2558

dozen different mRNAs are known to be regulated by this
pathway, and sequences in the 5'-untranslated region of the
respective mRNAs may determine the degree to which the
translation of any particular mRNA can be modulated by
mTOR signaling. HIF-1« protein expression is likely to be
particularly sensitive to changes in the rate of synthesis be-
cause of its extremely short half-life under nonhypoxie
conditions,

HIF-1 activity is regulated not only by HIF-1a protein ex-
pression but also by HIF-1a transcriptional activity, Qur data
analyzing transactivation mediated by Gald-HIF-1¢-TAD fu-
sion proteins demonstrate that NOC18 treatment also induces
HIF-1a TAD activity under nonhypoxic conditions. A regula-
tory switch controlling TAD activity involves O,-dependent
hydroxylation of Asn-803 by FIH-1. NOC18 treatment did not
promote dissociation of FIH-1 and HIF-1«, TAD activity is also
regulated by a MAPK-dependent mechanism {41). The MEK-1
inhibitor PD98059 blocked NOC18-induced HIF-1 activation
and NOC18-induced MAFPK activation, suggesting a link be-
tween NOC18, MEK/ERK, and HIF-1«. Published data suggest
that the direct target of MEK/ERK may be the coactivators
CREB-binding protein and p300, which interact with the TADs
(42).

The action of NO in biological gystems can be mediated directly
by NO or by conversion of NO to NO~ or NO* equivalents (43).
Because two enzymes in the ubiquitin-proteasome pathway, E1
and E2, contain thiols in their active sites, these thiols were o
priori candidates as targets of NO donors, However, our experi-
mental results do not support this mechanism of action for
NOCI18. Another potential target is HIF-1a itself, since thereis a
report that GSNO induces nitrosylation of HIF-1a (44). However,
our results indicate that if NOC18 induces nitrosylation of HIF-
e, this modification does not lead to accumulation of the protein.
NOCI18 treatment had no effect on the interaction of HIF-1e and
VHL, whereas GSNOQ partially irhibited the interaction, and
SNP dramatically augmented the interaction. SNP may stimu-
late the prolyl hydroxylation-ubiquitination system and promote
increased HIF-1a degradation. Consistent with this hypothesis,
SNP inhibited HIF-1 accumulation induced by DFX. Thus, dif-
ferent NO donors activate or inhibit HIF-1 through different
molecular mechanisms..

Recent studies have demonstrated that NO denors stimulate
cellular signaling cascades (45—47). Overexpression of a dom-
inant negative form of Ras significantly inhibited NQOC18-in-
duced HRE-dependent gene expression, and the tyrosine ki-
nase inhibitor genistein almost completely abolished NOC18-
induced HIF-la expression, suggesting that one or more
protein-tyrosine kinases or phosphatases may be regulated by
nitrosative modification. NOC18 treatment also induced phos-
phorylation of both AKT and ERK. Thus, NOC18 treatment
modulates protein kinase signaling pathways similar to the
effects of growth factor treatment. Determination of the extent
te which NO signaling to HIF-1 participates in physiological
and pathophysiological processes will reqguire further
investigation,
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Abstract

Various proteins sharing thioredoxin (Trx)-like active site sequences (Cys-Xxx~Xxx—Cys) have been found and classified in the
Trx superfamily. Among them, transmembrane Trx-related protein (TMX) was recently identified as a novel protein possessing an
atypical active site sequence, Cys-Pro-Ala—Cys. In the present study, we describe the propertics of this membranous Trx-related
molecile, Endogenous TMX was detected as a protein of approximately 30 kDa with a cleavable signal peptide. TMX was enriched
in membrane fractions and exhibited a similar subcellular distribution with calnexin localized in the endoplasmic reticulum (ER).
The examination of membrane topology of TMX suggested that the N-terminal region containing the Trx-like domain was present
in the ER lumen, where protein disulfide isomerase (PDI) was found to assist protein folding. Recombinant TMX showed PDI-like
activity to refold scrambled RNase. These results indicate the possibility that TMX can modify certain molecules with its oxido-

reductase activity and be involved in the redox regulation in the ER.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Thioredoxin; Redox; Endoplasmic reticulum; Disulfide bond; Protein disulfide isomerase

