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ABSTRACT

Thioredoxin-1 (TRX) plays important roles in cellular signaling by controlling the redox state of cysteine
residues in target proteins. TRX is released in response to oxidative stress and shows various biologic func-
tions from the extracellular environment. However, the mechanism by which extracellular TRX transduces
the signal into the cells remains unclear. Here we report that the cysteine modification at the active site of
TRX promotes the internalization of TRX into the cells. TRX-C35S, in which the cysteine at residue 35 of the
active site was replaced with serine, was internalized more effectively than wild-type TRX in human T-cell
leukemia virus–transformed T cells. TRX-C35S bound rapidly to the cell surface and was internalized into
the cells dependent on lipid rafts in the plasma membrane. This process was inhibited by wild-type TRX, re-
ducing reagents such as dithiothreitol, and methyl-�-cyclodextrin, which disrupts lipid rafts. Moreover, the
internalized TRX-C35S binds to endogenous TRX, resulting in the generation of intracellular reactive oxy-
gen species (ROS) and enhanced cis-diamine-dichloroplatinum (II) (CDDP)-induced apoptosis via a ROS-me-
diated pathway involving apoptosis signal-regulating kinase-1 (ASK-1) activation. These findings suggest that
the cysteine at the active site of TRX plays a key role in the internalization and signal transduction of extra-
cellular TRX into the cells. Antioxid. Redox Signal. 9, 1439–1448.
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INTRODUCTION

THIOREDOXIN-1 (TRX) is a ubiquitous 12-kDa protein with
a redox-active disulfide within a conserved active site 

(-Cys-Gly-Pro-Cys-), which functions in concert with NADPH
and TRX reductase (19, 35). Originally, human TRX was iden-
tified as adult T-cell leukemia (ATL)-derived factor (ADF) pro-
duced by the human T-cell leukemia virus type I (HTLV-I)-

transformed T-cell line ATL2 (28). Several cytokine-like
factors, including 3B6-IL-1 (34), eosinophil cytotoxicity-en-
hancing factor (ECEF) (2), the T-cell hybridoma MP6-derived
B-cell growth factor (22), and early pregnancy factor (32), were
identical or related to TRX, indicating that it plays multiple bi-
ologic roles both intracellularly and extracellularly (17, 18).

TRX is thought to reduce the oxidized form of target mole-
cules in two steps: first, the reduced form of TRX [Trx-(SH)2]
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binds to its target molecule via a nucleophilic attack by the thi-
olate of cysteine 32 (Cys32), forming a transient mixed disul-
fide bond with the target molecule; and second, a nucleophilic
attack is carried out by the deprotonated Cys35, generating Trx-
S2 and a reduced form of the target molecule (9). Based on this
theory, target molecules that bind directly to TRX have been
identified by using a modified TRX in which Cys35 in the ac-
tive site is replaced with serine (TRX-C35S). Many of the tar-
get molecules have been found to bind to a TRX-C35S column
but not to a wild-type TRX column (1, 6, 16, 20, 33) (Fig. 1).

In the current study, we show that recombinant TRX-C35S
(rTRX-C35S) binds to cells such as HTLV-I–transformed T cells
(ATL2) or activated Jurkat T cells much more effectively than
does recombinant wild-type TRX (rTRX-WT) and is internalized
within 30 min in a process dependent on lipid rafts in the plasma
membrane. Moreover, the internalized TRX-C35S then binds to
endogenous TRX, resulting in the increased generation of intra-
cellular reactive oxygen species (ROS) and enhanced cis-diamine-
dichloroplatinum (II) (CDDP)-induced apoptosis. The results pre-
sented here suggest that the cysteine at the active site of TRX
plays a crucial role in the internalization and the signal transduc-
tion of extracellular TRX into the cells.

MATERIALS AND METHODS

Cells, antibodies, and reagents

The ATL2 and Jurkat T cells were cultured in RPMI 1640
medium containing 10% fetal calf serum (FCS) and antibiot-
ics, as described previously (11). OptiPrep was purchased from
Invitrogen Corp. (Carlsbad, CA). Other biochemical reagents
were obtained from Nacalai Tesque (Kyoto, Japan). Anti-histi-

dine (His) monoclonal antibody (mAb) was from Qiagen (Va-
lencia, CA); mAbs against the transferrin receptor (Trf-R), Fyn,
and caveolin-1 (Cav-1) were from Zymed Laboratories, Inc.
(San Francisco, CA), anti-ASK-1 Ab (F-9) was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), and anti-CD3 Ab
(OKT3) was from eBioscience (San Diego, CA,).

