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The fine-tuning of TRAF2–GSTP1-1 interaction: effect
of ligand binding and in situ detection of the complex

A De Luca1, G Mei2, N Rosato2, E Nicolai2, L Federici3, C Palumbo4, A Pastore5, M Serra6 and AM Caccuri*,1,2

We provide the first biochemical evidence of a direct interaction between the glutathione transferase P1-1 (GSTP1-1) and the
TRAF domain of TNF receptor-associated factor 2 (TRAF2), and describe how ligand binding modulates such an equilibrium.
The dissociation constant of the heterocomplex is Kd¼ 0.3 lM; however the binding affinity strongly decreases when the active
site of GSTP1-1 is occupied by the substrate GSH (KdZ2.6 lM) or is inactivated by oxidation (Kd¼ 1.7 lM). This indicates that
GSTP1-1’s TRAF2-binding region involves the GSH-binding site. The GSTP1-1 inhibitor NBDHEX further decreases
the complex’s binding affinity, as compared with when GSH is the only ligand; this suggests that the hydrophobic portion of
the GSTP1-1 active site also contributes to the interaction. We therefore hypothesize that TRAF2 binding inactivates GSTP1-1;
however, analysis of the data, using a model taking into account the dimeric nature of GSTP1-1, suggests that GSTP1-1 engages
only one subunit in the complex, whereas the second subunit maintains the catalytic activity or binds to other proteins. We also
analyzed GSTP1-1’s association with TRAF2 at the cellular level. The TRAF2–GSTP1-1 complex was constitutively present in
U-2OS cells, but strongly decreased in S, G2 and M phases. Thus the interaction appears regulated in a cell cycle-dependent
manner. The variations in the levels of individual proteins seem too limited to explain the complex’s drastic decline observed in
cells progressing from the G0/G1 to the S–G2–M phases. Moreover, GSH’s intracellular content was so high that it always
saturated GSTP1-1. Interestingly, the addition of NBDHEX maintains the TRAF2–GSTP1-1 complex at low levels, thus causing a
prolonged cell cycle arrest in the G2/M phase. Overall, these findings suggest that a reversible sequestration of TRAF2 into the
complex may be crucial for cell cycle progression and that multiple factors are involved in the fine-tuning of this interaction.
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The TNF receptor-associated factors, also known as TRAFs,
are a family of proteins that directly or indirectly interact with
and modulate the function of many receptors involved in the
regulation of various cellular responses, including death,
survival and differentiation.1–3 Human TRAFs share a trimeric
structure and mushroom-shape with a conserved carboxy-
terminal region (TRAF-C domain) as the cap, and a coiled-coil
region (TRAF-N domain) as the stalk. Both domains form the
TRAF domain responsible for self-association and for inter-
action with upstream receptors. The TRAFs’ amino-terminal
region contains a RING finger and several zinc-finger motifs,
and is responsible for interaction with downstream mole-
cules.4 Among the TRAF family, TRAF2 is the most
ubiquitously expressed and widely studied member. TNF
receptor activation induces TRAF2 recruitment, which in turn
leads to the activation of downstream signaling cascades
including those of the c-Jun N-terminal kinase (JNK)5 and
nuclear factor (NF)-kB.6,7 These cascades represent two

different responses to TNF receptor activation; the bifurcation
of their pathways occurs at the level of TRAF2.8 TRAF2
mediates JNK activation via the apoptosis signal-regulating
kinase 1 (ASK1), a mitogen-activated protein kinase kinase
kinase (MAP3K).9,10 In resting cells, ASK1 forms an inactive
complex together with the redox-sensitive protein thioredoxin,
which blocks its interaction with TRAF2.11 On the other hand,
TNF receptor activation and the subsequent TRAF2 recruit-
ment to the plasma membrane stimulates the production of
reactive oxygen species (ROS),12 which, by disrupting the
ASK1–thioredoxin complex, allow the binding of ASK1 to the
TRAF domain of TRAF2 and the activation of the ASK1–JNK
signaling cascade. The formation of the TRAF2–ASK1
complex is essential for the apoptotic cell death response
triggered by TNF receptor stimulation and oxidative stress.13,14

More recently, GSTP1-1 has emerged as a new inhibitor of
the TRAF2 signaling pathway, having an antiapoptotic role.
GSTP1-1 is overexpressed in many cancers, this having been
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related to the development of multidrug resistance. In fact,
several anticancer drugs can be neutralized by the GST-
catalyzed reaction, and extruded from the cell. Moreover,
GSTP1-1 is able to bind directly to the mitogen-activated
protein kinase (MAPK) JNK, thus inhibiting its pro-apoptotic
action.15,16 Wu et al.17 demonstrated that GSTP1-1 is also
associated with TRAF2 in cervical carcinoma (HeLa) and
human embryonic kidney (HEK293) cells. Moreover, we have
recently demonstrated the interaction of GSTP1-1 with
TRAF2 in human osteosarcoma cell lines by immunoprecipi-
tation.18 Of note, GSTP1-1 seems to interact specifically with
the ASK1–JNK pathway, as it does not inhibit the activation of
NF-kB or the formation of the complex between TRAF2 and
MEKK1, another MAP3K mediating JNK activation.17,19

Furthermore, evidence has been provided by Wu et al.17 that
the ASK1–JNK pathway activation and cell death induced by
TNFa are both inhibited by GSTP1-1 overexpression,
whereas apoptosis of TNFa-treated cells is enhanced by
GSTP1-1 knockdown. Given these premises, the present
study has been designed to characterize the TRAF2–GSTP1-
1 complex at a molecular level and to investigate the
complex’s formation in situ.

