






detected as a single band of 2.5 kb in all the tissues examined.
The expression seems to be relatively high in kidney, liver,
placenta, and lung (Fig. 3).

Subcellular Localization of TMX—To determine the subcel-
lular localization of TMX protein, HEK293 cells were trans-
fected with a plasmid expressing a Myc-tagged TMX
(TMXzMyc), and subcellular fractions were prepared by sucrose
density gradient centrifugation. Each fraction was analyzed by
immunoblotting using anti-Myc antibody (Fig. 4A). Successful
preparation of the nuclear fraction was confirmed by anti-
histone H1 antibody. The TMX protein was detected mainly in
the microsomal fraction (M). A smaller amount of TMX protein
was present in the plasma membrane fraction (P), but it was
undetectable in the nuclear (N) and cytosolic fractions (Fig. 4A
and data not shown). TMXzMyc was transiently expressed in
A549 cells and observed with confocal microscopy. The cells
expressing TMXzMyc showed ER-like staining pattern charac-
terized by a diffuse network-like labeling of the cytoplasm and
nuclear rim (Fig. 4B, left panel). This result is consistent with
the result of the above subcellular fractionation study. In A549
cells coexpressing TMXzMyc and the glycosylphosphatidylinosi-
tol (GPI)-anchored EGFP known to be localized on the plasma
membrane (Ref. 38 and Fig. 4B, middle panel), the localization
of these two proteins differ considerably from each other (Fig.
4B, right panel).

Reductase Activity of TMX—The putative active site se-
quence (CPAC) of TMX does not completely match those of
classical Trx and other related proteins. To examine whether
TMX indeed shows a Trx-like reducing activity, an insulin
disulfide reducing assay was carried out using recombinant
TMX proteins (Fig. 5). In this assay, disulfide reductase activ-
ity is monitored by an increase in the turbidity of reaction
mixtures because of the formation of fine precipitates of the
dissociated insulin B chain (31). Because intact TMX contain-
ing the signal sequence and transmembrane domain was found
to be toxic to the bacterial cells, a part of TMX containing the
catalytic domain, TMX-(27–180), was expressed as a GST fu-
sion protein in E. coli and cleaved from GST. The TMX/CS-(27–
180) mutant in which two cysteines in the putative active site
(Cys-56 and Cys-59) were substituted to serines, was also pre-
pared. In the negative control with DTT and insulin alone, no
precipitation was observed up to 55 min. The addition of 100

mg/ml TMX-(27–180) resulted in a rapid increase in turbidity,
as did the addition of the control Trx protein. The reaction was
dose-dependent: TMX-(27–180) showed a longer latency period
at 50 mg/ml than at 100 mg/ml. Importantly, the TMX/CS-(27–
180) mutant failed to reduce insulin, indicating that the CPAC
motif constitutes the active site of TMX as expected, and the
two cysteine residues are essential for the disulfide reductase
activity.

Biological Function of TMX—To explore biological activities
of TMX, we established HEK293 lines expressing TMX or
TMX/CS under the control of Dox. Because TMX was predom-
inantly localized in ER, we first examined the effects of TMX
expression on the cells under ER stresses (Fig. 6). The cells
were cultured in the presence or absence of Dox for 24 h and
then placed for 16 h in the medium containing a reagent known
to induce ER stress and apoptosis: namely, thapsigargin, cal-
cium ionophore A23187, or BFA (19). When the cells were
treated with thapsigargin, or calcium ionophore A23187 (both
disrupt intracellular calcium homeostasis), apoptosis was in-

FIG. 5. Reductase activity of TMX. Bacterially expressed TMX and
TMX/CS proteins were incubated with insulin and their ability to
reduce insulin disulfide bonds was measured. The absorbance at 595
nm was monitored every 2.5 min. l , 100 mg/ml TMX-(27–180); V, 50
mg/ml TMX-(27–180); Œ, 100 mg/ml TMX/CS-(27–180); ‚, 50 mg/ml
TMX/CS-(27–180); M, 25 mg/ml recombinant human Trx; 6 , negative
control. The experiments were repeated twice with essentially the same
results.

