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Cys which is conserved in all thioredoxins (5). The ac-
This report describes the cloning of a human cDNA tive site of thioredoxin is located in a protrusion of the

that encodes a new protein (Txl, Thioredoxin-like) that protein similarly to that of Escherichia coli as deter-
belongs to the expanding family of thioredoxins based mined by NMR and X-ray crystallography (6-9). There
on sequence comparison of the deduced amino acid is an increasing number of proteins with thioredoxin-sequence. This cDNA, with a total length of 1,278 bp, like domains in which many conserved residues in thi-consists of 205 bp of 5*-untranslated sequence (includ-

oredoxins are present at the same position but activeing an in frame stop codon), an open reading frame of
site residues are changed. Thus, in mammalian cells,870 bp and a 203 bp fragment of 3*-untranslated se-
protein-disulfide isomerase (PDI), calcium binding pro-quence. The coding sequence predicts a protein of 289
tein-1 (CaBP1) and phospholipase C-a (PLC-a) haveamino acids with two distinct domains: an N-terminal
two thioredoxin-like domains but the proline residuedomain of 105 residues homologous to the rest of mam-
at the active site is changed to hystidine or nucleore-malian thioredoxins containing the conserved active
doxin, a recently described nuclear thioredoxin-likesite (CGPC) and a C-terminal domain of 184 residues
protein, with a proline residue instead of glycinewith no homology with any other protein in the data-
(10-13). In prokaryotic organisms, Corynebacteriumbase. Northern blot analysis indicates that the txl

probe hybridizes to a 1.3 Kb mRNA and is ubiquitously nephridii thioredoxin-2 has an alanine residue instead
expressed in human tissues with the highest expres- of glycine at the active site and Bradyrhizobium japoni-
sion in stomach, testis and bone marrow. q 1998 Academic cum TlpA, a membrane-anchored thioredoxin-like pro-
Press tein has a valine residue instead of glycine (14,15). Thi-

oredoxin reductase is a flavoenzyme that reduces oxi-
dized thioredoxin by using the reducing power of
NADPH (the thioredoxin system) (5). Homologous thi-

Thioredoxins (Trx) are a group of small redox active oredoxin reductases have been reported to be able to
proteins (Mr 12,000). Thioredoxin was initially discov- activate some of the proteins with thioredoxin-like do-
ered in Escherichia coli as an electron donor for the mains in the insulin assay (13,14,16,17). We describe
essential enzyme ribonucleotide reductase (1) and, here the cloning of a tentatively novel member of the
since then, many functions have been assigned to thior- thioredoxin-like family (Txl), with an atypical C-termi-
edoxins not only associated with redox mediated pro- nal domain not previously found in any of the members
cesses but also structural roles (for review see introduc- of this family. However, this protein is not a substrate
tion of ref. 2). Mammalian cells have two thioredoxins, for the homologous thioredoxin reductase in the insulin
one located in the cytoplasm (3) and one in the mito- assay, typical for thioredoxin activity. Furthermore,
chondria (4) with an active sequence Trp-Cys-Gly-Pro- Txl mRNA was detected in all the tissues investigated.

MATERIALS AND METHODS1 To whom correspondence should be addressed: Dept. of Biosci-
ences, Center for Biotechnology, Karolinska Institutet, Novum, S-
141 57 Huddinge, Sweden. Fax: 46-8-7745538; Email: Giannis.Spyr- Database search. The GenBank sequence data base at the Na-

tional Center of Biotechnology Information was accessed via Internetou@cbt.ki.se
Abbreviations: EST, expressed sequence tag; Trx, thioredoxin; World Wide Web (http://www2.ncbi.nlm.nih.gov/) and the Basic Local

Alignment Search Tool (BLAST) (18) was used to identify EST clone-G3PDH, glyceraldehyde-3-phosphate dehydrogenase; PCR, polymer-
ase chain reaction encoded proteins homologous but not identical to the region centered

at the active site of human Trx1 (accession number: J04026) (3).The sequence data reported in this paper have been submitted to
the GenBank Data Libraries under the accession number AF003938. Out of many EST hits, only ESTs displaying 50-70% identity were
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selected. Being guided by homology, 53 ESTs were aligned along
with human Trx1 and a contig sequence was deduced by merging
the overlapping ESTs.