Results

TRAF2 purification and structure analysis. We
expressed and purified a His-tagged C-terminal domain of
TRAF2 (residues 310–501) (Figure 1a) comprising a portion
of the coiled-coil a-helix domain (TRAF-N domain) and the
conserved TRAF-C domain that is capable of binding to the
cytoplasmic region of receptors as well as to cytoplasmic

signaling proteins.4 The TRAF-C domain is known to form an
eight-stranded antiparallel b-sandwich structure containing
two twisted, four-stranded, antiparallel b-sheets and a long
helical segment linking strands b1 and b2.4 In order to check
whether the truncated TRAF2 maintains the folded con-
formation of the full-length protein, we investigated its
secondary and tertiary structure content through spectro-
scopic measurements. Figure 1b shows the circular dichro-
ism (CD) in the peptidic region of truncated TRAF2. The
protein spectrum has the typical features (shape and minima)
exhibited by a/b proteins.20 A quantitative analysis of the
spectrum yields the values reported in Table 1. It is worth
mentioning that the estimated secondary structure content is
in line with previously published crystallographic data.4

The fluorescence properties of the two tryptophan residues
located in the TRAF domain have also been studied.
In particular, the steady-state spectrum shown in Figure 1c
exhibits a pronounced peak around 320 nm, indicating that the
two tryptophan residues present in each TRAF2 subunit are
fully buried.21 The resulting center of mass and the measured
steady-state anisotropy are reported in Table 1. Both CD and
fluorescence measurements provide evidence that the
TRAF2 construct used in this study retained the structural
features expected for the complete and folded protein.

Evidence of the direct binding between GSTP1-1 and
TRAF2. To obtain evidence for the formation of a complex
between GSTP1-1 and TRAF2, we used an enzyme-linked
immuno sorbent assay (ELISA), where increasing amounts
of GSTP1-1 were added to His-tagged TRAF2 immobilized
on a Ni-NTA-coated plate. The amount of bound GSTP1-1

Figure 1 Structure and spectroscopic analysis of purified TRAF2. (a) Sequence coding for the His-tagged C-terminal domain of TRAF2 (residues 310–501); underlined is
reported as the His-tagged sequence. The sequence was cloned into the pET28a(þ ) (Novagen) expression vector. The resulting plasmid was used to transform E. coli BL21
(DE3) cells. (b) CD spectrum in the peptidic region of the truncated TRAF2 (2 mM). The protein spectrum has the typical features (shape and minima) exhibited by a/b proteins.
The spectrum was recorded on a JASCO J-710 spectropolarimeter at 20 1C. (c) Steady-state fluorescence spectrum of truncated TRAF2 (2 mM); excitation was set at 292 nm.
The spectrum exhibits a peak around 320 nm, diagnostic of buried tryptophan residues. The spectrum was recorded at 20 1C on the PC1-ISS photon counting fluorometer
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was then revealed by an anti-GSTP1-1 specific antibody.
A dose-dependent increase in the antibody signal was
observed on addition of GSTP1-1, proving the formation of
a complex (Figure 2a). To analyze the binding data, we used
equation (1), describing a 1 : 1 interaction between one
TRAF2 monomer and one GSTP1-1 subunit, the binding
sites being equal and independent (see Materials and
Methods section). The estimated equilibrium dissociation

constant for the TRAF2–GSTP1-1 complex was
Kd¼ 0.29±0.02 mM (Table 2). The same model was pre-
viously used to analyze the interaction between GSTP1-1
and JNK1a2 obtaining a Kd value of 0.39±0.14 mM.15

Fluorescence analysis confirms the binding between
GSTP1-1 and TRAF2. The interaction of TRAF2 with
GSTP1-1 was also monitored by steady-state fluorescence,
measuring the perturbation of the emission spectrum of
dansylated TRAF2 occurring on addition of GSTP1-1.
A GSTP1-1 concentration-dependent blue shift of the
dansylated TRAF2 spectrum was observed, diagnostic of
the interaction between the two proteins (Figure 2b). The
fluorescence data were fitted to both the general equations
(1) and (2) (see Materials and Methods section); the latter
describes the equilibrium between the species P1 (one
TRAF2 monomer bound to one GSTP1-1 dimer) and P2 (two
TRAF2 monomers bound to one GSTP1-1 dimer), the
GSTP1-1-binding sites being equal and independent. Both
fits gave an apparent dissociation constant of 0.3 mM
(Table 2), a value that overlaps the Kd obtained with the

Table 1 Spectroscopic versus structural properties of TRAF2

Secondary

structure (CD)

Tertiary structure

(fluorescence)

a (%) b (%) coil (%) c.m. (nm) or4a

Spectroscopic data 35±3 49±4 16±2 340.3±0.5 0.147±0.007

Crystallographic data4, b 30 52 18 — —

Abbreviation: c.m., center of mass
aSteady-state anisotropy
bpdb file 1ca.4

Figure 2 Evidence of the direct binding between TRAF2 and GSTP1-1. (a) ELISA detection of the TRAF2–GSTP1-1 interaction. His-tagged TRAF2 (0.005mM) was
immobilized on Ni-NTA-coated plates and incubated with increasing amounts of GSTP1-1 (from 0.1 to 2 mM (-J-) refers to the concentration monomeric protein). The same
experiment was repeated in presence of saturating GSH concentrations (1 mM) (-K-). The curves represent the best fit of data to equation (1) that fulfills the Kd values for the
TRAF2–GSTP1-1 complex (Table 2). (b) Fluorometric detection of the TRAF2–GSTP1-1 interaction. Dansylated TRAF2 (2.5mM) was incubated with increasing amounts of
GSTP1-1 (from 0.2 to 9 mM (-J-) refers to the concentration of dimeric protein). The interaction of dansylated TRAF2 (5.9mM) with GSTP1-1 was also analyzed in the
presence of 1 mM GSH (-K-). The curves represent the best fit of data to equation (2) that fulfills the Kd values for the TRAF2–GSTP1-1 complex (Table 2). Each point
represents the mean±S.E.M. of at least three different experimental sets. (c) Theoretical dependence of the P1 (one TRAF2 monomer bound to dimeric GSTP1-1) and P2
species (two TRAF2 monomers bound to dimeric GSTP1-1) from the total dimeric GSTP1-1 concentration, assuming a Kd value of 0.3mM for the TRAF2–GSTP1-1 complex
(i.e. in the absence of GSH). (d) The same as (c) assuming a Kd value of 3 mM for the TRAF2–GSTP1-1 complex (i.e. in the presence of GSH)
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ELISA assay by using equation (1). In addition, the second
model allows the determination of the relative amounts of the
P1 and P2 species at different GSTP1-1 concentrations.
Figure 2 shows that, in the absence of GSH, P2 is the
prevalent form at low-GSTP1-1 concentrations (panel c),
while in the presence of saturating GSH (see below), P1 is
always the most abundant species (panel d).