FIG. 4. Subcellular localization of
TMX. A, subcellular fractionation of
TMXzMyc transfectants. Cell fractions
were analyzed by immunoblotting with
anti-Myc and anti-histone H1 antibodies.
N, nuclear fraction; M, microsomal frac-
tion; P, plasma membrane fraction. B;
left, immunostaining for TMXzMyc using
Cy3-conjugated anti-mouse Ig as a sec-
ondary antibody; middle; expression of
GPI-anchored EGFP; right, merged
image.
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duced equally in the Dox-treated and untreated cells (data not
shown). Interestingly, the cells exhibited significant resistance
to the apoptosis-inducing activity of BFA (an inhibitor of ER-
Golgi transport) only when the TMX transgene was switched
on by Dox-treatment (Fig. 6A, top and middle panels). Such an
effect was not evident when the enzymatically inactive
TMX/CS mutant was expressed. The BFA-induced apoptosis
could be confirmed by fluorescence-conjugated annexin V
(FITC-AV) on the cell surface. Although the BFA (0.1 mg/ml)-
treated rtTA/TMX/CS cells were stained equally with FITC-AV
regardless of Dox treatment, the BFA (0.2 mg/ml)-treated rtTA/
TMX cells were hardly stained with FITC-AV when TMX ex-
pression was induced (Fig. 6A, bottom panels). This apoptosis-
suppressing effect of TMX was observed in the presence of up to
0.2 mg/ml of BFA for more than 20 h, but at higher concentra-
tions the suppression was hardly observed (data not shown).
Immunoblot assay confirmed the Dox-dependent expression of
TMX and TMX/CS (Fig. 6B).

DISCUSSION

In this study, we have characterized a novel Trx-related
protein encoded by a gene identified as one of the TGF-b-

responsive genes isolated by a retrovirus-mediated gene trap
screening (27). This gene is widely expressed in normal human
tissues (Fig. 3). Because the product of this gene contains one
redox active site, a signal sequence, and a transmembrane
domain, we named it transmembrane Trx-related protein
(TMX). When TMX was tagged with FLAG epitope at its N
terminus, the product was rarely detectable with anti-FLAG
antibody (data not shown), supporting the prediction that the N
terminus may serve as a signal peptide.

The TMX cDNA was found to largely overlap with the human
hypothetical cDNA clone DKFZp564E1962 whose sequence
was previously deposited in the databases (GenBankTM/EBI
accession no. AL080080). The 59 region of this cDNA clone
extends up to the 23rd nucleotide upstream of the translation
initiation codon, and this segment lacks an inframe stop codon,
which we found at 81 bases upstream of the initiation codon
(Fig. 1). When homology protein searches were performed
against databases of other species, two conceptual translation
products in C. elegans and Drosophila were found with high
identity scores. They share an identical active site sequence
and structural similarity with TMX even outside of the Trx-like

FIG. 6. Suppression of BFA-mediated apoptosis by TMX. A, top and middle panels, HEK293 cells harboring either tet-inducible TMX gene
(rtTA/tet-TMX) or tet-inducible TMX/CS gene (rtTA/tet-TMX/CS) were cultured in the presence (1) or absence (2) of Dox and then treated with
BFA (0.1 mg/ml) for 16 h. Morphology were examined and photographed under an inverted microscope. Bottom panels, to detect apoptosis,
rtTA/tet-TMX and rtTA/tet-TMX/CS cells were cultured in the presence (1) or absence (2) of Dox and then treated with BFA (0.1 and 0.2 mg/ml)
for 20 h. Apoptotic cells were stained in a 10-min incubation with FITC-conjugated annexin V. The figure shows rtTA/tet-TMX cells treated with
0.2 mg/ml BFA and rtTA/tet-TMX/CS cells treated with 0.1 mg/ml BFA. B, induction of TMX and TMX/CS protein by Dox was confirmed by
immunoblotting with anti-Myc antibody.
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domain (Fig. 2B). The strong sequence conservation in these
distantly related species suggests the possibility that they com-
pose a novel Trx family.

Although the potential active site sequence of TMX, CPAC,
has not been found in any other mammalian proteins with a
Trx-domain, the sequence has Trx-like reducing activity when
detected by the insulin disulfide reducing assay (Fig. 5), a
classical spectrophotometric assay detecting the reduction of
the two interchain disulfide bonds of insulin (31). Replacement
of two cysteine residues in the redox active site to serines
resulted in a complete loss of the reductase activity of TMX
protein. These results suggest the potential function of TMX as
an oxidoreductase with the novel active site sequence.