Flow cytometry

Cells were washed in Hank’s balanced salt solution (HBSS)
containing 0.1% FCS, and then incubated with rTRXs in HBSS.
After washing with excess Cell Wash buffer (Becton Dickin-
son, La Jolla, CA), cells were analyzed by using a flow cy-
tometer and Cell Quest software (Becton Dickinson).

Preparation of recombinant (r)TRXs 
and Alexa-labeled rTRXs

Expression plasmids for His-tagged rTRX-WT, rTRX-CS
(C32S/C35S) in which both Cys32 and Cys35 were replaced
with serines, rTRX-C32S in which Cys32 was replaced with
serine, and rTRX-C35S were prepared by polymerase chain re-
action (PCR) for insertion into the BamHI-SalI site of the bac-
terial expression vector, pQE80L (Qiagen, U.K.) (11). These
plasmids were introduced into competent Escherichia coli (XL-
1 Blue) cells, and the transformants were cultured for 4 h [op-
tical density at 650 nm (OD650) � 0.6] in Terrific Broth (In-
vitrogen Corp.). The cells were harvested after incubation with
1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) for 2 h,
and the rTRXs were purified with Ni-chelating magnetic beads
(Promega, Madison, WI), according to the manufacturer’s in-
structions. After PD-10 column chromatography, the purity of
the rTRXs was verified by sodium dodecyl sulfate–polyacryl-
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FIG. 1. Mechanism of TRXs interaction with target molecules.
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amide gel electrophoresis (SDS-PAGE). The Alexa-labeled
rTRXs were prepared by using an Alexa Fluor 488 protein-la-
beling kit (Invitrogen Corp.).

Confocal imaging

Imaging was performed by using an RTS 2000 confocal laser
microscope (Bio-Rad, Hercules, CA), which is a modified ver-
sion of the Nikon RCM 8000video-rate confocal instrument.

Membrane labeling

The surfaces of 2 � 107 ATL2 cells were labeled with a 4 �
10�5 M PKH26 fluorescent stain kit (Zynaxis Inc., Malvern,
PA). After incubation for 10 min at room temperature, the cells
were washed with excess HBSS.

SDS-PAGE and Western blot analysis

Samples were analyzed with 5–20% SDS-PAGE gradient
gels (Ready Gels J; Bio-Rad) to analyze lipid rafts. The pro-
teins separated by SDS-PAGE were transferred to polyvinyli-
dene difluoride (PVDF) membranes (Millipore, Bedford, MA),
which were incubated with appropriate primary Abs followed
by secondary Abs conjugated to horseradish peroxidase. The
bands were visualized with an ECL Western blot detection kit
(GE Healthcare BioScience KK, Piscataway, NJ).

Preparation of membrane and cytosol fractions

Cells were suspended in hypotonic buffer (50 mM HEPES
(pH 7.6), 10 mM KCl, and 1 mM MgCl2) containing protease
inhibitors, and disrupted by nitrogen cavitation (800 psi). Af-
ter centrifugation at 1,000 g for 10 min at 4°C, the supernatant
was centrifuged at 50,000 rpm for 30 min to separate mem-
brane and cytosolic fractions.

Gradient separation of rafts

Rafts and nonraft fractions were separated by the method de-
scribed in ref. 10, with slight modifications. All steps were car-
ried out at 4°C. In brief, after treatment with 10 �g/ml rTRX-
C35S for 1 h at 37°C, whole cells or membrane fractions were
solubilized in 1% Triton X-100 in 10 mM Tris-HCl (pH 7.4),
150 mM NaCl, and 1 mM EDTA containing 10 �g/ml apro-
tinin, 1 mM PMSF, and 10 �g/ml leupeptin (STE buffer). The
lysates were mixed with equal volumes of 60% OptiPrep solu-
tion. Samples (1 ml) were placed in ultracentrifuge tubes and
overlaid with 8 ml of 25% OptiPrep, followed by 3.5 ml of 5%
OptiPrep, both of which were diluted with STE buffer. The
tubes were centrifuged at 40,000 rpm for 2 h. Fractions (1 ml)
were collected from the top of the gradient. For SDS-PAGE
and immunoblotting, two 1-ml fractions were combined and di-
luted with an equal volume of 2 � SDS sample buffer.