The GST substrate GSH decreases the interaction
between GSTP1-1 and TRAF2. Under physiological condi-
tions, protein–protein interactions may be influenced by
ligands such as enzyme substrates or inhibitors. We have

previously shown that the specific GST substrate, GSH,
strongly reduces the affinity of GSTP1-1 for JNK1.15 In order
to examine the role of GSH in the TRAF2–GSTP1-1
interaction, we monitored the formation of the TRAF2–
GSTP1-1 complex, by using ELISA, in the presence of GSH
concentrations ranging between 0.03 and 1 mM, that is, from
1/3 to 10 times the Km of GSTP1-1 for GSH.22 In the
presence of GSH the amount of the protein–protein complex
decreased in a dose-dependent manner. In particular, the
apparent dissociation constant rose from a value B0.3 mM,
in the absence of GSH, to a value B3 mM, under saturating
GSH concentrations (Figure 2a, Figures 3a–c and Table 2).
The effect of GSH was confirmed by fluorometric experi-
ments: in the presence of saturating GSH (1 mM), the
addition of GSTP1-1 to dansyl-TRAF2 caused a lower
perturbation of the fluorescence emission spectrum
(Figure 2b), the dissociation constant, calculated using both
equations (1) and (2), being 4.6±0.7 mM (Table 2).

‘Oxidized’ GSTP1-1 has low affinity for TRAF2. Cellular
oxidative stress is known to cause the inactivation and
release of GSTP1-1 from the complex with JNK.23 We thus
evaluated the effect of GSTP1-1’s oxidative inactivation on
its interaction with TRAF2. To this end, GSTP1-1 was
incubated under conditions that promote the formation of one
intra-chain disulfide bond between cysteine 47 and 101
residues.24 Figure 3d shows the specific activity (SA) and the
sulfhydryl group reactivity of GSTP1-1 before and after the
oxidative reaction. After incubation with DTT and GSH, both
the reactivity of Cys-47 and Cys-101 sulfhydryls and
the enzymatic activity were restored, thus confirming the

Table 2 Dissociation constants (mM) of the TRAF2–GSTP1-1 complex

GSTP1-1 GSTP1-1 ligand Kd by

ELISA

Kd by

fluorometry

Native None 0.29±0.02 0.30±0.02

GSH 0.03 mM 0.49±0.06 nd

GSH 0.3 mM 0.93±0.10 nd

GSH 1 mM 2.60±0.30 4.60±0.70

GSH 0.03 mM, NBDHEX 8 mM 1.20±0.10 nd

GSH 0.3 mM, NBDHEX 8 mM 2.70±0.20 nd

GSH 1 mM, NBDHEX 8mM Z 5 nd

Oxidized None 1.70±0.20 nd

Abbreviation: Nd, not determined

Figure 3 Effect of ligands and of oxidative state of GSTP1-1 on the TRAF2–GSTP1-1 interaction. (a) His-Tagged TRAF2 (0.005 mM) was immobilized on Ni-NTA-coated
plates and incubated with increasing amounts of GSTP1-1 (from 0.1 to 2mM, the concentration refers to the monomeric protein) in the absence (-&-) or in the presence of
subsaturating (0.03 mM) GSH, with (-B-) or without (-’-) 8mM NBDHEX. The same experiment was repeated in the presence of increasing amounts of GSH: 0.3 mM
(b) and 1 mM (c). In addition, c shows the binding of TRAF2 to the oxidized form of GSTP1-1 (-J-). The curves represent the best fit of data to equation (1) that fulfills the Kd

values for the TRAF2–GSTP1-1 complex (Table 2). Each point represents the mean±S.E.M. of at least three different experimental sets. (d) GST activity and cysteine
reactivity of GSTP1-1 before and after oxidative inactivation. The fully active enzyme (-K-) shows two fast reacting sulfhydryls/subunit and a third slow reactive thiol, whereas
the inactivated GSTP1-1 (-’-) has only one slow reactive -SH group/subunit. The inactivation was reverted by incubation with 100 mM DTT and 1 mM GSH (-J-). GSTP1-1
SA expressed as mmol/min/mg protein
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thiol-reversible nature of the inactivation. The ‘oxidized’ form
of GSTP1-1 exhibited low affinity for TRAF2 in the ELISA
assay (Kd¼ 1.7±0.2 mM); the binding curve was highly
similar to that obtained with the fully active GSTP1-1
saturated with GSH (Figure 3c and Table 2).

The GST inhibitor 6-(7-nitro-2,1,3-benzoxadiazol-4-
ylthio)hexanol (NBDHEX) decreases the interaction
between GSTP1-1 and TRAF2. We also analyzed the
effect of the strong GST inhibitor NBDHEX25,26 on the
amount of the complex between GSTP1-1 and TRAF2. We
had previously shown by immunoprecipitation that NBDHEX
treatment triggers the dissociation of the TRAF2–GSTP1-1
complex in U-2OS cells.18 Here, we show that addition of
NBDHEX to a mixture of GSTP1-1, TRAF2 and GSH of
different concentrations (between 0.03 and 1 mM) further
decreases the amount of protein complex, compared with the
case when GSH is the only ligand (Figures 3a–c and
Table 2). Specifically, in the presence of subsaturating
GSH, NBDHEX leads to a value of KdB2 mM, whereas in
the presence of saturating GSH, NBDHEX leads to a value of
KdZ5 mM. Therefore the effect of NBDHEX is strictly
correlated to the concentration of GSH.

The TRAF2–GSTP1-1 complex is affected by cell cycle
progression. The in situ formation and localization of the
TRAF2–GSTP1-1 complex was investigated by the proximity
ligation assay (PLA) in U-2OS osteosarcoma cells. The PLA
procedure makes it possible to visualize individual protein–
protein interaction events, generating a fluorescent spot only
when two proteins are in close proximity (o40 nm).27,28

