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Tumor necrosis factor (TNF) receptor 1 (TNFR1, p55) and 2
(TNEFR2, p75) are characterized by several cysteine-rich mod-
ules in the extracellular domain, raising the possibility that
redox-induced modifications of these cysteine residues might
alter TNFR function. To test this possibility, we examined fluo-
rescence resonance energy transfer (FRET) in 293T cells trans-
fected with CFP- and YFP-tagged TNFRs exposed to the thiol
oxidant diamide. Treatment with high concentrations of dia-
mide (1 mMm) resulted in an increase in the FRET signal that was
sensitive to inhibition with the reducing agent dithiothreitol,
suggesting that oxidative stress resulted in TNFR self-associa-
tion. Treatment of cells with low concentrations of diamide (1
M) that was not sufficient to provoke TNFR self-association
resulted in increased TNF-induced FRET signals relative to the
untreated cells, suggesting that oxidative stress enhanced ligand-
dependent TNFR signaling. Similar findings were obtained
when the TNFR1- and TNFR2-transfected cells were pretreated
with a cell-impermeable oxidase, DsbA, that catalyzes disulfide
bond formation between thiol groups on cysteine residues. The
changes in TNFR self-association were functionally significant,
because pretreating the HeLa cells and 293T cells resulted in
increased TNF-induced NF-kB activation and TNF-induced
expression of IkB and syndecan-4 mRNA levels. Although pre-
treatment with DsbA did not result in an increase in TNF bind-
ing to TNFRs, it resulted in increased TNF-induced activation of
NF-kB, consistent with an allosteric modification of the TNFRs.
Taken together, these results suggest that oxidative stress pro-
motes TNFR receptor self-interaction and ligand-independent
and enhanced ligand-dependent TNF signaling.

Tumor necrosis factor (TNF)? is a potent cytokine that is
involved in a wide range of biological activities, ranging from
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host defense to inflammation. TNF exerts its biological activi-
ties by binding to the extracellular domains of two distinct cell
surface receptors termed tumor necrosis factor 1 (TNFR1 or
p55) and tumor necrosis factor 2 (TNFR2 or p75, Ref. 1). Both
TNERs are type 1 membrane proteins that belong to the nerve
growth factor receptor family, which includes CD27, CD40,
FAS, and RANK. There are four cysteine-rich domains (CRDs)
within the extracellular domains of TNFR1 and TNFR?2, each of
which contains six cysteine residues (2). The first three CRDs
are characteristic of the TNFR superfamily, whereas the 4th
CRD, which is membrane proximal, is less well conserved (1).
The first CRD of the TNFRs is essential for the formation of
homotypic, ligand-independent receptor complexes through
the pre-ligand assembly domain (PLAD) (3). The ligand-bind-
ing pocket for TNF is formed mainly by CRD2 and CRD3 of the
TNERs (1). The current model of TNF signaling suggests that
TNF binding leads to signal transduction by allowing the cyto-
plasmic tails of the intracellular domains to assemble together
in the correct steric orientation to initiate cell signaling (1).

Oxidative stress is increasingly recognized as an underlying
cause of a broad variety of inflammatory diseases (4, 5).
Although reactive oxygen species (ROS) produce deleterious
effects on cell activity because of their ability to damage cell
structures, such as membrane lipids and proteins, it is also well
recognized that ROS-induced post-translational modification
of proteins may also play an important role in cell signaling
(6—8). Germane to the present discussion, cysteine residues in
receptor proteins have been shown to be the target of such
redox modulation, resulting in changes of their ligand binding
affinity and activation status (9-11). The observation that
TNFR1 and TNFR2 have numerous cysteine residues in the
extracellular domain, together with the prior observation that
prooxidant conditions are sufficient to modify the number of
reduced thiol groups of the extracellular cysteines of TNFR1
(12), raised the intriguing possibility that oxidative stress might
influence TNFR signaling. Accordingly, in the present study we
sought to determine whether prooxidant conditions were suf-
ficient to modulate oligomerization between TNF receptors, as
well as influence TNF signaling. Here, we report that oxidative
stress is sufficient to promote self-interaction of the TNF recep-
tors, as well as enhance TNF signaling.

electrophoretic mobility shift assay; AMS, 4-acetamido-4’-maleimidylstil-
bene-2,2’ disulfonate.
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EXPERIMENTAL PROCEDURES
Cell Culture and Transfection

To determine whether oxidative stress promoted self-inter-
action between type 1 TNF receptors (p55, TNFR1) and/or type
2 TNF receptors (p75, TNFR2) in living cells, we used flow
cytometry to analyzed fluorescence resonance energy transfer
(FRET) between TNFR subunits that had been fused at their C
termini to a cyan fluorescent protein (CFP) or a yellow fluores-
cent protein (YFP). The TNFR chimeric fusion proteins used
herein were a generous gift from Dr. Francis K. Chan. The 293T
cells used for these studies were maintained at 37 °C with 5%
CO, using Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
pg/ml streptomycin. Transient transfection with chimeric
TNEFR1 and chimeric TNFR2 CFP and YFP fusion proteins was
performed with polyethylenimine (PEI) as described (13), by
adding 2 ug of DNA encoding the CFP and YFP fusion proteins
to each well. The DNA-PEI mixture was incubated at room
temperature for 20 min, and the cells were analyzed for FRET or
Western blotting 36—-48 h after transfection, as described
below.