Cholesterol depletion

Cells were treated with various concentrations of methyl-�-
cyclodextrin (MCD) in HBSS containing 50 mM HEPES for
30 min at 37°C.

Stimulation of Jurkat T cells with 
Ab-coated beads

Latex beads (6 �m) were coated with Abs as described pre-
viously (13, 29). Jurkat T cells were incubated with Ab-coated
beads for 15 min at 37°C, and then with 100 ng/ml Alexa-la-
beled rTRX-C35S and Alexa (647)-labeled cholera toxin-B
(CTx-B; Invitrogen Corp.) for 30 min. The cells were fixed for
10 min in 3.7% formaldehyde in phosphate-buffered saline
(PBS).

Stimulation of Jurkat T cells with 
Ab-coated beads

Latex beads (6 �m) were coated with Abs as described pre-
viously (13, 29). Jurkat T cells were incubated with Ab-coated
beads for 15 min at 37°C, and then with 100 ng/ml Alexa-la-
beled rTRX-C35S and Alexa (647)-labeled cholera toxin-B
(CTx-B; Invitrogen Corp.) for 30 min. The cells were fixed for
10 min in 3.7% formaldehyde in phosphate-buffered saline
(PBS).

Measurement of intracellular reactive 
oxygen species

Intracellular reactive oxygen species (ROS) were measured
by using 2�,7�-dichlorofluorescein diacetate (DCFH-DA; Invit-
rogen Corp.) (30). This nonfluorescent membrane-diffusible
dye is cleaved by intracellular esterases to release the acetyl
group and produce nonfluorescent DCFH. Once trapped inside
cells in the presence of ROS, this is modified to fluorescent
DCFH, which can be excited with a 488-nm argon laser. Data
were collected from at least 10,000 events and expressed as
mean fluorescence intensities.

Detection of cell death with annexin V and PI

Cell death was assessed by monitoring changes in cell size
and granularity with flow cytometry, and by using annexin V-
fluorescein isothiocyanate (FITC; Invitrogen Corp.) after ex-
posure to phosphatidylserine (PS). Cell-membrane permeabil-
ity was assessed by uptake of the DNA-binding fluorescent dye,
propidium iodide (PI; Invitrogen Corp.) (14).

Immunoprecipitation

Cells treated with rTRX-C35S were lysed with 1% Triton X-
100 in buffer. The lysate was added to Ni�-chelate beads or
anti-ASK-1 Ab bound to protein A-sepharose (GE Healthcare
Bio-Science KK) and rotated at 4oC.

RESULTS

Binding and internalization of TRX-C35S 
in ATL2 cells

ATL2 cells were incubated with 100 ng/ml Alexa (488)–la-
beled rTRX proteins (TRX-WT, TRX-CS, and TRX-C35S) for
30 min at 37°C, and the intensity of their fluorescence was de-
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tected by flow cytometry. As shown in Fig. 2A, the fluores-
cence peak of Alexa-labeled rTRX-C35S was markedly shifted
right compared with that of rTRX-WT or rTRX-CS, indicating
that Alexa-labeled rTRX-C35S bound rapidly to the cells,
whereas Alexa-labeled rTRX-WT and Alexa-C32S/C35S did
not.

Based on the biochemical theory (see Fig. 1), we investigated
whether the binding of TRX-C35S was involved in the forma-
tion of disulfide bonds. ATL2 cells were treated with Alexa-la-
beled rTRX-C35S in the presence (Fig. 2B, mixture) or absence
of 1 mM dithiothreitol (DTT). The treatment of the cells with
1 mM DTT for 30 min resulted in dissociation of the cell-bound
TRX-C35S (Fig. 2B, after treatment). By contrast, the binding
of Alexa-rTRX-C35S was not inhibited by the presence of an
oxidizing reagent, such as 1 mM hydrogen peroxide (H2O2)
(data not shown). Moreover, the binding of rTRX-C35S to the
cells was also inhibited when the cells were incubated with 100
ng/ml Alexa-rTRX-C35S in the presence of a 10- or 50-fold
excess of nonfluorescent rTRX-WT in a dose-dependent man-
ner (Fig. 2C). These results indicate that formation of disulfide
bonds is essential for the binding of rTRX-C35S to cell-surface
target molecules, and TRX-WT and TRX-C35S may interact
with the same target molecule on the cell surface.