We found that the complex between GSTP1-1 and TRAF2 is
constitutively present in U-2OS cells, being localized in both
the cytoplasm and nucleus (Figure 4a). Next, given GSH’s
role in modulating the TRAF2–GSTP1-1 interaction, we
analyzed the intracellular GSH content in proliferating U-2OS
cells. We noted that the thiol fluctuations, over a time period
of 72 h, were limited and never attained values below 2 mM
(Figure 4b); in other words, the intracellular GSH always
saturated GSTP1-1.22 On the other hand, experiments
performed on synchronized U-2OS-cell cultures revealed
that the interaction between TRAF2 and GSTP1-1 was
markedly affected by cell cycle progression. Cell cycle
synchronization was achieved by treating the cultures with
thymidine to arrest cells in the G0/G1 phase. This was
followed by a treatment with deoxycytidine in order to
promote entry into the S phase then, subsequently, by
treatment with the microtubule inhibitor nocodazole to arrest
cells in the G2–M phases. The association between TRAF2
and GSTP1-1 was significantly higher in the G0/G1 phase,
whereas it decreased to a minimum in the G2 and M phases
(Figures 4c and d); therefore, the amount of TRAF2
associated with GSTP1-1 appears to be regulated in a cell
cycle-dependent fashion. None of the molecules utilized for
cell synchronization inhibited GSTP1-1’s catalytic activity
(data not shown); therefore we can rule out these molecules’
direct interaction with the TRAF2–GSTP1-1 complex. The
findings reported above prompted us to assess whether the
observed cell cycle-dependent variations in the amount of
the TRAF2–GSTP1-1 complex could be related to the

intracellular levels of either GSTP1-1 or TRAF2. Confocal
microscopy revealed an increase of GSTP1-1 in the S and
G2–M phases compared with the G0/G1 phase (Figures 4c
and e). This result was further confirmed by western blot
analysis (Figure 4g). Conversely, both methods showed a
decrease in TRAF2 during the progression from the G0/G1 to
the S–G2–M phases (Figures 4c, f and g).

In situ evidence of the TRAF2–GSTP1-1 complex’s
NBDHEX-induced dissociation and of cellular outcomes
following NBDHEX treatment. NBDHEX’s ability to induce
the dissociation of the complex between GSTP1-1 and JNK1,
leading to JNK1 activation, is well documented.25 In a
previous study, we demonstrated through immunoprecipita-
tion that NBDHEX induced the dissociation of the complex
between GSTP1-1 and TRAF2 as well.18 Here, following the
TRAF2–GSTP1-1 interaction in situ through PLA, we confirm
NBDHEX’s ability to induce the dissociation of this complex;
we also show that such an event is paralleled by JNK
activation. Indeed, in U-2OS cells treated with 5 mM
NBDHEX, a massive decrease in the association of TRAF2
with GSTP1-1 was evident even after 1 h of treatment
(Figures 5a and b). The intrinsic fluorescence (green) of
NBDHEX was localized in the cell cytoplasm; the presence of
the drug persisted up to 6 h, maintaining the TRAF2–GSTP1-1
complex at low levels (Figures 5a and b). At the same time,
the level of phospho-active JNK was assessed by confocal
imaging, a strong activation of the kinase being evident within
1 h of treatment (Figures 5a and c).

Regarding the cellular outcomes following NBDHEX
treatment, cytofluorimetric analysis revealed a cell cycle arrest
in the G2/M phase at 24 h, followed by apoptosis at 48 h
(Figure 5d). Our group had previously demonstrated
NBDHEX’s ability to induce cell death by apoptosis in U-2OS
cells as well as in other tumor cell types.16,18,25,29 Therefore, to
investigate whether NBDHEX could also trigger autophagic cell
death, we performed cell survival studies on U-2OS-cell
cultures treated with NBDHEX in the presence of the
autophagy inhibitor chloroquine diphosphate (CQ). As illu-
strated in Figure 5e, the effect of NBDHEX on cell survival was
not modified by the simultaneous treatment with autophagy-
inhibiting, non-cytotoxic concentrations of CQ. Of note, CQ’s
ability to inhibit autophagy, in the concentration range used in
cell survival studies, was verified by assessing the levels of the
autophagosome-associated LC3-II protein in lysates from
CQ-treated cells (Figure 5f), as previously described.30 Indeed,
CQ is a late-phase autophagy inhibitor that blocks the
autophagic flux, thus causing the accumulation of autophago-
somes and the LC3-II protein.31 In conclusion, based on the
results of cell survival studies, autophagic cell death does not
seem to contribute to the cytotoxic effect of NBDHEX.

Discussion

Evidence of the interaction between GSTP1-1 and TRAF2
had been originally obtained in human HEK293 and HeLa
cells.17 We have recently demonstrated by western blot that
the GST inhibitor NBDHEX is able to dissociate the TRAF2–
GSTP1-1 complex in U-2OS cells, leading to a rapid and
sustained activation of MKK4 and the downstream kinases
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Figure 4 In situ detection of the TRAF2–GSTP1-1 complex and evaluation of intracellular GSH, GSTP1-1 and TRAF2 levels. (a) Cell cycle analysis and confocal fluorescence
imaging of U-2OS cells 24 h after plating. The TRAF2–GSTP1-1 complex was visualized by PLA, which generates red dots when the two proteins are in close proximity (see arrow).
GSTP1-1 and TRAF2 were detected with specific primary antibodies and Alexa 647-conjugated secondary antibodies, which generate a diffuse red fluorescence (see arrows). DAPI
(blue fluorescence) was used to counterstain cell nuclei. (b) The GSH content of proliferating cells was determined by HPLC analysis. The molar concentration of GSH was obtained
using the U-2OS-cell volume of 4000mm3. (c) Cell cycle analysis and confocal fluorescence imaging of synchronized U-2OS cells. The amount per cell of (d)TRAF2–GSTP1-1
complex, (e) GSTP1-1 and (f) TRAF2 were normalized to the content obtained at the G0/G1 phase. (g) Synchronized cells were also subjected to immunoblot analysis with
anti-GSTP1-1 and anti-TRAF2 antibodies. Each point represents the mean±S.E.M. of at least three different experimental sets. *Po0.05, **Po0.005 and ***Po0.0005
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Figure 5 Effects of NBDHEX on the interaction between GSTP1-1 and TRAF2, JNK phospho-activation and cell cycle progression/cell death. (a) U-2OS cells were treated
with 5 mM NBDHEX 48 h after plating and stained with specific antibodies at 1, 3 or 6 h of treatment, to detect the TRAF2–GSTP1-1 complex (PLA: red dots) and the phospho-
activated form of JNK (diffuse red fluorescence, see arrow). The intrinsic fluorescence (green) of NBDHEX was localized in the cell cytoplasm (see arrow). (b) Analysis of the
amount of TRAF2–GSTP1-1 complex and (c) of phospho-JNK. NBDHEX induces a rapid dissociation of the TRAF2–GSTP1-1 complex (a and b) paralleled by the
phosphorylation of JNK (a and c). (d) NBDHEX causes a sustained cell cycle arrest in the G2/M phase followed by apoptosis. (e) U-2OS cells were treated with NBDHEX
(5mM), the autophagy inhibitor CQ (2.5–10.0mM) or NBDHEX-CQ combinations. Cell survival was assessed after 48 h by the SRB assay; the effect of NBDHEX on cell
survival was not modified by simultaneous treatment with autophagy-inhibiting, non-cytotoxic doses of CQ. (f) Cell lysates from U-2OS cultures, untreated or treated with CQ
(2.5–40.0mM dose range) for 24 h, were subjected to immunoblot analysis with an anti-LC3 antibody recognizing both the cytosolic LC3-I and the autophagosome-associated
LC3-II. b-actin was used to ensure equal loading and transfer of samples
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JNK and p38.18 Although p38 causes an increase in p21
levels and a concomitant cell cycle arrest, JNK is crucial for
the induction of apoptosis.18 However, up to now, a
biochemical proof of the direct interaction between TRAF2
and GSTP1-1 has been lacking.