Effect of Oxidative Stress on TNF Receptor Self-interaction

Measurement of FRET—Transfected 293T and HeLa cells
were treated as described below and analyzed using a
FACSAria] sell sorter (Becton Dickinson, San Jose CA) equipped
with 3 lasers (488-nm Argon Blue laser, 633-nm red, and
407-nm violet lasers). Briefly, cells expressing only CFP- or only
YFP-tagged proteins were used to set compensation values for
spectral overlap on the flow cytometer so that cells expressing
only CFP- or YFP-tagged receptors produced no signal in the
FRET channel. The excitation and emission peaks of CFP
(donor) are 434 and 476 nm, respectively, whereas the excita-
tion and emission peaks for YFP (acceptor) are 514 and 527 nm,
respectively. Data were analyzed using Becton Dickinson
FACSDiva software. Fluorescence data were collected using the
following filter sets: CFP emission was detected with a 510-nm
(DF21) filter using 405-nm excitation, and non-FRET YFP
emission with a 530/30 bandpass filter at 488-nm excitation.
The FRET signal was detected using a 550-nm (DF30) filter.

Effect of Diamide on TNF Receptor Self-interaction—Trans-
fected 293T cells were treated with diluent (PBS) or diamide (1
mM) for 15 min at 37 °C, in the presence and absence of 100 um
DTT. As a positive control, transfected 293T cell cultures were
treated with TNF (200 units/ml) for 60 min at 4 °C. In separate
experiments we examined the effects of TNF-induced TNFR
oligomerization following treatment with a concentration of
diamide (1 puM) that had no discernable effect of TNFR self-
interaction. Briefly, 293T cells were pretreated for 15 min either
with 1 uMm diamide or 1 um diamide and 100 um DTT; the
cultures were then washed with PBS and treated with TNF (100
units/ml) for an additional 1 h at 4 °C. Group data were ana-
lyzed as the mean fluoresence intensity in the FRET channel.

Effect of DsbA on TNF Receptor Self-interaction—Because
diamide can penetrate cell membranes, and might therefore
lead to oxidative modifications of the cytoplasmic tails of the
TNF receptor CYP and YFP fusion constructs, we employed
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DsbA, a cell-impermeant oxidoreductase, that catalyzes thiol:
disulfide exchange reactions between thiol groups on cysteine
residues and oxidized gluthathione (GSSG) (14). Transfected
293T cells were treated overnight in serum-free medium with
DsbA (0.01 pg/ml) in the presence and absence of 500 um glu-
tathione disulfide (GSSG). In separate experiments, we exam-
ined the effects of TNF (100 units/ml for 1 h at 4 °C) on TNFR2
oligomerization in 293T cells that had been treated overnight
with 0.01 ug/ml DsbA and 500 um GSSG. For each set of exper-
iments, the cells were studied using flow cytometry, and the
data were analyzed as the mean fluoresence intensity measured
in the FRET channel.

Western Blotting—Cell cultures were treated with diamide (1
mMm) for 15 min or DsbA (1 ug/ml) plus GSSG (500 um) for 15
min, as described above, and Western blotting for TNFR1 and
TNFR2 was performed (3). The TNFR1 or TNFR2 complexes
were detected using an anti-HA antibody (clone HA-7, Sigma
Aldridge) diluted 1:10000, followed by goat anti-mouse second-
ary antibody diluted 1:10,000 (Sigma Aldridge), and the protein
complexes were visualized by enhanced chemiluminescence
(ECL, Amersham Biosciences).

Assessment of Free Sulhydryl Groups on TNFRI—To deter-
mine whether the concentrations of DsbA that led to TNFR
self-association were sufficient to modify free thiol groups on
the cysteine residues of TNFR1, we exposed transfected 293T
cells to 4-acetamido-4'-maleimidylstilbene-2,2’ disulfonate
(AMS). AMS is a membrane-impermeable maleimide that
forms covalent bond with proteins containing free thiol groups.
Given that AMS has a molecular mass of ~500 Da, proteins that
react with AMS have retarded mobility on electrophoretic gels.
Briefly, 293T cells expressing the TNFR1 fusion protein were
treated overnight in serum-free medium with DsbA (1 pg/ml)
in the presence and absence of GSSG (500 um). Following treat-
ment with DsbA, the cells were washed with PBS, harvested,
and the proteins precipitated with 5% trichloroacetic acid and
centrifuged at 4 °C at 10,000 rpm for 5 min. The supernatants
were removed, and the pellets were washed with acetone and
dissolved in a buffer containing 100 mm Tris and 1% SDS, pH
7.4. The samples were then incubated with AMS (20 mm) for 30
min at room temperature, and the reaction halted by adding
reducing SDS buffer. N-Ethylmaleimide (NEM, 20 mm), which
blocks free thiol groups, was used as a mock control. Samples
were separated on a 10% SDS-Tricine gel, followed by Western
blotting with anti-HA primary antibody diluted 1:10,000 and a
goat anti-mouse secondary antibody diluted 1:10,000, followed
by ECL.

Effect of Oxidative Stress on TNF-induced NF-kB Activation
HeLa cell cultures were maintained at 37 °C with 5% CO,
using Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. HeLa cells, grown to 70 —80% confluence, were
treated for 15 min at 37 °C with diamide (1 uMm) in the presence
and absence of DTT (100 um). The cells were then washed with
PBS and challenged with TNF (100 units/ml) for an additional
15 min. For the experiments involving DsbA, HelLa cells were
treated with DsbA (0.001-10 uM) to determine a concentration
of DsbA that resulted in submaximal activation of NF-kB. Next,

VOLUME 283 +NUMBER 34+AUGUST 22, 2008



the cells were treated overnight in serum-free medium with 0.1
pg/ml DsbA, in the presence and absence of GSSG (500 um).
After treatment with DsbA, the cells were stimulated with TNF
(100 units/ml) or diluent for 15 min at 37 °C, and then washed
with ice-cold PBS. The cells were collected, and nuclear
extracts were prepared using reagents (Pierce) according to the
manufacturer’s instructions (15). The oligonucleotide contain-
ing the NF-kB consensus sequence (5-AGTTGAGGG-
GACTTTCCCAGGC-3'; Santa Cruz Biotechnology) was
labeled using T4 polynucleotide kinase and [y->’P]ATP.
Nuclear extracts (15 wg) were incubated with the labeled
NE-«B oligonucleotide as described previously (15). The DNA-
protein complexes were separated electrophoretically on 4%
polyacrylamide gels, and the radiographic images of the dried
gels captured using a STORM 860 imager (Molecular
Dynamics).