Thioredoxin (Trx) is a small multifunctional protein,
conserved from prokaryotes to higher eukaryotes [1-3).
Trx functions as one of the key molecules controlling
cellular reduction/oxidation (redox) balance and is in-
volved in various biological processes, including gene
expression, cytoprotective action, signal transduction,
and proliferation [4). Trx is characterized by a conserved
active site motif, Cys—Gly-Pro-Cys, and fulfills its
function via reversible reduction and oxidation of thiols

* Corresponding author. Fax: +81-75-761-5766,
E-mail address: yodoi@virus.kyoto-u.acjp (J. Yodoi).

0003-9861/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
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on these two cysteines (dithiol-disulfide interchange).
Trx-like active site motif, Cys—Xxx-Xxx—Cys, has been
found in several proteins classified in the Trx super-
family [5]. Various members of Trx superfamily can be
found in each cellular compartment, such as mito-
chondria [6,7], the nucleus [8], and the endoplasmic re-
ticulum (ER) [9]. They seem to participate in various
redox regulations in these organelles, In the ER, newly
synthesized secretory and membrane proteins are folded
and undergo several post-translational modifications,
including assembly, glycosylation, and disulfide bond
formation to attain their proper structures and activities
[10]. A variety of ER-resident proteins are involved in
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the protein folding process within the ER. Molecular
chaperones that reside in the ER such as BiP/GRP78
and GRP94 facilitate the folding and prevent the ag-
gregation of proteins. Formation of disulfide bonds is
also essential for protein function and stability [11].
Until recently, the efficient disulfide bond formation in
the ER has been considered to depend on the oxidizing
environment in the ER lumen, where the concentration
of oxidized glutathione (GSSG) is relatively high as
compared with the cytosol, and GSSG was thought to
provide oxidizing equivalents to allow disulfide bond
formation. To support efficient oxidative protein fold-
ing, however, ER-resident oxidoreductases such as
protein disulfide isomerase (PDI),! ERp57, and ERO1
are required. The activity of PDI depends on domains
homologous to Trx with CGHC redox active site se-
quences [12], When the cysteines in the active site exist in
oxidized form (disulfide), PDI can catalyze the disulfide
bond formation of substrate proteins through thiol-di-
sulfide exchange, For efficient disulfide bond formation,
reduced PDI is re-oxidized and regenerated continu-
ously by EROI, a recently identified protein localized in
the ER [13-16]. ERp57, another ER-resident oxidore-
ductase, facilitates the formation of the correct disulfide
bonds in glycoproteins and participates in the assembly
of MHC class I molecules [17,18], In addition to these
enzymes, a number of proteins with CXXC motifs are
found in the ER, but their pracise functions are not well
characterized. TMX (transmembrane Trx-related pro-

tein) was identified as a novel protein encoded by a gene

isolated as a TGF-B-responsive gene in retrovirus-med-
iated gene trap screening [19,20). TMX possesses a Trx-
like domain with a CPAC active site sequence, which is
unique to this protein. There are putative TMX ortho-
logs with identical active site sequences in other species.
Here, we report the molecular characterization of this
novel Trx-related protein. Our results suggest that TMX
is an integral membrane protein localized in the ER and
its possible role as an oxidoreductase in the cellular re-
dox regulation will be discussed.

Materials and methods
Preparation of anti-TMX polyelonal antibody

A truncated form of TMX (amino acid 27-180) was
expressed as glutathione S-transferase (GST)-fusion
protein in Escherichia coli and cleaved from GST por-
tion [20]. The recombinant protein was extracted from
SDS-polyacrylamide gel and used to immunize rabbits.

! Abbreviations used: PDI, protein disulfide isomerase; PNS, post-
nuclear supernatants; CMM, canine pancreatic microsome membrane;
ERAD, ER-associated degradation.
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IgG fractions were purified from the antiserum using
protein A-Sepharose and used as the antibody against
T™X.