Cloning of human Txl cDNA. Two primers (hTxl-F1, 5*-TCCCCA-
TCCCAGCCCGCCCCCTCGGCCGC and hTxl-R1, 5*-AAGCTTGGC-
AAAAGTGGTGACTTTTATTTAC) were designed based on the DNA
sequence of the EST contig obtained. These primers were used to
amplify the full-length cDNA from human testis cDNA (Clontech)
with the Expand PCR Long Template System (Boehringer Manheim)
as described in the Clontech Manual. The PCR product was cloned
into the pGEM-Teasy vector (pGEM-T/hTxl) and sequenced.

Protein expression and purification. The sequence of the open
reading frame of hTxl was amplified by PCR from the pGEM-T/hTxl
construct by using two mutagenic primers, hTxl-NdeI (5*-CTGCCG-
GGCTCTCTGTGCATATGGTGGGGGTGAAG-3 *) and hTxl-BamHI
( 5* - GGTTGTCCAGGATCCTTTGTACCTTAGTGGCTTTCTCC - 3 * )
that introduce a NdeI and a BamHI site at the N-terminus and C-
terminus of the protein, respectively. The amplified DNA was cloned
into the NdeI-BamHI sites of the pET-15b expression vector (AMS
Biotechnology) and Escherichia coli strain BL21(DE3) was trans-
formed with the recombinant plasmid (pET/hTxl). A single positive
colony was inoculated in 1 liter of LB medium plus ampicillin and
grown at 37 7C until A600 Å 0.5. Then, fusion protein was induced
by addition of 0.5 mM IPTG (isopropyl-1-thio-b-D-galactopyranoside)
and growth was continued for another 3.5 h. The cells were harvested
by centrifugation at 10,000 1 g for 10 min and the pellet was resus-
pended in 50 ml of 20 mM Tris-HCl, pH 8.0, 100 mM NaCl and 1
mM phenylmethylsulfonyl fluoride. Lysozyme was added to a final
concentration of 0.5 mg/ml with stirring for 30 min on ice. Subse-
quently, MgCl2 (10 mM), MnCl2 (1 mM), DNase I (10 mg/ml) and
RNase (10 mg/ml) were added and the incubation was continued for
another 45 min on ice. The cells were sonicated and the supernatant
was cleared by centrifugation at 15,000 1 g for 30 min and loaded
onto a Talon Resin Column (Clontech). The His-Txl protein was
eluted with 50 mM imidazole, dialyzed against 20 mM Tris-HCl pH
8.0, concentrated with Centricon concentrators (Amicon Inc.) and the
size and purity of His-Txl was determined by SDS-PAGE. When
indicated the His-tag was removed by thrombin incubation (1U/mg
protein). Protein concentration was determined from the absorbance
at 280 nm using a molar extinction coefficient of 9,800 M01 cm01.

The truncated form of human Txl (hDTxl) lacking the last 184
amino acids at the C-terminal part of the protein was amplified using
the primer hDTxl-BamHI 5*-GCTTCCAGGATCCTTTTCTTAGTG-
CTGCTTGATTTTTTC-3 * as reverse primer and hTxl-NdeI as a for-
ward primer. The cloning, overexpression and purification of this
truncated form was identical to that described above for the full-
length one. Protein concentration was determined from the ab-
sorbance at 280 nm using a molar extinction coefficient of 2,920 M01

cm01 for human DTxl.

Insulin disulfide reduction assay. The insulin disulfide reduction
assay was performed essentially as described elsewhere (19) with a
slight modification to activate human Trx1 and Txl by reduction.
Aliquots of both proteins were incubated 377C for 10 min with 1 ml
of: 50 mM HEPES pH 7.6, 100 mg/ml BSA and 2 mM DTT. Then, 20
ml of a reaction mixture composed of 200 ml HEPES (1 M), pH 7.6,
40 ml EDTA (0.2 M), 40 ml NADPH (40 mg/ml) and 500 ml of insulin
(10 mg/ml) were added plus distilled water to a volume of 55 ml in
a 96-wells plate. The reaction started with the addition of 5 ml of calf
thymus thioredoxin reductase (50A412 unit) (I.M.C.O., Sweden) and
incubation was continued for 20 min at 377C. The reaction was
stopped by the addition of 0.5 ml of 6 M guanidine-HCl, 1 mM DTNB,
and the absorbance at 412 nm was measured. Human Trx1 was
always used as a positive control. FIG. 1. Nucleotide and deduced amino acid sequences of human