Effect of Oxidative Stress on TNF-induced Gene Expression

HeLa cells were grown to 70—80% confluence in 100-mm
plates and were treated for 15 min at 37 °C with diamide (1 um)
or diluent, washed with PBS, and then challenged with TNF
(100 units/ml) for 1 h in serum-free medium. For the experi-
ments involving DsbA, HeLa cells were treated overnight in
serum-free medium with DsbA (0.1 pug/ml) in the presence and
absence of GSSG (500 um). Following treatment with DsbA, the
cells were stimulated for 1 h (37 °C) with TNF (100 units/ml) in
serum-free medium, and the cells washed three times with ice-
cold PBS. Total cellular RNA was extracted using the RNA
STAT-60 reagent (Tel-Test, Inc., Friendswood, TX) according
to the manufacturer’s instructions. We measured gene expres-
sion of two TNF-sensitive genes, IkB and sydecan-4, using an
RNase protection assay, as previously described (16). Autora-
diography was performed, and the gel images were quantified
using laser densitometry and ImageQuanT software (Storm
860, Molecular Dynamics), and the resulting data normalized
to levels of L32 mRNA, which was used as an internal control to
normalize the degree of loading in each lane.

Effect of Oxidative Stress on TNF Ligand-TNF Receptor
Interactions

To determine whether oxidative stress resulted in modifica-
tions of TNF binding to its cognate receptors, we performed
TNF saturation/competition studies using a modification of the
method of Ding et al. (17). Briefly, TNF saturation/competition
studies assays were performed in 293T cells that had been
transfected with the chimeric TNFR1 or TNFR2 constructs.
The cultures of 293T cells were seeded in 24-well plates, and the
cells treated overnight with DsbA (0.1 pg/ml) or diluent, as
described above. The cells were then washed twice with PBS
containing 1% BSA (PBSA), and incubated for 2 h at 4 °C with
0.5 ml 0f 0.01, 0.03, 0.1, 0.3, 1, or 3 nm ***I-TNF in PBSA, in the
presence and absence of 100 nM of unlabeled TNF. TNF bind-
ing was terminated by aspirating the labeling medium and rap-
idly washing the cells with ice-cold PBSA. The cells were then
solubilized with 0.3 ml of 1 N NaOH for 30 min at room tem-
perature, transferred to scintillation vials, and the y-emissions
determined by scintillation counting. To determine whether
oxidative stress influenced TNF signaling, we measured NF-«B
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activation in TNF-stimulated cells that had been pretreated
with DsbA. Briefly, HeLa cells were grown as described above
and were treated overnight in serum-free medium with diluent
or DsbA (0.01 pug/ml) in the presence and absence of GSSG (500
pm). After the DsbA treatment, cell cultures were washed with
PBS and treated for 15 min at 37 °C with different concentra-
tions of TNF (0.01, 0.1, 1, 10, and 100 pm). Following this, the
nuclear extracts were prepared, and electrophoretic mobility
assays performed as described above. Autoradiography was
performed and the gel images were quantified using laser den-
sitometry and ImageQuanT software (Storm 860, Molecular
Dynamics).

Statistical Analysis

Values are presented as mean * S.E. One-way analysis of
variance (ANOVA) was used to test for mean differences in the
FRET mean fluorescence intensity or the optical density of the
bands from RNase protection assays in the different treatment
groups. Where appropriate, posthoc ANOVA testing (Tukey’s
test) was used to assess mean differences between groups. An
unpaired Student’s ¢ test was used to test for mean differences
between vehicle and DsbA-treated groups for the TNF dose
response curves of NF-«B activation. Significant differences
were said to exist at a value of p < 0.05.