To determine the distribution of TRX-C35S in ATL2 cells
after the binding, ATL2 cells were incubated with 100 ng/ml
Alexa-labeled rTRX-C35S for 30 min. Confocal microscopy
showed green fluorescence with a heterogeneous dotlike dis-
tribution on the cell membrane (labeled with red fluorescence)
in roughly 90% of cells (Fig. 3A, upper panels). In the re-
maining 10% of cells, the green fluorescence was homoge-
neously distributed (Fig. 3A, lower panels) in the experimental
condition. No fluorescence was observed when cells were in-
cubated with Alexa-labeled rTRX-WT or rTRX-CS (data not
shown).

Western blot analysis confirmed that histidine (His)-tagged
rTRX-C35S associated with both membrane and cytosolic frac-
tions, whereas no binding of rTRX-WT and rTRX-CS was de-
tected in either fraction (Fig. 3B).

When ATL2 cells were incubated with His-tagged rTRX-
C35S in the presence of a 10-fold or 50-fold excess of 
rTRX-WT, the internalization of rTRX-C35S was inhibited by
rTRX-WT in a dose-dependent manner (Fig. 3C). These results
suggest that rTRX-WT competitively inhibited the internaliza-
tion of rTRX-C35S by interacting with the same target mole-
cule on the cell surface, because the binding and internalization
of wild-type TRX per se to the cells is quite limited under the
experimental conditions (Fig. 2A and D).

Involvement of lipid rafts in the internalization 
of TRX-C35S

We further investigated whether rapid uptake of TRX-C35S
might depend on the characteristics of the cell membrane. Be-
cause ATL-2 cells were reported to have lipid rafts on the cell
membranes (8), we focused on the formation of lipid-raft mi-
crodomains. Raft fractions were prepared from ATL2 cells by
flotation through OptiPrep gradients, and their purity was con-
firmed by measuring their cholesterol content and detecting the
raft marker protein, Cav-1. ATL2 cells incubated with 10 �g/ml
His-tagged rTRX-C35S for 1 h were lysed, and then fraction-
ated. Western blot analysis showed that rTRX-C35S was pres-
ent in several fractions, including fraction 2, in which Cav-1
was detected (Fig. 4A). This suggested that a portion of rTRX-
C35S was associated with lipid-raft microdomains. However, a
large proportion of the rTRX-C35S was recovered in the high-
density nonraft fraction (fraction 6). It seemed likely that the
rTRX-C35S had already entered the cytosol (Fig. 3A and B);
thus, we repeated the raft fractionation with the membrane frac-
tion of cells incubated with 10 �g/ml His-tagged rTRX-C35S.
The results clearly showed that rTRX-C35S was associated al-
most exclusively with rafts in the membrane fraction (Fig. 4B).
Moreover, methyl-�-cyclodextrin (MCD), which disrupts lipid
rafts, inhibited the binding and internalization of rTRX-C35S
in a dose-dependent manner (Fig. 4C). At these concentrations,
MCD did not cause cell death, as determined by trypan blue
staining. These results suggest that internalization of rTRX-
C35S into ATL2 cells was dependent on lipid-rafts structure.

The internalization of rTRX-C35S changes the intracellular
redox state through the inhibition of endogenous TRX activity
and cellular sensitivity to apoptosis. To clarify the meaning of
the internalization of cysteine-modified TRX into the cells, we
investigated the intracellular redox state by measuring the gen-
eration of intracellular ROS. Further to explore the biologic ef-
fects of internalized rTRX-C35S, we used Jurkat T cells un-
dergoing stress-induced apoptosis triggered by anticancer agent
cis-diamminedichloroplatinum (CDDP). Jurkat T cells were in-
cubated with 10 �g/ml rTRX-C35S for 1 h before treatment
with 30 �g/ml CDDP, and the rate of ROS production was mea-
sured (Fig. 5A). ROS production in cells treated with CDDP
alone began to increase at 2 h and reached a maximum at 6 h;
ROS levels were substantially increased in cells treated with 10
�g/ml rTRX-C35S for 1 h before exposure to CDDP.