Immunoblot analysis

Cells were washed with PBS and lysed in PBS con-
taining 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS. Whole cell extracts (40 pg of protein) were sepa-
rated by SDS-polyacrylamide gel -electrophoresis
(PAGE) and transferred to polyvinylidene difluoride
(PVDF) membrane, followed by blocking in TBS con-
taining 5% skim milk. For detection of TMX, the
blotted membrane was incubated with anti-TMX at the
concentration of 5 pug/ml at room temperature for 1h.
The membrane was washed with TBST and incubated
with horseradish peroxidase (HRP)-conjugated anti-
rabbit Ig. Immunodetection was carried out using ECL
detection system (Amersham Biosciences). Anti-human
calnexin antibody, AF8 [21], was a kind gift from Dr.
Michael B. Brenner (Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA). Anti-PDI an-
tibody was obtained from BD Biosciences. Anti-c-Myc
monoclonal antibody (9E10) was obtained from Santa
Cruz Biotechnology.

Cell fractionation and membrane extraction

Cells were disrupted by nitrogen cavitation using cell
disruption bomb (Parr Instrument) in homogenization
buffer consisting of 0.25M sucrose, 10mM Hepes—
KOH, pH 7.5, 50mM KCl, and 2mM MgCl,, and the
homogenate was centrifuged at 1000g for 10min. The
post-nuclear supernatant was centrifuged at 100,000g
for 1h, and the resulting supernatant (cytosolic fraction)
and the precipitate (membrane fraction) were collected.
The membrane fractions were treated with 0.1M
Na;CO;, pH 11.7, for alkali extraction or 1% Triton X-
100 plus 0.1% SDS. After incubation on ice for 15 min,
samples were centrifuged again at 100,000g for 1h to
separate supernatant from pellet. These samples were
subjected to SDS-PAGE and analyzed by immuno-
blotting.

In vitro transcription and translation

TMX c¢DNA subcloned into pcDNA3.1 (=) (Invit-
rogen) was translated in the presence or absence of

. canine pancreatic microsomal membranes (Promega)
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using TNT T7 quick coupled transcription/translation
system (Promega) and transcend non-radioactive
translation detection system (Promega) with incorpora-
tion of biotinylated lysine residues. After SDS-PAGE
and electroblotting, the translated products were visu-
alized using streptavidin-HRP and ECL detection
system,
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Immunofluorescence analysis

A549 cells grown on multiwell chamber slides were
transfected with pcDNA3.1-TMX-Myc using FuGENE
6 transfection reagents (Roche). The cells were fixed
with 4% paraformaldehyde at room temperature for
15min and then permeabilized with 0.2% Triton X-100
at room temperature for 4 min. After blocking in 5%
bovine serum albumin at room temperature for 30min,
the cells were reacted with primary antibodies at room
temperature for 1h, followed by incubation with Alexa
Fluor 568 goat anti-mouse IgG (Molecular Probes). For
detection of TMX-Myc, the cells were stained with
FITC-conjugated anti-c-Mye (9E10) mouse monoclonal
antibody (Santa Cruz Biotechnology).

Topological studies of TMX by trypsin digestion

Postnuclear supernatants or membrane fractions pre-
pared as described above were treated with trypsin
(Nacalai Tesque) at room temperature for l5min,
Digestion was terminated by addition of SDS sample
buffer followed by boiling for 4 min. Samples were sepa-
rated by SDS-PAGE and analyzed by immunoblotting,

Reactivation of scrambled RNase

Recombinant TMX [TMX(27-180)] and its mutant
[TMX/CS(27-180)], in which two cysteines in the CPAC
motif were substituted to serines, were prepared as de-
scribed previously [20]. Assays for reactivation of
scrambled RNase catalyzed by protein disulfide isom-
erase activity were performed as described elsewhere
(assay protocol for PDI provided by TaKaRa) [22,23]
with slight modifications. The assay was started by ad-
dition of scrambled RNase (Sigma) (final 0.2 mg/ml) to
the reactivation mixture (50 mM sodium phosphate, pH
8.0, ImM EDTA, 2mM GSH, and 0.2mM GSSG)
containing either 0.1mg/ml (5.5 pM) TMX(27-180) or
0.1mg/ml (5.5 pM) TMX/CS(27-180), and the mixture
(final volume of 0.2ml) was incubated at room tem-
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perature. A control sample without recombinant TMX
was also examined. Aliquots of 50 ul were removed ev-
ery 30 min from the reactivation mixture and assayed for
RNase activity by mixing with 650p] of 0.1 M Mops
containing 0.3 mM cytidine 2/,3-cyclic monophosphate
(cCMP) as a substrate. RNase activity of each sample
was monitored by the change in the absorbance at
284nm (A4284) that resulted from the hydrolysis of
c¢CMP. The increase in 4284 was recorded for 3minin a
spectrophotometer and the rate of increase in 4284
{AA4284/min) was obtained. The rate of cCMP hydrolysis
determined from A4284/min was plotted against time of
withdrawal of the aliquot from the reactivation mixture.