In the present study, we expressed and purified both
GSTP1-1 and the TRAF domain of TRAF2 (region 310–501)
and provided evidence that this truncated TRAF2 retains the
structural features expected for the complete and folded
protein. Indeed, the values estimated on the basis of the
experimental CD spectrum are very close to those available
from the X-ray crystallographic data of TRAF2 (pdb file
1ca4).4 The fluorescence measurements also suggest that
the protein is in a folded state, as (i) the spectrum is blue-
shifted, indicating that the two tryptophan residues present in
each TRAF2 subunit are located in a compact, hydrophobic
core; (ii) the anisotropy is much larger than the value expected
for fully exposed and freely rotating tryptophilic residues
(E0.05) in fully unfolded polypeptidic chains.21

Next, we used ELISA and fluorometric assay procedures to
investigate the binding of GSTP1-1 to TRAF2. Both the
experimental approaches demonstrated the formation of a
complex characterized by an apparent dissociation constant
of 0.3mM. The evidence for an interaction between GSTP1-1
and our truncated form of TRAF2 (residues 310–501) narrows
down to the binding region of TRAF2 suggested by Wu et al.
(aa 271–501).17

We also analyzed the effects of different redox conditions
on the interactions involving GSTP1-1. The mechanism
traditionally reported for the dissociation of the JNK–
GSTP1-1 complex is based on the ROS-mediated oxidation
of GSTP1-1.23 We here report that the oxidative inactivation of
GSTP1-1 reduces the enzyme’s affinity for TRAF2 as well.
Interestingly, GSH has a similar effect on in vitro assays,
inducing a concentration-dependent decrease of the complex
involving the two proteins. In particular, the addition of 1 mM
GSH to either ELISA or the fluorometric assay leads to a Kd

value at least nine times higher as compared with the Kd value
obtained in the absence of GSH. From a mechanistic point of
view, these results may be explained by taking the following
into account: Wu et al. reported that the protein region
spanning residues 38–41 of GSTP1-1 contains a TRAF2-
binding motif (TWQE) and is involved in the interaction with
TRAF2.17 Of note, this region is also part of the a-helix 2
(residues 35–46), which forms the external wall of the GSH-
binding site (G-site). We previously analyzed the flexibility of
a-helix 2 in the apo-structure of GSTP1-1 and in the binary
complex with GSH.32 In the apo-form, the irregular a-helix 2
displayed high flexibility and fluctuated rapidly between two
families of conformations. However, under saturating GSH
concentrations the equilibrium was completely (83%) shifted
toward a highly rigid GST–GSH complex. The same protein
region undergoes structural changes during GSTP1-1’s
oxidative inactivation, in which Cys-47 (located on a-helix 2)
and Cys-101 (located on a-helix 4) approach each other to
form a disulfide bond.24 Overall, these data indicate that this
enzyme’s binding ability depends on the conformation and
flexibility of a protein region involved in the GSH binding
process. We also show that addition of the GST inhibitor
NBDHEX to a mixture of GSTP1-1, TRAF2 and GSH further

decreases the affinity between the two proteins compared
with when GSH is the only ligand, the effect being more
evident at high levels of GSH. Crystallographic data of
GSTP1-1 in a complex with NBDHEX and GSH show a
number of hydrophobic interactions involving NBDHEX and
protein residues shaping the hydrophobic portion of the
GSTP1-1 active site (H-site).33 Thus, the TRAF2-binding
region involves the enzyme active site at both the G- and
H-sites; as a consequence the interaction with TRAF2 likely
inactivates GSTP1-1. On the other hand, the analysis of
fluorometric data using a model describing an equilibrium
between a monoligated GSTP1-1 dimer and a GSTP1-1 with
both binding sites occupied by TRAF2 (Figures 2b–d), leads
us to conclude that the monoligated GSTP1-1 is the
predominant species at high-GSTP1-1 concentrations, as in
the case of tumor cells.34 Therefore, we might expect that
GSTP1-1 engages only one subunit in the complex, while the
other subunit may maintain the catalytic activity or interact
with other proteins such as JNK. Indeed, we have previously
shown that the binding of GSTP1-1 to JNK1 also involves the
GSTP1-1 active site.15 Intriguingly, by binding and bringing
into proximity different members of the same signaling
pathway such as TRAF2 and JNK, GSTP1-1 may act as a
scaffold protein, thus contributing to the coordinated regula-
tion of their activity.

Wu et al.17 reported that in HeLa cells the complex between
GSTP1-1 and TRAF2 was not affected by the addition of
either the GSH precursor n-acetyl-cysteine or BSO, the
specific inhibitor of GSH synthesis. Therefore, they hypothe-
sized that the intracellular GSH levels, and more generally the
redox state of the cell, may not be critical for this interaction.
These findings only apparently contradict our own evidence,
which shows that GSH affects the enzyme’s affinity for
TRAF2. Indeed, the lack of complex sensitivity to the
intracellular redox state, reported by Wu et al.,17 can be
explained by our proof that opposite redox conditions (i.e. the
oxidative inactivation of GSTP1-1 and high concentrations of
GSH), have converging effects on the TRAF2–GSTP1-1
interaction; both conditions cause a similar increase in the
complex’s Kd value.