RESULTS
Effect of Oxidative Stress on TNF Receptor Self-interaction

Effect of Diamide on TNF Receptor Self-association—Fig. 1,
panels A—E and H-L show, respectively, representative FACS
analyses of 293T cells transfected with the chimeric TNFR2 and
TNER1 fusion constructs (n = 3— 6 experiments/group). Fig. 1,
panels F and M depict the summary of group data for mean
fluorescence intensity in the FRET channel (quadrant 2 (upper
right hand panel) for TNFR2 and TNFR1, respectively). With
respect to TNFR?2, treatment with diamide (1 mm) provoked an
increase in the mean fluoresence intensity in the FRET channel
(Fig. 1, panels B and F) when compared with diluent-treated
control cells (Fig. 1, panels A and F), consistent with a closer
physical association of the cytoplasmic CFP and YFP moieties
of the TNFR2 fusion protein. The observation that a small per-
centage of diluent-treated cells emit a FRET signal is consistent
with the view that TNFRs pre-associate as oligomers on the cell
surface (3). The diamide-induced increase in the FRET signal
was abolished by simultaneous treatment with DTT (Fig. 1,
panel F), a thiol-reducing agent, whereas DTT alone had no
effect on the baseline mean fluoresence intensity in the FRET
channel (Fig. 1, panels E and F), suggesting that under the con-
ditions used herein, the majority of the TNFR2 receptors exist
in a reduced state. Treatment with TNF (200 units/ml), which
was used as a positive control, resulted in a similar mean fluo-
rescence in the FRET channel (Fig. 1, panels C and F) when
compared with diamide-treated cells. The results with FRET
were confirmed using Western blot analysis of 293T cells trans-
fected with the TNFR2 fusion proteins. The left panel of Fig. 1G
shows that diamide induced the formation of TNFR2 com-
plexes with molecular masses that were 2—-3X that of mono-
meric TNFR2, consistent with the self-association of TNFR2
into dimers and trimers. In contrast, the diamide-induced
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FIGURE 1. Effect of diamide (1 mm) on TNF receptor self-association. A flow cytometric analysis (FACS) of 293T cells co-expressing CFP- and YFP-tagged
TNFR2 (panels A-F) or TNFR1 (panels H-M) was performed in the presence and absence of diamide. FACS analysis of cells with CFP and FRET fluorescence
channels are shown on the x and y axes, respectively. The mean fluoresence intensity (MFI) of cells emitting a FRET signal is depicted in the top right quadrant
of each FACS analysis (quadrant 2); the respective treatments are indicated for each panel: (panels A, H) control; (panels B, I) diamide (1 mm); (panels C, J) TNF (200
units/ml); (panels D, K) 1 mm diamide and 100 um DTT; (panels E, L) DTT (100 wMm). Panels F and L, group data (mean = S.E.) for MFI for each treatment are shown
in panels F and M, respectively for TNFR2 and TNFR1. Panels G and N depict the Western blot analyses of the TNFR2 (panel G) or TNFR1 (panel N) under
non-reducing (left panel) and reducing conditions (right panel). Key: Dil, diluent; Dia, diamide; *, p < 0.05 compared with diluent). The respective position of
TNFR monomers (M), dimers (D), and trimers (T) are shown. The above results are representative of a minimum of three different experiments (n = 3-6

experiments/group).

increase in TNFR2 oligomerization was not evident when the
gels were run under reducing conditions using DTT. Fig. 1,
panels H-M depicts the results of similar experiments in which
TNEFR1-transfected 293T cells were treated with diamide and
then analyzed by FACS. As shown, the results were qualitatively
similar to those described above for TNFR2. The mean fluores-
ence intensity of the FRET channel for the diamide and TNEF-
treated TNFR1-transfected cells was less than we observed with
TNFR2-transfected cells, which may relate to transfection effi-
ciency of the TNFR1 chimeric fusion proteins. Taken together,
these results suggest that oxidative stress, in the absence of
ligand, is sufficient to increase the self-interaction of both TNF
receptors. To determine whether lower levels of oxidative
stress were sufficient to augment TNF-induced TNFR associa-
tion, we examined the FRET signal in TNFR2-transfected cells
in the presence and absence of TNF, after pretreating the 293T
cells with a concentration of diamide (1 um) that had no dis-
cernable effect of the FRET signal (compare Fig. 2, panels A and
B). Fig. 2, panel F, which summarizes the results of group data
(n = 3—6 experiments/group), illustrates two important find-
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ings. First, low (1 um) concentrations of diamide had no effect
of the FRET signal when compared with diluent. Second, pre-
treatment with 1 um diamide resulted in a statistically sig-
nificant (p < 0.05) increase in the FRET signal in TNF-
treated cells, when compared with TNF-stimulated cells that
had been pretreated with diluent. Importantly, the diamide-
induced increase in the FRET signal in TNF-treated cells was
abolished by treatment with DTT (Fig. 2, panel E). Fig. 2,
panels G—L summarizes the results of parallel experiments
conducted in TNFR1-transfected 293T cells. As shown by
the group data in Fig. 2, panel L (n = 6 experiments/group),
the results were similar to those observed for TNFR2. That
is, pretreatment with 1 um diamide, which had no discern-
able effect on the FRET signal, resulted in a significant (p <
0.05) enhancement of the FRET signal in TNF-stimulated
cells when compared with TNF treatment alone. Taken
together, these results suggest that oxidative stress, at levels
that do not promote self-association of either TNFR1 or
TNEFR?2, is sufficient to augment TNF-induced oligomeri-
zation of TNF receptors.

VOLUME 283 +NUMBER 34+ AUGUST 22, 2008



Dil

Dia

TNF Dia+TNF

Redox Regulation of TNF Signaling

TNFR1

Dil  Dia

TNF Dia+TNF

Il FRET O CFP @ YFP B Unstained

FIGURE 2. Effect of diamide (1 um) on TNF-induced TNF receptor oligomerization. A flow cytometric analysis (FACS) analysis of 293T cells co-expressing
CFP- and YFP-tagged TNFR2 (panels A-F) or TNFR1 (panels G-L) was performed. FACS analysis of cells with CFP and FRET fluorescence channels are shown on
the x and y axes, respectively. The mean fluoresence intensity (MFI) of cells emitting a FRET signal is depicted in the top right quadrant of each FACS analysis
(quadrant 2); the respective treatments are presented on the top left of each analysis. Panels A and G, control; panels Band H, diamide (1 um); panels Cand I, TNF
(100 units/ml); panels D and J, 100 units/ml TNF in diamide (1 um)-pretreated cells; panels E and K, 100 units/ml TNF in cells pretreated with diamide (1 um) and
DTT (100 wm). The group data (mean = S.E.) for MFI for each treatment is shown in panels F and L, respectively, for TNFR2 and TNFR1. These results are
representative of a minimum of least three different experiments (n = 3-6 experiments/group). Key: Dil, diluent; Dia, diamide; *, p < 0.05 versus diluent; **, p <

0.05 versus TNF.