Resnlts
TMX is expressed in various cell types

To analyze the expression of endogenous TMX, we
raised polyclonal antiserum against the N-terminal re-
gion of TMX (amino acids 27-180). After repeated im-
munization of rabbits with recombinant TMX expressed
in E. coli, antiserum was collected and IgG fractions
were purified. This antibody recognized a single band of
approximately 30kDa in immunoblot analysis. The in-
tensity of this band was enhanced when using cells
transfected with an expression vector encoding the full-
length TMX, confirming the specificity of this antibody
(Fig. 1, right panel). We examined TMX expression by
immunoblotting using lysates prepared from several
human cell lines, derived from different organs. TMX
was expressed in all the cell lines tested (Fig. 1).

TMYX possesses a cleavable signal peptide

Computational analysis predicted that the N-terminus
of TMX contained a2 hydrophobic signal peptide for
translocation into the ER, with a potential cleavage site
between residues 26 and 27. To test whether the N-ter-
minal hydrophobic region of TMX can function as a

B % & -
£ a5 % 3 5 c§_ pcDMA3.I-TMX
S 1 o W o E—
S ¥ O & « T I T -+
475" T " T % T
325 T T Mi T

m e L T S s s e 1 !.Tr_..k,.,l. M&] - TMX
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Fig. 1. Expression of endogenous TMX in human cell lines. Left panel: cell Iysates (40 pg of protein) prepared from the following hurnan cell lines
were analyzed by immunoblotting with anti- TMX polyclonal antibady; Jurkat (T cell leukemia cell), K562 (proerythroblastic leukemia cell), 1937
(promornocytic cell), 293 (embryonal kidney cell), A549 (Jung adenocarcinoma cell), HaCat (keratinocyte cell), HeLa {cervix carcinoma cell), and
HepG2 (hepatocarcinoma cell). right panel: The intensity of the immunoreactive band of TMX was enhanced in A549 cells transfected with

peDNA3.1-TMX (+) as compared with mock transfectants ().
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Fig. 2. In vitro translation of TMX cDNA. TMX cDNA was transcribed
and translated in vitro using pcDNA3.1-TMX as a template and rabbit
reticulocyte lysates with incorporation of biotinylated lysines in the
presence or absence of canine pancrealic microsomal membranes
(CMM). Control reaction was cartied out with an empty vector. Samples
were resolved by SDS-PAGE and transferred to a PVDF membrane.
Translated products were detected using streptavidin-HRP,

cleavable signal peptide, TMX was in vitro translated in
the presence of canine pancreatic microsome membrane
(CMM). CMM has a signal peptidase activity and a
protein with a cleavable signal peptide can be processed in
the presence of CMM, resulting in the production of
peptides with smaller molecular weights. In the absence of
CMM, only a premature form of TMX was produced
(Fig. 2, lane 1), and when CMM was added to the reac-
tion, processed peptides were also detected (Fig. 2, lane 2),
indicating the presence of a functional and a cleavable
signal peptide which enabled the protein to enter into the
membrane,

TMX is an integral membrane protein

Cell fractionation was carried out to monitor the
subcellular localization of TMX. Cells were disrupted by
nitrogen cavitation and resulting lysates were subjected
to sequential centrifugation. As shown in Fig. 3A, TMX
was recovered in the membrane fractions. Successful
preparation of each fraction was confirmed by enrich-
ment of marker proteins; calnexin (ER) and Trx (cyto-
sol). When the membrane fractions were treated with
0.1 M sodium carbonate (pH 11.7), which should extract
peripheral membrane proteins and luminal proteins
such as PDI (Fig. 3B, lane 4), TMX was recovered in the
insoluble pellet and not released from the membranes
(Fig. 3B, lane 3). Only detergents could extract TMX
and it was released into the supernatant (Fig. 3B, lane
6). These results indicate that TMX is an integral
membrane protein.