We next examined the possible interaction between inter-
nalized rTRX-C35S and endogenous TRX. Jurkat transfectants
stably expressing FLAG-tagged TRX-WT were treated with 10
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FIG. 2. Binding of TRX-C35S to ATL2 cells. (A) Flow-cytometry analysis for the binding of TRX molecules to ATL2 cells.
The cells were incubated with 100 ng/ml Alexa-labeled rTRX-WT (left), rTRX-CS (center), or rTRX-C35S (right). Cells treated
with rTRXs (black line), and untreated cells (grey) are shown. Data are expressed as MFI mean � standard deviation (SD; n �
3). (B) Flow cytometry analysis for disulfide bond–dependent binding of rTRX-C35S in ATL2 cells. Cells were incubated with
Alexa-labeled rTRX-C35S alone, or in the presence of 1 mM DTT. A portion of the rTRX-C35S–treated cells was treated with
1 mM DTT (after treatment). Fluorescence of bound Alexa-labeled rTRX-C35S (black line) and untreated cells (grey) also is
shown. Data are expressed as MFI mean � standard deviation (SD; n � 3). (C) Flow-cytometry analyses of inhibition of TRX-
C35S binding by rTRX-WT. ATL2 cells were incubated with 100 ng/ml rTRX-C35S in the presence or absence of 10 or 50
�g/ml nonfluorescent rTRX-WT. The treated ATL2 cells with Alexa-labeled rTRX-C35S alone (black line), Alexa-labeled rTRX-
C35S in the presence of 10 or 50 �g/ml of nonfluorescent rTRX-WT (dark grey line), or untreated cells (grey) are shown. Data
are expressed as MIF mean � standard deviation (SD; n � 3).



�g/ml rTRX-C35S for 1 h and then incubated with or without
3 �g/ml CDDP. As shown in Fig. 5B, internalization of 
rTRX-C35S was markedly increased by CDDP, and complex
formation between endogenous TRX and rTRX-C35S also was
enhanced. This suggests that rTRX-C35S facilitates CDDP-in-
duced apoptosis partly by inhibiting the antiapoptotic activity
of endogenous TRX. As TRX binds to ASK-1 via disulfide
bonds and inhibits this stress kinase pathway (24), we tested
whether the CDDP-induced dissociation of TRX from ASK-1
was enhanced by rTRX-C35S. Jurkat T cells pretreated with 10
�g/ml rTRX-C35S for 1 h were cultured in the presence or ab-
sence of 30 �g/ml CDDP for 3 h. As shown in Fig. 5C, the dis-
sociation of TRX from ASK-1 in cells treated with rTRX-C35S
and CDDP was markedly greater than that in cells treated with

CDDP alone. Together, these results suggest that internalized
rTRX-C35S facilitates CDDP-induced apoptosis by inhibiting
endogenous TRX activity and enhancing the ROS-mediated or
ASK-1–dependent apoptotic pathways or both.

The progression of apoptosis was determined by both an-
nexin V-FITC staining and PI uptake (14). When Jurkat cells
were exposed to 3 �g/ml CDDP, 32% were found to be in the
early phase of apoptosis (annexin V positive–PI negative) and
7.7% were in the late phase of apoptosis (annexin V positive–PI
positive) (Fig. 5D). The proportions of cells in the early and
late phases of apoptosis were increased to 45% and 20%, re-
spectively, by incubation with 10 �g/ml rTRX-C35S for 1 h
before CDDP exposure. Late-phase apoptosis was further in-
creased to 29% by 3 h preincubation with rTRX-C35S.
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FIG. 3. Internalization of TRX-C35S by ATL2 cells. A, Confocal analysis of internalization of rTRX-C35S in ATL2 cells.
Cells were incubated with 100 ng/ml Alexa-labeled rTRX-C35S for 30 min, and their membranes were stained with PKH26.
Left: Alexa-rTRX-C35S-labeled image. Middle: PKH26-labeled image. Right: left and middle images superimposed. Upper pan-
els: in the majority of cells, Alexa labeling was located in the plasma membrane. Lower panels: In 10% of the cells, Alexa la-
beling was located mainly in the cytosol. (B) Western blots of exogenous TRX molecules internalized by ATL2 cells incubated
with 10 �g/ml His-tagged rTRX-WT (WT), rTRX-C32S/C35S (CS), or rTRX-C35S (C35S) for 1 h. The ligands were identified
with anti-His mAb (upper panel) and anti-TRX mAb (lower panel). (C) Western blot analysis of inhibition of TRX-C35S inter-
nalization by rTRX-WT. ATL2 cells were incubated with 1 �g/ml His-tagged rTRX-C35S in the presence or absence of 10 or
50 �g/ml rTRX-WT. TRX-C35S was detected in the cytosol fraction with anti-His mAb (lower panel).
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DISCUSSION