Effect of DsbA on TNF Receptor Self-association—Fig. 3
summarizes the results of the experiments wherein we used
DsbA in 293T cells transfected with the chimeric TNFR1 and
TNEFR?2 fusion constructs. The left panel of Fig. 3A shows
that under nonreducing conditions, DsbA induced the for-
mation of the TNFR2 complexes with molecular weights that
were 2—3X the molecular weight of the TNFR2 monomers.
As shown, the effect of DsbA was detectable as early as 4 h
and was a maximum at 7-16 h. In contrast, TNFR2 receptor
dimers and trimers were not detected in vehicle-treated
samples (up to 16 h), whereas they were readily detected in
diamide (positive control)-treated samples within 15 min.
The right panel of Fig. 3A shows that DsbA-induced multim-
eric TNFR2 receptor complexes were not detected when the
samples were electrophoretically separated under reducing
conditions. FRET experiments were performed in 293T cells
transfected with the chimeric TNFR1 and TNFR2 fusion
constructs to determine whether oxidative stress-induced
modifications of the extracellular domains of the TNFRs was
sufficient to facilitate self-association. With respect to
TNFR2, Fig. 3C shows that treatment with DsbA (0.1 pg/ml)
for 16 h led to small increases in the FRET signal when com-
pared with diluent-treated controls (Fig. 3B). However, the
important finding was that pretreatment with DsbA (0.1
pg/ml) for 16 h enhanced the FRET signal in TNF (100 units/
ml)-treated cells (Fig. 3, panel E), when compared with TNF
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(100 units/ml)-treated cells that had not been pretreated
with DsbA (Fig. 3, panel D). Fig. 3, panel F, which summa-
rizes the results of group data, shows that DsbA significant
increased (p < 0.05) the FRET signal of the TNFR2-trans-
fected cells in comparison to diluent, and that pretreatment
with DsbA significantly increased (p < 0.05) the FRET signal
in TNF-treated cells when compared with TNF stimulation
in the absence of DsbA. Treatment with DsbA had similar
qualitative effects on the FRET signal in 293T cells that had
been transfected with TNFR1 fusion proteins, as depicted in
Fig. 3, panels G-]. Thus, the findings in the DsbA-treated
203T cells are internally consistent with the results obtained
with diamide, and suggest that the oxidative stress-induced
self-association of TNFR1 and TNFR2 is secondary to
modification of the extracellular domains of the TNF recep-
tors. However, the results of these studies do not allow us to
determine which cysteine residues were modified by dia-
mide or DsbA.

To determine whether DsbA modified the free sulthydryl
groups on cysteine residues on the extracellular domains of
TNEFR1 under the experimental conditions used herein, we
treated TNFR1-transfected 293T cells with DsbA, as described
above, and then exposed the cells to AMS. As shown in Fig. 3K
the Western blot for TNFR1 in the diluent-treated cells
exposed to NEM showed a single band with a lower molecular
mass, when compared with the multiple bands of higher molec-
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FIGURE 3. Effect of DsbA on TNF receptor oligomerization. Panel A, Western blot analysis of TNFR2 under non-reducing (left panel) and reducing conditions
(right panel). 293T cells expressing TNFR2 fusion proteins were treated with DsbA (1 wg/ml) for 1-16 h; the position of TNFR2 monomers (M), dimers (D), and
trimers (T) are depicted. Panels B-E depict the FACS analysis of 293T cells co-expressing CFP- and YFP-tagged TNFR2 constructs in the presence of diluent (500
M GSSG (panel B)), 1 ug/ml DsbA (panel C) for 16 h, 100 units/ml TNF (panel D), and 100 units/mI TNF and 1 wg/ml DsbA for 16 h (panel E). Panels G-J depict FACS
analysis of 293T cells co-expressing CFP- and YFP-tagged TNFR1 in the presence of diluent (500 um GSSG (panel G)), 1 ng/ml DsbA (panel H) for 16 h, 100
units/mITNF (panel I),and 100 units/mI TNF and 1 g/ml DsbA for 16 h (panel J). The group data (mean = S.E.) for mean fluoresence intensity for each treatment
is shown in panel F for TNFR2. Panel K illustrates the binding of AMS and NEM to TNFR1 in transfected 293T cells in the presence and absence DsbA (1 ug/ml).

Key: Dil, diluent; *, p < 0.05 versus diluent; **, p < 0.05 versus TNF; *, p < 0.05 versus control; **, p < 0.05 versus TNF.

ular weight in the diluent-treated cells exposed to AMS, con-
sistent with the presence of free sulfhydryl groups in the extra-
cellular domain of the TNFR1. However, the important finding
shown by Fig. 3, panel K'is that treatment with DsbA resulted in
a shift in the pattern of AMS binding to lower molecular pro-
teins, suggesting that there were less free sulthydryl groups
available for AMS binding following DsbA-induced oxidation
of the free sulfhydryl groups, consistent with a prior study that
showed that TNFR1 contains ~15-17 redox-sensitive thiol
groups (12). As expected, DsbA had no effect on the molecular
weight of the cells exposed to NEM. This gel is representative of
four experiments.