To demonstrate our findings’ physiological relevance, we
complemented our analysis with cell-based experiments.
The TRAF2–GSTP1-1 complex was constitutively present in
U-2OS cells. However, its amount did not appear to be
modulated by the intracellular GSH content, as under non-
stressed conditions the intracellular concentration of GSH
was so high that it always saturated GSTP1-1.22 Interestingly,
the association between TRAF2 and GSTP1-1 was regulated
in a cell cycle-dependent manner. The amount of the complex
was high in the G0/G1 phase, whereas it strongly decreased
in cells synchronized in the S, G2 and M phases. The
individual proteins moved in opposite directions during the
progression from the G0/G1 to S–G2–M phases; GSTP1-1
increased, whereas TRAF2 showed a descending profile. The
reduction of TRAF2 levels may contribute to cause the
observed cell cycle-dependent decrease of the TRAF2–
GSTP1-1 complex. This is also supported by the low
intracellular concentration of TRAF2, which we found
to be at least five times lower than that of GSTP1-1
(data not shown), indicating that TRAF2 is the limiting factor
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in the TRAF2–GSTP1-1 interaction. On the other hand,
variations in the levels of the individual proteins seem too
limited to explain the drastic decline of the complex observed
in cells progressing from the G0/G1 to S–G2–M phases.
These findings suggest that additional factors are involved in
the fine-tuning of the TRAF2–GSTP1-1 interaction during cell
proliferation. It is worth noting that the lowest amount of the
TRAF2–GSTP1-1 complex was found in the G2/M phase and
that NBDHEX treatment, which hampers the TRAF2–GSTP1-1
interaction, leads to a prolonged cell cycle arrest in the G2/M
phase as well. Although this issue will require further
investigation, it is tempting to speculate that the reassociation
of GSTP1-1 with TRAF2 may be required for the cell to exit
from the G2/M phase and re-enter the G0/G1 phase.

Indeed, the findings described in this paper may lay the
basis for new future studies aimed at optimizing the antitumor
efficacy of therapies directed toward members of the TNF
receptor superfamily through the combination with molecules
targeting GSTP1-1.

Materials and Methods
Chemicals. GSH, DNSC, CDNB, PI, CQ, SRB, thymidine, deoxycytidine and
nocodazole were from Sigma-Aldrich (St Louis, MO, USA); PLA was purchased
from Olink Bioscience (Uppsala, Sweden); NBDHEX was synthesized as reported
by Ricci et al.26

Construction of the TRAF2 expression plasmid. The sequence
coding for the C-terminal domain of human TRAF2 (residues 310–501)4 was
obtained through gene synthesis from Geneart (Regensburg, Germany) and
cloned into a pET28a(þ ) (Novagen, Darmstadt, Germany) expression vector with
NdeI and BamHI restriction sites at the 50 and 30 ends, respectively. The resulting
plasmid was used to transform E. coli BL21 (DE3) cells to express the protein with
a thrombin cleavable N-terminal 6-histidine tag.

Expression and purification of TRAF2 and GSTP1-1. E. coli BL21
(DE3) cells, transformed with the His-tagged TRAF2 C-terminal domain construct,
were grown in Luria broth medium containing 30mg/ml kanamicin sulfate. The
expression of TRAF2 was induced by the addition of 1 mM isopropyl-1-thio-b
galactopyranoside when the absorbance at 600 nm was 0.5. Cells were grown for
18 h at 25 1C, thereafter harvested by centrifugation and resuspended in lysis buffer
(20 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM DTT
and an EDTA-free inhibitor of protease). The cell suspension was sonicated and
clarified by centrifugation. The cellular extract was loaded on a 10-ml Ni-NTA column
pre-equilibrated with lysis buffer, then the column was washed with 200 ml of lysis
buffer and the protein was eluted using a linear gradient consisting of 50 ml of lysis
buffer and 50 ml of the same buffer containing 500 mM imidazole. Imidazole was
then removed from the TRAF2 sample by filtration through a Sephadex G-25
column (GE Healthcare Life Science, Chalfont St. Giles, UK) pre-equilibrated with
20 mM Tris-HCl pH 7.6 containing 150 mM NaCl and 10% glycerol. The TRAF2
content and its purity were analyzed in the eluted fractions by SDS-PAGE. GSTP1-1
was expressed and purified as previously described.26 The protein concentration
was determined by measuring the absorbance at 280 nm and using an extinction
coefficient of 17 780 and 25 460 M� 1 cm� 1 for TRAF2 and GSTP1-1 monomers,
respectively. Proteins were stored at � 80 1C.

Spectroscopic characterization of TRAF2. The purified protein was
diluted at 2 mM in 20 mM Tris-HCl buffer, pH 7.6, containing 150 mM NaCl and
10% glycerol. CD spectra were recorded on a JASCO J-710 spectropolarimeter
(Easton, MD, USA) at 20 1C, using a 0.1-cm quartz cuvette. The average values
were calculated after accumulating at least six consecutive runs, to get a good
signal-to-noise ratio. The TRAF2 a-helix and beta structure contents were estimated
fitting the measured spectrum by a linear combination of reference spectra obtained
from a set of proteins with known secondary and tertiary structures.20,35 The steady-
state fluorescence spectrum of the TRAF2 C-terminal domain was recorded at
20 1C on a PC1-ISS photon counting fluorometer (ISS, Champain, IL, USA)
equipped with Glan Thompson polarizers. Excitation was set at 292 nm.

GSTP1-1 oxidative inactivation. Purified GSTP1-1 was extensively
incubated at room temperature in 0.1 M K-phosphate buffer, pH 8.0. At different
times, aliquots of the protein solution were assayed for GST activity and cysteine
reactivity, as previously described.24 In brief, GST activity was assayed spectro-
photometrically at 340 nm by measuring the rate of CDNB conjugation with GSH as
a function of time, according to the method by Habig et al.36 The assay mixture
contained 1 mM GSH and 1 mM CDNB in 0.1 M K-phosphate buffer, pH 6.5. The SA
of the enzyme was expressed as mmol/min/mg protein. The reactivity of Cys-47 and
Cys-101 toward 2,20-dithiobis(2-nitrobenzoic acid) (DTNB) was assayed at 25 1C by
following the increase of absorbance at 412 nm, where the thionitrobenzoate ion
absorbs (E412 nm¼ 13.6 mM� 1 cm� 1). A typical incubation mixture contained 4mM
GSTP1-1 (the concentration refers to the monomeric protein) and 0.1 mM DTNB in
0.1 M K-phosphate buffer, pH 8.0. The reduction of the fully oxidized GSTP1-1 was
performed at 37 1C in K-phosphate buffer pH 8.0 containing 100 mM DTT and 1 mM
GSH. To remove DTT and GSH, the mixture was subjected to partition
chromatography on a column of Sephadex G-25 (GE Healthcare Life Science),
then GST activity and cysteine reactivity were evaluated as described above.