In the present study, we showed that rTRX-C35S was rapidly
internalized into HTLV-I–transformed T cells as well as CDDP-
treated Jurkat T cells. Recombinant (r)TRX-C35S bound to
ATL2 cells much more effectively than did wild-type rTRX and

provided evidence that a disulfide bond is involved in the bind-
ing of rTRX-C35S onto the cell surface (Fig. 2A and B). We
also prepared another recombinant mutant TRX, such as rTRX-
CS or rTRX-C32S, and analyzed its binding to the cells. How-
ever, both rTRX-CS and rTRX-C32S failed to bind to ATL2
cells (Fig. 2A; data not shown). These results collectively in-
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FIG. 4. Localization of rTRX-C35S in lipid-raft microdomains. (A) Western blot analysis of rTRX-C35S in raft fractions
from whole-cell lysates of ATL2 cells. ATL2 cells were incubated with 10 �g/ml rTRX-C35S for 1 h, and raft fractions were
prepared from whole-cell lysates. The distributions of Trf-R, Cav-1, and rTRX-C35S were visualized by using appropriate Abs.
(B) Western blot analysis of rTRX-C35S in raft fractions prepared from ATL2 cell membranes. ATL2 cells were incubated with
10 �g/ml rTRX-C35S for 1 h, and raft fractions were prepared from the membrane fraction of ATL2 cells. (C) Effect of TRX-
C35S internalization on the disruption of lipid-raft structures. ATL2 cells, treated in the presence or absence of MCD, were in-
cubated with 100 ng/ml Alexa-labeled rTRX-C35S for 30 min, and their fluorescence intensity was analyzed with flow cytom-
etry. Data are expressed as mean � standard deviation (SD; n � 3). The p values were calculated by one-way analysis of variance
(ANOVA) followed by Sheffé tests. *p � 0.01 versus MCD, 0 mM).
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FIG. 5. Effect of rTRX-C35S
on CDDP-induced apoptosis
and effect of rTRX-C35S on
CDDP-induced ROS produc-
tion. (A) Jurkat T cells were
treated with 10 �g/ml rTRX-
C35S for 1 h and then incubated
in the presence or absence of 30
�g/ml CDDP. ROS production
was measured with flow cytome-
try. Data are expressed as mean �
standard deviation (SD; n � 3).
The p values were calculated by
one-way analysis of variance
(ANOVA) followed by Sheffé
tests. *p � 0.05 and **p � 0.01
versus (�); ##p � 0.01 versus
TRX-C35S; $p � 0.05; and $$p �
0.01 versus CDDP. (B) Western
blots showing increased complex
formation between rTRX-C35S
and endogenous TRX in CDDP-
treated Jurkat T cells. Stable Ju-
rkat T-cell transfectant cells ex-
pressing FLAG-tagged TRX were
pretreated with 10 �g/ml rTRX-
C35S for 1 h and incubated with
30 �g/ml CDDP for 3 h. The
treated cells were lysed and im-
munoprecipitated by Ni�-chelate
beads. Upper panel: Detection of
the internalized His-tagged
rTRX-C35S. Lower panel: Detec-
tion of endogenous TRX-WT co-
imunoprecipitated with His-
tagged rTRX-C35S from lysates.
(C) Enhancement of CDDP-in-
duced dissociation of endogenous
TRX from ASK-1. Stable Jurkat
T-cell transfectants expressing
FLAG-tagged TRX were pre-
treated with 10 �g/ml rTRX-
C35S for 1 h and incubated with
30 �g/ml CDDP for 3 h. The
treated cells were lysed and im-
munoprecipitated by anti-ASK-1
Ab. (D) Flow-cytometry analysis
of CDDP-induced apoptosis in
rTRX-C35S–treated Jurkat T
cells. The cells were either un-
treated or treated with 10 �g/ml
rTRX-C35S for 1 or 3 h, and then
incubated with 3 �g/ml of CDDP
for 24 h.
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dicate that Cys32, but not Cys35, Cys62, Cys69, and Cys73, in
TRX is indispensable for its binding to the target molecules on
the cell surface.