Effect of Oxidative Stress on TNF-induced NF-kB Activation

To determine whether oxidative stress influenced TNF-me-
diated cell signaling, we measured NF-«B activation in the pres-
ence and absence of diamide and DsbA. Fig. 44 shows that
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treating HeLa cells with TNF (100 units/ml) led to NF-«B acti-
vation (lane 2) and that the degree of NF-«B activation detected
by EMSA was enhanced by pretreatment with diamide (lane 4).
Importantly, diamide did not enhance TNF-induced NF-«B
activation (lane 8) in the presence of DTT, whereas DTT itself
had no effect on TNF-induced NF-«B activation (lane 6). The
specificity of the NF-«B signal was determined in several ways,
including a 20X molar excess of unlabeled NF-«B consensus
sequence, which completely abrogated binding of the labeled
oligonucleotide (Fig. 4B, lane 3), as well as by supershift assays,
which showed that the NF-«B complexes were supershifted by
polyclonal antibodies directed against the p65 and p50 compo-
nents of NF-«B (Fig. 4B, lanes 4 and 5). The above experiments
were repeated using the cell-impermeant oxidoreductase
DsbA. As shown in Fig. 4C, increasing concentrations of DsbA
resulted in a progressive increase in NF-«B activation. To delin-
eate the effect of DsbA on TNF receptor signaling, we measured
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FIGURE 4. Effect of diamide and DsbA on TNF-induced NF-«B activation.
A, Hela cells were treated with diamide (1 um) or TNF (100 units/ml), and
NF-«B activation was determined by EMSA in the absence and presence of
DTT (100 um). B, to determine the specificity of DNA-protein binding, nuclear
extracts from TNF-treated Hela cells were treated with a 20X excess of unla-
beled oligonucleotides. Supershift assays were performed by adding p50 and
p65 antibodies to the nuclear extracts. C, HeLa cells were treated with increas-
ing concentrations of DsbA (0.001-10 pg/ml) + 500 um GSSG, and NF-«B
activation was determined by EMSA. D, HeLa cells were treated with DsbA (1
ug/ml) and GSSG (500 um) overnight followed by treatment with TNF (100
units/ml) for 15 min, and NF-«kB activation was assessed by EMSA. The results
in each panel are representative of at least three different experiments.

TNF-induced NF-«B activation with and without pretreatment
with DsbA (0.1 pg/ml). Fig. 4D shows that the degree of TNF-
induced NF-«B activation (lane 8) was more robust in the pres-
ence of DsbA pretreatment than without (lane 7). Neither basal
NF-kB activation (lane 3) nor TNF-induced NF-«B activation
(lane 4) was affected by GSSG. Further, DsbA had no affect on
basal (lane 5) or TNF-induced (lane 6) NF-«B activation in the
absence of GSSG.

Effect of Oxidative Stress on TNF-induced Gene Expression

To determine whether oxidative stress influenced TNF-me-
diated gene expression, we measured the mRNA levels of two
TNEF-sensitive NF-«kB-dependent genes, IkB, and syndecan-4
(18) in the presence and absence of diamide (1 uMm) and DsbA
(0.1 pg/ml). Fig. 5A shows representative RNase protection
assays for IkB and syndecan-4, whereas Fig. 58 summarizes the
results of group data. The salient finding shown by Fig. 5 is that
TNE-induced gene expression for IkB and syndecan-4 was
greater in diamide-pretreated cells (lane 4, p < 0.05) than in
diluent-pretreated cells (lane 2). Importantly, diamide alone
had no effect on the basal levels (lane 3) of IkB and syndecan-4
gene expression. Similarly, TNF-induced expression of IkB and
syndecan-4 mRNA levels were increased significantly (p <
0.05) by DsbA pretreatment when compared with vehicle-pre-
treated cells (Fig. 5, C and D). As shown, pretreatment with
DsbA resulted in a small but significant increase in IkB and
syndecan-4 mRNA levels when compared with vehicle, consist-
ent with DsbA-induced TNF receptor self-association in the
absence of TNF (Fig. 3).
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FIGURE 5. Effect of diamide and DsbA on TNF-induced gene expression.
A, representative RNase protection assay showing |«B and syndecan-4 mRNA
levels in Hela cells treated with diluent or TNF (100 units/ml) in the presence
and absence of diamide (1 um). B, group data (mean = S.E.) for IkB and syn-
decan-4 mRNA levels in Hela cells treated with diluent or TNF (100 units/ml)
(lane 2) in the presence and absence of diamide (1 um) pretreatment. C, rep-
resentative RNase protection assay showing |kB and syndecan-4 mRNA levels
in Hela cells treated with diluent (GSSG (500 um)), TNF (100 units/ml), DsbA
(0.1 pg/ml) + GSSG (500 um), and TNF + DsbA (0.1 wg/ml) + GSSG (500 pm).
D, group data (mean = S.E.) for IkB and syndecan-4 mRNA levels in HelLa cells
treated with diluent, TNF (100 units/ml), DsbA (0.1 ng/ml) + GSSG (500 um),
and TNF + DsbA (0.1 ug/ml) + GSSG (500 um). Group data are expressed as
the ratio of the optical density of the ratio IkB or syndecan-4 mRNA level to
the L32 mRNA level. *, p < 0.05 versus diluent; **, p < 0.05 versus TNF.