ELISA for protein–protein interaction analysis. Two hundred
microliters of His-tagged TRAF2 C-terminal domain (0.005mM in 20 mM Tris-HCl,
pH 7.6 containing 150 mM NaCl and 10% glycerol) were added to each well of a
96-well His-Sorb plate (Qiagen, Hilden, Germany) and incubated overnight at 4 1C
on a rocking platform. Afterward, wells were washed three times with PBS and
incubated for 30 min with GSTP1-1 (concentration range of the monomeric protein
from 0.1 to 2mM) in 10 mM K-phosphate buffer, pH 7.0 containing 0.1 mM EDTA.
Incubation with GSTP1-1 was also performed in the presence of different GSH
concentrations (ranging from 1/3 to 10 times the Km of GSTP1-1 for GSH)22 both in
the absence and presence of NBDHEX, at a concentration (8mM) that is 10 times its
IC50 value for GSTP1-1.26 Alternatively, TRAF2 was incubated with increasing
amounts of oxidized GSTP1-1. At the end of incubation, the wells were washed with
PBS and then filled with 200ml of a mouse anti-GSTP1-1 antibody (Cell Signaling,
Beverly, MA, USA; 1 : 1000 in TBS containing 0.1% Tween and 5% nonfat dry milk)
for 2 h at room temperature. Subsequently, wells were washed with PBS and
incubated with an anti-mouse IgG antibody (1 : 1000 in TBS containing 0.1% Tween
and 5% nonfat dry milk) (Cell Signaling) for 45 min at room temperature.
The immunocomplexes were detected by the addiction of 200ml per well of the
1-Step-Turbo TMB substrate solution (Pierce, Rockford, IL, USA). The reaction was
stopped after 45 min by the addition of 50ml of 2 M H2SO4, and the absorbance was
measured at 450 nm. The equilibrium dissociation constants (Kd) of the complexes
were calculated by assuming a 1 : 1 interaction between one TRAF2 monomer and
one GSTP1-1 subunit, the binding sites being equal and independent. The most
generally valid equation to analyze our data, on formation of a 1 : 1 complex, is given
by equation (1),37 where n is the percentage of the saturated binding sites; [P]t and
[L]t are the total concentrations of monomeric GSTP1-1 and TRAF2, respectively.

n ¼ 100
P½ �tþ L½ �tþKd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P½ �tþ L½ �tþKd

� �2� 4 P½ �t L½ �t
q

2 L½ �t
ð1Þ

TRAF2 dansylation. TRAF2 (40mM in 0.1 M K-phosphate buffer, pH 8.4)
was incubated with 200mM Dansyl Chloride (DNSC, Sigma-Aldrich) for 3 h at 4 1C
in the dark with continuous stirring. After labeling, the sample was passed through
gel filtration chromatography (Sephadex G-25, GE Healthcare Life Sciences) to
remove the unreacted probe and secondary products. The stoichiometry of the
dansylation was determined by measuring the protein and probe concentrations in
labeled samples. The dye concentration was calculated using e¼ 5700 M� 1 cm� 1

at 340 nm. The mole ratio of dansyl/TRAF2 was determined as 2 : 1.

Fluorometric analysis. The interaction of dansyl/TRAF2 with GSTP1-1 was
monitored by steady-state fluorescence. In particular, an average emission
wavelength (actually the spectral center of mass, l) of dansylated TRAF2
(2.5mM) was obtained at increasing GSTP1-1 concentrations (from 0.2 to 9mM, the
concentration refers to the dimeric protein). The interaction of dansyl/TRAF2 (5.9mM)
with GSTP1-1 was also analyzed in the presence of saturating GSH (1 mM).22

The spectral shift recorded was fitted to both the general equations (1) and (2):

l ¼ loþ l1 � loð Þ 2 P½ �2 þ P½ �1
� �

= L½ �t ð2Þ
where lo and lN are the average fluorescence wavelengths of dansylated TRAF2 in
the absence or presence of saturating concentrations of GSTP1-1 and [L]t is the total
TRAF2 concentration.
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This second model analyzes the case where one TRAF2 (P1) or two TRAF2
monomers (P2) are bound to the dimeric GSTP1-1, as described by the following
equilibria:

P½ �o þ L½ � , P½ �1 P½ �1 þ L½ � , P½ �2
The dependence of the [P]1 and [P]2 species on the total concentration of dimeric
GSTP1-1 ([P]t) is expressed by the equations (3) and (4), obtained from the
equilibria reported above.

P½ �1¼ 2
ffiffiffiffiffiffiffiffiffi
P½ �2

q ffiffiffiffiffiffiffiffi
P½ �t

q
�

ffiffiffiffiffiffiffiffiffi
P½ �2

q� �
ð3Þ

P½ �2¼
2 P½ �tþ L½ �tþKd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 P½ �tþ L½ �tþKd

� �2 �8 P½ �t L½ �t
q

4
ffiffiffiffiffiffiffiffi
P½ �t

p
0
@

1
A

2

ð4Þ

We assumed, also in this case, that the binding sites of GSTP1-1 are equal
and independent.

Cell culture conditions. U-2OS human osteosarcoma cells were purchased
from the American Type Culture Collection (ATCC) and grown in Iscove’s modified
Dulbecco’s medium (IMDM, EuroClone, Milan, Italy) supplemented with 10% fetal
bovine serum (Lonza, Basel, Switzerland), 2 mM L-glutamine and antibiotics
(100 U/ml penicillin and 100 mg/ml streptomycin).