The present experiments provide evidence that rTRX-C35S
is localized to lipid rafts, which are conserved and critical struc-
tures for signal transduction from cell-surface receptors (5, 26).
Not only membrane signaling, but also exocytosis, endocyto-
sis, and virus entry are associated with lipid-raft structures (4,
21). Cav-1 is a major protein and was the first molecular marker
of caveolae (a type of raft microdomain) to be identified (12,
23). Hatanaka et al. (8) reported that Cav-1 was expressed in
HTLV-I–transformed T cells. Reports suggest that lipid rafts
are induced by various stimuli, including viral transformation,
which supports the idea that the enhanced internalization of
rTRX-C35S in HTLV-I–transformed ATL2 cells is closely cor-
related with lipid-raft formation (Fig. 4A–C). We confirmed the
occurrence of higher levels of internalization of rTRX-C35S in
several HTLV-I–transformed T-cell lines compared with
HTLV-I–negative cell lines (data not shown). Moreover, we
found that exogenous rTRX-C35S was not taken up by nonac-
tivated T cells, but rather accumulated in raft structures in Jur-
kat T cells stimulated with anti-CD3–coated beads or with PMA
and ionomycin. Raft fractionation and confocal analysis also
showed that the level of rTRX-C35S increased in the activated
Jurkat T cells (Hara et al., unpublished data). These results sug-
gest that internalization of rTRX-C35S is dependent on the for-
mation of lipid-raft microdomains in the plasma membrane in
activated and virus-transformed T cells.

Many molecules on the membranes of T cells are candidates
for TRX-binding molecules because they associate with sig-
naling or adaptor molecules with conserved cysteine residues
and have an affinity for lipid rafts. One such candidate mole-
cule is CD4, which forms complexes in rafts and is the major
receptor for human immunodeficiency virus (HIV) entry. The
immunoglobulin-like domain, D2, in CD4 is redox sensitive
and is reportedly regulated by TRX (15). However, it is un-
likely that CD4 is the major TRX target molecule, as the level
of CD4 expression is not changed by activation of Jurkat T
cells. Alternatively, endogenous TRX itself, which is induced
in the plasma membrane of activated T cells, might be the tar-
get molecule responsible for the internalization of rTRX-C35S.
We also observed that rTRX-C35S binds on the cell surface of
human umbilical vein endothelial cells as well as T cells (Hara
T et al., unpublished data). Moreover, we found that rTRX-
C35S interacted with endogenous TRX (Fig. 5B). Moreover,
we observed that endogenous TRX per se bound to the TRX-
family proinflammatory molecule, MIF (macrophage migration
inhibitory factor), and inhibited MIF entry into the cells (Kato
et al., unpublished data). We are now investigating other TRX
target molecules in lipid rafts by using TRX-C35S affinity
columns and two-dimensional electrophoresis.

The biological significance of the internalization of TRX-
C35S was observed in the change of intracellular redox state
and the sensitivity to the anticancer agent CDDP. The present
results showed that the internalization of TRX-C35S enhanced
the CDDP-induced generation of intracellular ROS and cellu-
lar apoptosis (Fig. 5A and D). Direct interaction of rTRX-C35S
with endogenous TRX might also result in the dissociation of
TRX from ASK-1, leading to activation of an ASK-1–mediated
apoptotic signal cascade (Fig. 5B and C). These results shed

light on the mechanisms by which extracellular TRX transduces
the signals into the cells.

We consider that the posttranslational modification of en-
dogenous TRX on Cys35 might enable it to enter cells in a lipid
raft–mediated pathway similar to rTRX-C35S. Indeed, increas-
ing evidence suggests that active site or other cysteine residues
of TRX or both can be posttranslationally modified by N-ni-
trosylation, glutathionylation, or cysteinylation, and impart dif-
ferent activities to native TRX (3, 7, 25, 27, 31). Therefore, we
speculate that cysteine 35 of TRX might be modified via disul-
fide bond, causing the internalization of TRX from the extra-
cellular environment. We are also exploring the cysteine-mod-
ified TRX in the supernatant of virus-transformed T cells as
well as the activated T cells.

In conclusion, our data show that rTRX-C35S can be inter-
nalized through lipid rafts on the plasma membrane of activated
T cells, thereby affecting the intracellular redox balance. The
rapid uptake of rTRX-C35S via lipid rafts might represent a
fundamental mechanism of cross-talk that is particularly im-
portant for modulating the oxidative stress responses.
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