Effect of Oxidative Stress on TNF Ligand-TNF Receptor
Interactions

We considered two possible explanations for the effect of
oxidative stress on enhanced TNF signaling (Fig. 4) and
enhanced TNF induced gene expression (Fig. 5), namely
increased TNF binding affinity for the TNF receptors and/or
allosteric modifications of the TNF receptors. To determine
whether oxidative modifications of the cysteine residues of the
extracellular domains of the TNF receptors affected TNF bind-
ing we measured the binding affinities of TNF in 293T cells that
had been transfected with chimeric TNFR1 and TNFR2 con-
structs. As shown in Fig. 6, A and B, respectively, treatment with
DsbA did not lead to changes in the binding affinity of TNF for
either TNFR1 or TNFR2, when compared with vehicle. Scat-
chard analysis of the data for TNFR1 (Fig. 64, inset) indicated a
K,0f0.63nmand 0.69 nmand a B, 0f 74.16 fmol/mgand 82.53
mol/mg, respectively. Scatchard analysis of the data for TNFR2
(Fig. 6B, inset) indicated a K, 0f0.11 nmand 0.09 nmand a B,
of 66.0 fmol/mg and 67.4 fmol/mg, respectively. Next, we
examined the effect of increasing concentrations of TNF on
NEF-kB activation in HeLa cells, with and without DsbA pre-
treatment (Fig. 6, C and D). As shown in Fig. 6D, the dose
response curve for TNF-induced activation of NF-kB was
shifted leftward following pretreatment with DsbA, consistent
with an increase in the relative potency of TNF. The log(EC,,)
of TNF-induced NF-kB in DsbA-treated cells (log,, **** %)
was significantly (p < 0.05) less than the log(EC,,)in vehicle-
treated cells (log,, ''*" ', n = 4 experiments). As shown in
Fig. 6D, TNF-induced NF-«B activation at doses of 0.1 and 1 pMm
was significantly greater in DsbA-treated cells than that in vehi-
cle-treated cells (p < 0.05, n = 4 experiments).
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FIGURE 6. TNF receptor binding and TNF-induced NF-«B activation.
T25-TNF saturation/competition studies were performed in 293T cells
transfected with the chimeric TNFR1 (A) or TNFR2 (B) constructs and
treated overnight with diluent (500 um GSSG, open squares) or DsbA (0.1
rg/ml, closed squares) + 500 um GSSG (representative of three separate
experiments). C, representative EMSA showing the effect of increasing
concentrations of TNF (0—-100 pm) on NF-«B activation in the presence of
DsbA (0.1 wg/ml) + GSSG (500 um) or diluent (500 um GSSG). This figure is
representative of three separate experiments. D, dose response curve of
TNF-induced NF-«B activation in the presence of DsbA (0.1 wg/ml) + GSSG
(500 um) or diluent (500 um GSSG). *, p < 0.05 versus diluent.

DISCUSSION

The principal new finding of this study is that oxidative stress
promotes self-interaction of the TNF receptors that leads to
enhanced TNF signaling. The following lines of evidence sup-
port this statement. First, the thiol oxidant diamide induced
TNEF receptor self-oligomerization in the absence of exogenous
TNEF, as demonstrated by an increase in the FRET signal in
293T cells transfected with CFP- or YFP-tagged TNF receptors,
as well as by the formation of multimeric TNFR complexes in
the transfected 293T cells (Fig. 1, panels A-L). Of note, pre-
treating the 293T cells with concentrations of diamide that
were not sufficient to provoke self-association of either TNFR1
or TNFR?2, resulted in an increased FRET signal in TNF-stim-
ulated 293T cells (Fig. 2, panels A-L), suggesting that oxidative
stress augmented TNF-induced TNER signaling. In addition,
pretreatment with diamide resulted in increased TNF-induced
NF-kB activation (Fig. 44), as well as increased TNF-induced
IkBa and syndecan-4 gene expression (Fig. 5, A and B) when
compared with cells pretreated with diluent alone. Importantly,
the concentrations of diamide that resulted in enhanced TNF
signaling had no discernable effect on NF-«B activation or
NE-kB-dependent gene expression. Further, the effects of dia-
mide were completely abrogated in the presence of the reduc-
ing agent DTT. Given that diamide can readily diffuse through
cell membranes, we considered the possibility that diamide
might promote TNEFR self-association through oxidative mod-
ifications of the cytoplasmic tails of either TNFR1 or TNFR2.
Therefore, we repeated the above experiments with DsbA, a
cell-impermeant oxidoreductase. Treatment with DsbA led to
an increase in the FRET signal (Fig. 3, panels B-J) and increased
formation of multimeric TNF receptor complexes in 293T cells
transfected with CFP- or YFP-tagged TNF receptors (Fig. 3A).

23426 JOURNAL OF BIOLOGICAL CHEMISTRY

The DsbA-induced TNFR complexes were functionally impor-
tant, insofar as DsbA pretreatment in the absence of TNF stim-
ulation resulted in concentration-dependent activation of
NEF-kB (Fig. 4C) and increased expression of two NF-«B-sensi-
tive genes, namely IkBa and syndecan-4 (Fig. 5, C and D). Fur-
thermore, pretreatment with DsbA resulted in increased TNF-
induced NF-«B activation and increased TNF-induced gene
expression (Figs. 4D and 5, C and D). The concentration of
DsbA that resulted in increased TNER self-association was suf-
ficient to oxidize the free thiol groups on the cysteine residues
of TNFR1, as shown by the studies with AMS (Fig. 3, panel K),
suggesting that modifications of the cysteine residues of TNFRs
contributed to the enhanced TNF-induced TNFR signaling and
gene expression. Unfortunately, these studies do not allow us to
determine the specific nature (inter- or intramolecular) of the
disulfide bonds that were formed following oxidation of the cys-
teine residues. To further explore the mechanism for the effects of
oxidative stress on enhanced ligand-dependent and ligand-in-
dependent TNF signaling, we examined the effect of oxidative
stress with respect to TNF binding affinity for TNFR1 and
TNFR2. As shown in Fig. 6, A and B, respectively, treatment
with DsbA had no effect on TNF binding affinity for either
TNFR1 or TNFR2 when compared with vehicle alone. How-
ever, when we examined the effects of DsbA on TNF-induced
NE-«B activation, we observed a leftward shift in the TNF dose
response curve for NF-KB activation (Fig. 6, C and D), consist-
ent with allosteric modification of the TNFRs. Taken together,
these observations suggest that oxidative modifications of the
cysteine residues of the TNFRs lead to conformational changes
within the receptors that favors the formation of TNFR oli-
gomers on the surface of the cell membrane, which in turn
allows the cytoplasmic tails to come into close proximity,
thereby fostering ligand-independent as well as enhanced TNF-
induced signaling and gene expression.