Cell synchronization. U-2OS cells were seeded at 50–60% of confluence
and incubated in a medium containing 2 mM thymidine for 16 h, to obtain cells
arrested in the G0/G1 phase. The cells were then extensively washed with PBS
and incubated for 8 h in fresh medium containing 8 mM deoxycytidine to promote
entry into the S phase. Moreover, to induce G2 and mitotic arrest, after
deoxycytidine treatment, cells were incubated with fresh medium plus 50 ng/ml
nocodazole. Mitotic cells were harvested by shaking off cells, whereas the G2 cells
were obtained by harvesting the remaining adherent cells. Floating mitotic cells
and adherent G2-arrested cells were separately collected.38–40

PLA and confocal laser scanning microscopy analysis of the
TRAF2–GSTP1-1 complex, GSTP1-1, TRAF2 and P-JNK in
U-2OS cells. U-2OS cells were seeded at 15 000 cells/cm2 on 12 mm poly-L-
lysine-coated glass coverslips (Beckton & Dickinson, Franklin Lakes, NJ, USA)
and cultured as reported above. Cells were stained for the TRAF2–GSTP1-1
complex, GSTP1-1 or TRAF2 24 h after plating and in each phase of the cell cycle.
Alternatively, U-2OS cells were treated with 5 mM NBDHEX 48 h after plating and
stained for the TRAF2–GSTP1-1 complex and P-JNK after 1, 3 or 6 h of treatment.
The TRAF2–GSTP1-1 complex was visualized by PLA as follows: U-2OS cells
were fixed in 4% formaldehyde, rinsed three times in PBS and permeabilized with
ice-cold 100% methanol for 10 min, at � 20 1C. After washing with PBS the slides
were incubated for 1 h at room temperature with blocking buffer (5% normal goat
serum, 0.3% Triton X-100 in PBS) and then overnight at 4 1C with the combination
of a mouse anti-GSTP1-1 (1 : 100) and a rabbit anti-TRAF2 (1 : 25) antibodies
(Cell Signaling) diluted in antibody dilution buffer. After washing, samples were
incubated with Duolink PLA Rabbit MINUS and PLA Mouse PLUS proximity
probes and proximity ligation was performed using the Duolink Far-Red detection
reagent kit (Olink Bioscences), according to the manufacturer’s protocol. Finally,
the slides were extensively washed and mounted on a coverslip with the DAPI
Mounting Medium (OLink Bioscences) to stain the nuclei. At the end of this
procedure, each TRAF2–GSTP1-1 complex generated a fluorescent red spot.
In parallel, U-2OS cells grown, fixed and permeabilized as reported above, were
incubated for 1 h with blocking buffer and successively overnight with the mouse
anti-GSTP1-1, the rabbit anti-TRAF2 or the rabbit anti-P-JNK, followed by an anti-
mouse or anti-rabbit Alexa 647-conjugated secondary antibody (Cell Signaling,
1 : 1000). Fluorescence was detected using a Fluoview 1000 Olympus (Opera
Zerbo, Milan, Italy) system equipped with an Olympus IX-81 inverted microscope.
The acquisitions were performed with a � 60 magnification oil immersion
objective (NA 1.42, WD 0.15 mm). Duolink Far-Red detection reagent and Alexa
Fluor 647-conjugated antibodies were excited using the 635 nm diodo laser, DAPI
was excited using the 405 nm diodo laser and NBDHEX, when present, was
excited with the 488 nm argon ion laser. The emission apertures for fluorescence
detection were as follows: 430–460 nm for DAPI, 655–685 nm for Alexa Fluor 647
and Duolink Far-Red detection reagent and 507–537 nm for NBDHEX. The
Z-optical section series, obtained beginning from the nuclear apex and progressing

down in 0.48mM (at least 12 planes), were converted to maximum projection
images to avoid subjectivity in the choice of the plane to be analyzed. The
distributions of Far-Red Alexa Fluor 647-conjugated antibodies fluorescence
(GSTP1-1 and TRAF2) and blue DAPI fluorescence (nuclei) were analyzed by
area as follows: perimeters were drawn around the nucleus (according to the area
marked with DAPI) and around the entire cell excluding the nucleus area, after
subtraction of the background, using the ImageJ software (US National Institutes
of Health, Bethesda, MD, USA). The BlobFinder software (Olink Bioscience) was
used for PLA image analysis. Fluorescent signals from rolling circle amplification
products were defined and counted per cell.

Assessment of GSH intracellular levels. Lysates from B1� 106

unsynchronized U-2OS cells were subjected to HPLC determination of GSH, as
reported previously.41 Briefly, 100ml of 12% sulfosalicylic acid was added to 50 ml
of cell lysate, and the GSH content was determined in the acid-soluble fraction.
The molar concentrations of GSH was obtained using the U-2OS-cell volume of
4000mm3.42

Western blot analysis. For the assessment of GSTP1-1 and TRAF2
intracellular levels, a fixed number of synchronized U-2OS cells (B7.5� 104 cells)
were lysed as previously reported18 and loaded on a 12% SDS-polyacrylamide
gel. Proteins were then transferred to PVDF membranes (Millipore, Billerica, MA,
USA). For the assessment of LC3-II levels, cell lysates from U-2OS cultures,
untreated or treated with CQ (2.5–40.0mM dose range) for 24 h, were subjected to
immunoblot analysis, as previously described.30 A monoclonal anti-GSTP1-1, a
polyclonal anti-TRAF2 (Cell Signaling), a polyclonal anti-LC3 (Novus Biologicals,
Littleton, CO, USA) and a monoclonal anti-b-actin (Sigma-Aldrich) were used as
primary antibodies. Anti-rabbit or anti-mouse secondary antibodies (Cell Signaling)
were revealed with the ECL LiteAblot Extend (EuroClone). ImageJ software was
used to analyze the band intensities.

Flow cytometric analysis. The percentage of cells in every phase of the
cell cycle was determined to verify cell synchronization and the effect of NBDHEX
treatment. Cells were fixed with 70% ethanol overnight, stained with the PI staining
buffer (50mg/ml PI, 10mg/ml RNAsi and 1% Triton X-100) and analyzed by a
FACSCalibur instrument (BD Bioscence, San Jose, CA, USA) acquiring for 30 000
individual cells. Flow cytometric data were statistically analyzed by FlowJo 8.8.6
software (Tree Stare, Inc, Ashland, OR, USA).

Cell viability studies. U-2OS (2� 104 cells per well) were seeded in 96-well
plates and, after 24 h at 37 1C, were exposed to NBDHEX (5mM), CQ
(2.5–10.0mM) or NBDHEX-CQ combinations and allowed to incubate for 48 h. After
incubation, cell survival was evaluated by the SRB assay, as previously described.43

Statistical analysis. All the experiments were repeated at least three times;
results are presented as means±S.E.M. Statistical evaluation was done using the
Student’s t-test. The criterion for statistical significance was Po0.05.
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