfide
bonds in substrates.

Table 1: Catalytic Activities of Different Recombinant Grx-TR1 and TR1 Forms in the DTNB Assay

truncated form cysteine mutant wild type tagged form

Grx-TR1 TR1 Grx-TR1 TR1 Grx-TR1 TR1 Grx-TR1 TR1

specific activity (unit/mg) 0.5 0.07 0.7 0.75 0.4 0.4 0.03 0.21

Table 2: Kinetic Constants of Truncated (Lacks Sec-Gly
C-Terminal Dipeptide) and Cysteine Mutant Formsa

truncated form cysteine mutant

Vmax (µM/min) 3.39 4.51
Km (mM) 0.668 1.132
kcat (min-1) 6.28 11
kcat/Km (min-1‚mM-1) 9.4 9.72
a Reaction mixtures (0.5 mL) contained 200µM recombinant

enzymes, 100 mM sodium phosphate buffer, pH 7.0, 0.2 mM NADPH,
10 mM EDTA, and 0.25-5 mM DTNB. Reactions were carried out at
25 °C.
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We further tested the Grx activity of the recombinant Grx
domain and found that the Grx domain was inactive in the
HED assay. The Grx domain had an unusual CTRC active
site instead of the typical CPYC that is found in most Grxs.
The residues that separate the two redox cysteines are known
to affect redox properties of enzymes (40). To test whether
the lack of the Grx activity was due to the CTRC motif, we
mutated CTRC to CPYC and tested the activity of the mutant
protein. The mutated Grx domain, as well as the correspond-
ing Grx-TR1 mutant, exhibited the Grx activity (11 units/
mg), although it was somewhat lower compared with other
Grxs (19).

Since Grx has been reported to also function as dehydro-
ascorbate reductase (41), glutathioneS-transferase (GST)
(42), peroxidase (43), and disulfide isomerase (unpublished
data), we tested whether the Grx domain could have any of
these activities using either GSH or NADPH as an electron
donor. However, the Grx was not active in any of the assays.
In addition, we tested the glutathione reductase activity
(because TGR is active in glutathione reductase activity
assays) but failed to detect activity.

The fact that the Grx-TR1 form was not active in any of
the previously established Grx assays and in the Trx assays
suggests that this protein has a specific function that is
different from those previously reported for either Grx or
TR1. The redox potential of the Grx domain is consistent
with it being an electron acceptor for the TR1 module. It is
possible that Grx-TR1 is a specific reductant for an unknown
redox substrate or an enzyme that isomerizes disulfide bonds
in testes. In any case, our data differentiate this protein from
previously characterized enzymes with fusions between Grx
and TR. Indeed, in both mouse TGR and the enzyme isolated

from E. granulosus, Grx and TR domains could function
either in a coupled manner (e.g., transfer of electrons from
NADPH to GSSG) or independently of each other (e.g.,
GSH-dependent HED reduction and NADPH-dependent Trx
reduction).

SUPPORTING INFORMATION AVAILABLE

Table S1 providing detailed information on organization
of the human TR1 genes and on alternative splicing forms
derived from it, Table S2 illustrating patterns of occurrence
of alternative TR1 forms in mammals, Table S3 showing
tissue specificity of TR1 forms, Figure S1 showing an
alignment of mammalian TR1 promoters, and Figure S2
showing structures of animal TR1 SECIS elements. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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