TMX-Myc colocalizes with calnexin in the ER

In the immunofluorescence analysis using anti-TMX,
we could not detect the signal showing the localization
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Fig. 3. Membrane association of TMX. (A) 293 cells were disrupted by
nitrogen cavitation and fractionated into membrane (M) and cytosolic
fractions (C). They were analyzed by immunoblotting using anti-
calnexin (CNX: ER-resident membrane protein), anti-TMX, and anti-
thioredoxin (Trx: mainly cytosolic protein) as indicated, Post-nuclear
supernatants (PNS) were used as controls. (B) Membrane fractions
prepared from 293 cells were suspended in homogenization buffer
(coatrol), 0.1 M sodium carbonate, pH 117, or 1% Triton X-100 plus
0.1% SDS. After incubation on ice for 15min, samples were separated
into pellet (F) and supernatant () by centrifugation and analyzed by
immunoblotting with anti-TMX or anti-PDI.

of the endogenous protein. To visualize the intracellular
location of TMX, A549 cells were transiently transfected
with Myc-tagged TMX and analyzed by immunofluo-
rescence microscopy. A reticular staining of the cyto-
plasm was observed in cells expressing TMX-Myc. A
similar staining pattern was obtained when a C-termi-
nus-tagged EYFP fusion TMX was examined (data not
shown). These results implied that TMX was associated
with subcellular membranous structure, such as the ER
and the Golgi apparatus [24]). On this account, we
compared the expression pattern of TMX-Myc with
those of marker proteins localized in these organelles.
When cells transiently transfected with TMX-Myc were
doubly stained with anti-Myc antibody and anti-caln-
exin antibody, TMX-Myc was found to colocalize with
calnexin (Fig. 4). Calnexin is a well-characterized
transmembrane-type chaperone localized in the ER. In
contrast, the staining pattern of TMX-Myc was entirely
different from that of GM130 associated with the cis-
compartment of the Golgi body (data not shown), From
these results, it is suggested that TMX is localized in the
ER membrane.
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TMX-Myc

CNX

averlay

Fig. 4. Confocal immunofluorescence analysis of cells expressing TMX-Myc, A549 cells transiently transfected with pcDNA3.I-TMX-Myc were co-
stained with anti-Myc (green) and anti-calnexin (red). A merged image is shown in the right panel with yellow color indicating colocalization of

TMX-Myc and calnexin.

Membrane topology of TMX

Hydropathy analysis and motif search revealed a
hydrophobic stretch in the C-terminal half of TMX,
which was likely to form a transmembrane domain. To
confirm the orientation of TMX in the membrane, the
1000g supernatant fraction prepared from 293 cells was
treated with trypsin, followed by immunoblotting. After
digestion with trypsin, the amount of intact TMX pro-
tein was decreased and fragments of 20 kDa were newly
detected by anti-TMX (Fig. 5A). The size of these
fragments corresponded to that of the N-terminal region
which could be recognized by anti-TMX. These results
indicated that the N-terminal region of TMX was lo-
calized on the luminal side of the ER and protected from
trypsin digestion. We further confirmed the membrane
topology of TMX using epitope-tagged TMX., Mem-
brane fractions prepared from NIH3T3 cells transfected
with TMX-Myc were subjected to trypsin treatment and
digested TMX-Myc was monitored using two antibod-
ies, anti-TMX specific to the N-terminal region or
anti-Myc recognizing the C-tertninus. After trypsin
treatment, anti-Myc antibody failed to detect the di-
gested protein (Fig. 5B, lane 4), indicating that the C-
terminal tail was accessible to the protease, whereas
anti-TMX antibody recognized a band of 20kDa in the
same way as the above experiment using endogenous
protein (Fig. 5B, lane 2). Together these results suggest
that TMX is a type I integral membrane protein [25,26];
N-terminal region containing the Trx-like domain is
present in the ER lumen and the C-terminus of TMX is
oriented facing the cytoplasm.