TNF Receptor Signaling—The classic model of TNF receptor
signaling suggests that homotrimeric TNF recruits three sepa-
rate chains of the TNF receptor through ligand-induced trim-
erization of monomeric receptor chains, which in turn leads to
recruitment of signaling complexes to the cytoplasmic domains
of these receptors (2, 19, 20). Support for the classic trimeriza-
tion model is provided by the crystal structure of lymphtoxin-co
with the extracellular domain of TNFR1, in which three recep-
tor fragments crystallize with each homotrimer of LT-a. How-
ever, more recent studies suggest that many members within
the TNFR family exist as pre-assembled oligomers prior to
ligand stimulation (21). Indeed, relatively recent studies suggest
that the first cysteine-rich domain of the TNF receptor is crit-
ical for forming a pre-ligand assembly domain (PLAD) that
mediates TNF receptor self-association in the absence of ligand
binding (22). Cross-linking experiments suggested that TNFR1
and TNFR2 trimers are the preferred configuration. However,
crystallographic studies of unliganded TNFR1 performed at
alkaline pH (8.0) suggest that the receptor exists as a dimeric
subunit, in which each subunit is arranged head to head (23). A
dimeric conformation of TNFR conformation would allow for a
hexagonal array of dimer receptors and trimeric ligands (aggre-
gation model), which could make contacts between their cyto-
plasmic domains (Fig. 7A). While the aggregation model is con-
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sistent with the observation that trimerization of the receptors
is necessary for TNF signaling, there are no clear experimental
data that demonstrate the formation of networks of ligands and
receptors on the cell surface. An alternative explanation that
has been proposed is that each receptor dimer acts as an inde-
pendent molecular switch, in which ligand binding enforces
displacement and rotation of the receptor units relative to one
another, forcing a conformational change on the cytoplasmic
side (Fig. 7B). However, although elegant, this latter model does
not account for the observation that the cytoplasmic receptor
tails of both TNFR1 and TNFR2 and their interacting signaling
adaptors appear to require trimeric axis of symmetry to initiate
downstream signaling (24). Although our studies do not allow
us to formally exclude or embrace the aggregation and/or the
molecular switch models of TNEFR signaling presented above,
the most parsimonious interpretation of the data set is that
oxidative modifications of the cysteine residues allows for
dimerization of the receptors, which then act as independent
molecular units to initiate cell signaling, and that further
ligand-induced oligomerization of the receptor dimers by TNF
leads to enhanced signaling through the assembled dimers. One
limitation of the present study is that we used exogenously sup-
plied prooxidants to model redox changes of the TNEFRs.
Accordingly, it remains to be determined whether physiologi-
cal oxidants will modulate the FRET signal and TNF signaling
in a similar manner. Nonetheless, it bears emphasis that our
findings are entirely consistent with a prior study, which dem-
onstrated that the cysteine residues of TNFR1 undergo oxida-
tive modification after up-regulation of membrane-bound
y-glutamyltransferase activity (an endogenous physiological
source of prooxidants) (12). Further, redox priming has been
observed with the insulin receptor, wherein oxidizing condi-
tions resulted in enhanced insulin responsiveness in the
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absence of tyrosine autophosphorylation (9). Moreover, our
data are consistent with studies which have shown that point
mutations that create free cysteine residues in the extracellular
domain of the fibroblast growth factor receptor and/or the
erythropoietin receptor result in receptor dimerization that
leads to constitutive receptor signaling (25, 26). In summary,
this study shows that oxidative stress promotes TNER receptor
self-interaction, thus suggesting that TNFRs may exist in a con-
stitutively active state depending on the redox milieu of the
pericellular space. These studies further suggest that oxidative
stress may lead to enhanced TNF signaling through allosteric
modifications of the TNF receptors (i.e. TNF receptor priming).
Because TNF is generally present at low concentrations physi-
ologically, oxidative stress and or higher extracellular pH may
ensure more efficient TNF signaling by permitting TNFRs to
undergo conformational changes that facilitate TNF signaling
at subnanomolar concentrations. Moreover, the observation
that oxidative stress was sufficient to provoke ligand-indepen-
dent signaling raises the interesting possiblity that redox-in-
duced alterations in TNFR signaling may allow for extremely
rapid TNEF-like cellular responses during periods of cellular
stress. Conversely, during periods of reductive stress (27)
and/or lower extracellular pH, the TNFRs would be expected to
undergo conformational changes that would dampen TNFR
signaling at physiologic concentrations of TNF. Although spec-
ulative, these studies also raise the intriguing possibility that in
addition to the classic ligand-receptor model of TNF signaling,
an additional level of control of TNF signaling may reside at the
level of the cell membrane wherein ectodomain-based prooxi-
dant enzymes (e.g. <y-glutamyltransferase, Ref. 28) and oxi-
doreductases (e.g. protein-disulfide isomerase, Ref. 29) are
capable of modulating the redox environment of the pericellu-
lar space.
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