The TMX amino acid sequence predicts that TMX may be a
type I membrane protein; the Trx-like domain in the N-termi-
nal half protrudes on the luminal side of the ER. Sequence
analysis of TMX revealed no known motifs for subcellular lo-
calization. Analysis with the Myc-tagged protein revealed that
TMX is probably localized primarily in the ER (Fig. 4B), where
another protein family with Trx-like domains, PDI, also exists.
PDI contains two Trx-like domains and catalyzes the disulfide
bond formation (25, 26). The retention of some proteins in the
ER is known to depend on the presence of the C-terminal
sorting signals such as KDEL (39) and the double lysine motif
(KKXX or KXKXX) (40). There is a KDEL motif at the C
terminus of PDI, and it resides in the lumen of the ER (26).
There is no such ER-retention motif at the C terminus of TMX,
and the localization pattern of overexpressed protein did not
change when the Myc epitope was inserted immediate to the
C-terminal site of the predicted signal sequence (SS) cleavage
site (SS-MyczTMX, data not shown), suggesting that the ER
retention mechanism for TMX is independent of the C-terminal
sequence.

The cell fractionation experiments suggest that a low level of
TMXzMyc was expressed on the plasma membrane (Fig. 4A).
However, when the staining patterns of TMXzMyc or SS-
MyczTMX was compared with that of GPI-anchored EGFP,
overlapped staining on the plasma membrane was not obvious
(Fig. 4B and data not shown). Therefore it has remained un-
clear whether some TMX protein can be localized on the plasma
membrane. Because we could not exclude the possibility that
the tagging of the Myc epitope might lead to the mislocalization
of the protein, the localization of endogenous protein should be
elucidated by using specific antibodies against TMX itself.

The accumulation of unfolded or abnormal proteins and the
disruption of ER calcium homeostasis give rise to ER stress,
and excess or prolonged stress results in apoptosis (41). BFA is
an effective ER stress inducer and was shown to induce apo-
ptotic cell death in several human tumor cell lines (42, 43).
BFA, a small fungal metabolite, has been shown to alter the
function of the Golgi and trans-Golgi network, disrupt the
traffic between endosomes and lysosomes, and inhibit protein
secretion and synthesis because of impairment of vesicular
transport (44, 45). In this study, we showed that the overex-
pression of TMX could relieve the ER stress induced by BFA
(Fig. 6A). The apoptosis suppression by TMX was rather spe-
cific to BFA; no resistance was observed in the TMX-expressing
HEK293 cells to other ER stress inducers such as thapsigargin
and calcium ionophore A23187. BFA disrupts protein traffick-
ing and Golgi morphology by inhibiting Golgi-associated gua-
nine nucleotide exchange factors that activate ADP-ribosyla-
tion factors (ARFs) (45). At the moment, it is unclear whether
TMX interferes with the action of BFA or during later events
leading to cell death. In the former case, TMX may bind and/or
inactivate BFA itself or may by an unknown mechanism reac-
tivate ARFs. In the latter case, an interesting possibility,

among others, would be that TMX, like Ire1 (46, 47) and ATF6
(48, 49), functions as a stress sensor residing on the ER mem-
brane, detecting the accumulation of unfolded proteins and
activating downstream anti-stress response. Alternatively,
TMX may modify certain proteins with its oxidoreductase ac-
tivity thereby suppressing ER stress-induced cell death.

Our previous results indicated that the level of TMX mRNA
was increased by about 2-fold after TGF-b treatment (27). The
functional relationship between TGF-b and TMX is presently
unclear. RNA blot analysis revealed that BFA treatment (0.2
mg/ml) for 24 h did not increase the level of TMX mRNA (data
not shown), indicating that ER stress itself does not influence
TMX expression. No alteration was observed in the interaction
between Smad3 and Smad4 or in the expression of these pro-
teins in the HEK293 cells coexpressing TMX and Smad3 and/or
Smad4 (data not shown), suggesting that TMX may not have
direct effects on the TGF-b signal transduction pathway. Fur-
ther study is needed to test the interesting possibility that
TMX serves as an essential target for TGF-b signaling and
mediator for some of its biological effects.
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