Northern blot analysis. Human multiple tissue Northern blots Txl. Amino acid numbers are shown in parenthesis, active site is
and human RNA Master Blot with poly(A)/ RNA from different hu- boxed and the two polyadenylation signals are underlined. The stop
man tissues were purchased from Clontech. Human Txl open reading codons are marked with asterisks.
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FIG. 2. Alignment of the predicted amino acid sequence of human Txl with that of human Trx1 and mature portion of rat Trx2. Black
boxes indicate conserved amino acid residues. The sequence of human Txl was used as a reference for the identity/similarity values.

frame probe was labelled with [a-32P]dCTP (Rediprime random very similar to that found in all thioredoxins (WCGPC)
primer labelling kit, Amersham) and hybridized at 657C overnight except that the tryptophan residue is exchanged for a
in ExpressHyb Solution following the protocol provided by Clontech. glycine residue (Fig. 2). This is the first report whereThe blots were also hybridized with human G3PDH probe as control.
The blots were scanned and quantified with the Gel Pro Analyzer
Program (Media Cybernetics) and the values were corrected for the
G3PDH values.

RESULTS AND DISCUSSION

Many different EST entries were found to be homolo-
gous but not identical to human Trx1 sequence when
dbEST databases were BLAST-searched against the
region centered at the active site of human Trx1. These
ESTs most likely represented partial cDNA segments
of a novel human thioredoxin-like protein and were
so abundant in the database that it was possible to
construct a contig, a hypothetical cDNA, simply by
splicing the 53 overlapping ESTs obtained.

To actually clone the cDNA we designed two primers
at the 5* and 3 * positions of the contig and used them
to amplify human testis cDNA by PCR. The resulting
PCR product was cloned into the pGEM-Teasy vector
and sequenced, confirming the sequence obtained from
the overlapping ESTs. The complete sequence of the
cDNA (1,278 bp) consists of 205 bp of 5*-untranslated
sequence (including a stop codon in frame), an open
reading frame of 870 bp and a 203 bp fragment of 3 *-
untranslated, including two polyadenylation signals
(AATAAA) before the poly(A)/ tail (Fig. 1). The open
reading frame codes for a protein of 289 amino acids
with an estimated molecular mass of 32.3 kDa. This
protein has two distinct domains: an N-terminal do-
main highly homologous to human Trx1 (3) and mature
portion of rat mitochondrial Trx2 (4) comprising the
first 105 amino acids, and a C-terminal domain of 184
amino acids with no homology with any other protein FIG. 3. Multiple tissue Northern Blot analysis of human Txl
in the database. The N-terminal part of the protein mRNA expression. G3PDH was used as a control to determine the

relative amount of mRNA from each tissue.contains the active site amino acid sequence (GCGPC)
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FIG. 4. Human RNA Master Blot analysis of A) human Txl mRNA; B) human G3DPH mRNA. C) The blots were scanned, quantitated
and the intensity divided by its corresponding G3DPH value. The graphic shows the intensity percentage referred to the highest value
(stomach).

a thioredoxin-like protein has the residue correspond- sequence for translocation to any compartment of the
cell and does not contain any cleavage or maturationing to tryptophan 31 in human Trx1 substituted by a

glycine residue. The N-terminal domain of human Txl sequence that could lead to a mature protein with char-
acteristics similar to the rest of the mammalian thiore-shows 43% identity with human Trx1 and 36% identity

with the mature form of rat Trx2 (without the mito- doxins. In addition, the full-length Txl protein has five
additional cysteine residues apart from the two cys-chondrial targeting sequence). Some of the structural

amino acids (Phe-12, Pro-40, Asp-59) or residues in- teines at the active site.
To test if Txl is a substrate for thioredoxin reductasevolved in protein-protein interaction (Ala-93 and Glu-

57) (20) are also conserved in Txl (Fig. 2). we expressed the full-length protein in Escherichia coli.
When assayed with NADPH and calf thymus thiore-The main difference between Txl and the two pre-

viously described mammalian thioredoxins (3,4) is its doxin reductase in the insulin assay, Txl (up to 30 mM
final concentration) showed no activity while humanatypical molecular weight (32,2 kDa) due to the exis-

tence of 184 extra amino acids at the C-terminus of the Trx1, used as a positive control, was able to reduce
insulin disulfides at a final concentration 100-foldprotein. This domain does not match any consensus
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lower than Txl (data not shown). To investigate the question of its cellular function. In addition, the
fact that Txl is highly expressed in very specializedwhether the C-terminal domain could affect the inter-
tissues like testis or bone marrow suggests that it hasaction of Txl with thioredoxin reductase we expressed
an important role in the metabolism of these tissues.a truncated form of the protein (105 amino acids) lack-

ing the C-terminal domain. When assayed under the
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