Trx-like domain of TMX catalyzes refolding of scrambled
RNase

In the ER, newly synthesized proteins undergo several
post-translational modifications. Among them, the for-
mation of disulfide bonds is critical for the folding and
stabilization of proteins on the secretory pathway, PDI is

A
Trypsin = + 4+
a7 B
‘ w--{*--- i« TMX
i 4
25 :
2 ~ i« digested
1 2 3. a4
B Ab. TMX(N) Myc(C)
Trypsin - + - 4+
JE
37 = e i 1...._..,..54 TMX-Myc
[ i |
= oh
20 —i e 1| '« digested
[ 1
il i

1 2' ‘3 s

Fig. 5. Membrane topology of TMX. (A) Post-nuclear supernatants
prepared from 293 cells were treated with increasing amounts of
trypsin (fane 1, Opg/ml; lape 2, 5 pp/ml; tane 3, 15 up/ml; and lane 4,
50 pg/ml) at room temperature for 15min. Trypsin digestion was ter-
minated by adding SDS sample buffer and samples were analyzed by
immunoblotting with anti-TMX. (B) NIH3T3 cells were transiently
transfected with pcDNA3.1-TMX-Myc. Membrane fractions were
prepared and subjected to trypsin digestion (lanes 1 and 3, Opp/mi;
lanes 2 and 4, 150 pg/ml), followed by immunoblotting with anti-TMX
(lanes 1 and 2) recognizing the N-terminal region of the protein or
anti-Myc (lanes 3 and 4) specific to the tag added at the C-terminus.

a physiological catalyst for native disulfide bond forma-
tion in the ER lumen. PDI possesses the sequences of
CGHC within two domains homologous to Trx, which
are required for its activity. This redox-active CXXC
motif, characterized by two cysteines separated by two
amino acids, is also found in TMX (CPAC). To test
whether TMX has PDI-like activity in vitro, a Trx-like
domain of TMX was expressed as recombinant protein in
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Fig. 6. Reactivation of scrambled RNase catalyzed by TMX. Enzy-
matically inactive scrambled RNase was incubated with TMX or its
mutant (TMX/CS) expressed in E. cofi. Aliquots were removed every
30min end added to the reaction mixture containing ¢CMP as a
substrate for RNase. Reactivation of RNase was monitored by the rate
of increase in the absorbance at 284 nm (AA4284/min) resulting from
c¢CMP hydrolysis, Open circles, wild type TMX; closed circles, TMX/
CS; and open squares, negative control without recombinant protein,
The experiments were repeated three times with essentially the same
results,

E. coliand its ability to catalyze disulfide interchange was
assessed using scrambled RNase containing randomly
formed disulfide bonds. Scrambled RNase is inactive and
requires interchange of incorrectly paired disulfide bouds
to regain its native conformation and activity toward its
substrate. The recombinant TMX could refold scrambled
RNase resulting in the recovery of its activity observed as
anincrease in the rate of cCMP hydrolysis (Fig. 6). When
the two cysteines in the active site were substituted to se-
rines, this mutant TMX showed no effect on the recovery
of RNase activity, as compared with a control, revealing
that two cysteine residues in the CPAC motif were es-
sential for the catalytic activity. :

Discussion

In this study, we describe the properties of TMX, a
novel member of the Trx superfamily. Various members
of the Trx superfamily have been found in each cellular
compartment and seem to act as redox regulators with
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specialized functions depending on their localization.
Subcellular localization of TMX was practically identi-
cal to that of calnexin, a transmembrane protein local-
ized in the ER. Calnexin is a membrane-bound
chaperone that interacts with many glycoproteins on the
secretory pathway during their maturation within the
ER [21,27]. The C-terminal charged residues of calnexin
are required for its retention in the ER, while no con-
sensus motif for localization is found in TMX. Due to
the weak reactivity of the antibody to the protein with
native conformation, we could not obtain the fluores-
cence image showing the localization pattern of endog-
enous TMX. When several TMX constructs containing
tag sequence {(c-Myc or EYFP) were expressed in cells,
they showed typical ER staining pattern. These obser-
vations strongly suggest that TMX is localized primarily
in the ER, but we could not exclude the possibility that
overexpression of the tagged protein might lead to the
mislocalization. Further studies are needed to elucidate
the precise mechanism for the retention in the ER.

In the ER, various types of Trx-like molecules can be
found [28], but many of these ER-resident Trx-like mol-
ecules are less well characterized. As reported previously,
Trx-like domain of TMX showed reducing activity to-
ward interchain disulfides of insulin [20]. Here we show
that TMX can also catalyze the renaturation of inactive
RNase containing incorrect disulfide bonds. The topo-
logical studies suggested that the Trx-like domain of
TMX was present in the ER lumen, where TMX might
modify a certain target molecule and participate in the
disulfide-linked protein folding. The active site sequence
of TMX (CPAC) is unique to this protein and TMX or-
thologs with identical active site sequence have been
found in other species. They are similar in overall orga-
nization: a signal peptide; a luminal Trx-like domain; a
transmembrane domain; and a C-terminal tail. Among
them, Caenorhabditis elegans DPY-11 has been reported
to be expressed exclusively in the hypodermal cells [29].
Dpy-11 mutants and RNAi-mediated knockdown worms
show dumpy body phenotype and the sensory ray ab-
normalities, suggesting that DPY-11 is required for body
and sensory organ morphogenesis. These studies raise the
possibility that, unlike classical PDI as a general foldase,
TMX may be required for the modification of specific
substrates involved in the developmental process.

In our previous study, overexpression of TMX in 293
cells significantly delayed onset of ER stress-induced cell
death [20]. The perturbations of ER function lead to the
accumulation of misfolded or abnormal proteins in the
ER, which causes ER stress [30]. Cells can adapt to ER
stress by activating the stress response pathway [31,32],
but excessive and prolonged ER stress causes apoptotic
cell death [33]. ER-resident molecular chaperones and
folding enzymes including PDI are induced by ER stress
to increase folding capacity in the ER. Involvement
of luminal oxidoreductases is also suggested in the
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degradation of misfolded proteins [34]. Terminally mis-
folded proteins in the ER are translocated back to the
cytosol through the translocon complex and degraded by
the ubiquitin-proteasome system defined as ER-associ-
ated degradation (ERAD) [35]. During this process, re-
duction of inter- and intramolecular disulfide bonds of
misfolded proteins should occur to unfold the polypep-
tides and make them transported through the translocon
[36,37]. Such enzymatic reduction of disulfide bonds is
observed in the endocytic pathway. Many proteins in-
ternalized by endocytosis are degraded in lysosomes into
small peptides. Lysosomal thiol reductase named GILT
catalyzes thereduction of disulfide bonds of these proteins
to promote efficient proteolysis, and facilitates processing
and presentation of antigenic proteins [38,39]. If the di-
sulfide reduction of proteinsis a general strategy equipped
with cells to achieve efficient protein degradation, ER-
resident oxidoreductases can be implicated in unfolding
of proteins destined to be degraded by ERAD, although
none has been found to catalyze disulfide reduction in the
oxidizing environment of the ER. Recent studies have
suggested that ER stress-induced cell death is associated
with neuronal degenerative disorders such as Alzheimer’s
disease [40], Parkinson’s disease [41], and polyglutamine
disease [42]. These diseases are associated with accumu-
lation of abnormal protein aggregates. Thus, the defects
of the protein-folding system could lead to the patho-
genesis of various diseases [43]. As compared with mo-
lecular chaperones, which promote protein folding and
prevent aggregation, less is known about the manipula-
tion of disulfide bonds catalyzed by oxidoreductases in
the ER. It will be of great interest to determine the specific
activities and their preferred substrates in disulfide bond
modification, and further studies to clarify their physio-
logical functions will provide us a biochemical basis for
understanding of the importance of redox regulation in
protein folding.
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