Biochemical and Biophysical Research Communications 443 (2014) 1155-1161

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Death domain complex of the TNFR-1, TRADD, and RIP1 proteins
for death-inducing signaling

@ CrossMark

Young-Hoon Park ', Mi Suk Jeong !, Se Bok Jang *

Department of Molecular Biology, College of Natural Sciences, Pusan National University, Jangjeon-dong, Geumjeong-gu, Busan 609-735, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:
Received 29 November 2013
Available online 19 December 2013

Apoptosis can be induced by an extrinsic pathway involving the ligand-mediated activation of death
receptors such as tumor necrosis factor receptor-1 (TNFR-1). TNFR-1-associated death domain (TRADD)
protein is an adapter molecule that bridges the interaction between TNFR-1 and receptor-interacting ser-
ine/threonine-protein kinase 1 (RIP1). However, the molecular mechanism of the complex formation of

KeyWOfd_Si these proteins has not yet been identified. Here, the binding among TNFR-1, TRADD, and RIP1 was iden-
Apoptosis tified using a GST pull-down assay and Biacore biosensor experiment. This study showed that structural
ig;g’Dl characterization and formation of the death-signaling complex could be predicted using TNFR-1, TRADD,
RIP1 and RIP1. In addition, we found that the structure-based mutations of TNFR-1 (P367A and P368A), TRADD

(F266A), and RIP1 (M637A and R638A) disrupted formation of the death domain (DD) complex and pre-

vented stable interactions among those DDs.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Tumor necrosis factor alpha (TNF-a) is a cytokine that pertains
to the TNF-ligand superfamily, which is important in regulating
cell death and cell survival [1,2]. Each factor of the TNF superfamily
interacts with at least one receptor of the TNFR superfamily. Some
TNF factors bind several receptors [3,4]. For example, TNF-a is
known to interact with two distinct cell surface receptors, TNFR-
1 and TNFR-2 [5]. The TNFR-1 interaction site of the extracellular
position has four characteristic cysteine-rich domains (CRDs) that
bind directly to TNF-a trimer [6,7]. The interaction between these
two proteins has been shown to mediate protein activation of the
TRADD, RIP1, Fas-associated death domain (FADD), and TNFR-asso-
ciated factor 2 (TRAF2), which is a critical step in the TNF signal
transduction pathway [8-12]. A subgroup of the TNF receptor
superfamily can be defined by the ability of its members to induce
cell death with the crucial involvement of about 80 amino acid
hexahelical bundle homology domain. The intracellular death do-
main (DD) of TNFR-1 that has been activated by TNF-a has been
shown to associate with TRADD through homotypic DD interaction
[13,14].

Protein kinase RIP1 is another DD molecule found in the TNFR-1
signaling complex. Although RIP1 contains DD, is appears to
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require TRADD as an adapter to indirectly associate with TNFR-1
[15,16]. The ubiquitination of protein kinase RIP1 determines func-
tion as a kinase that promotes cell death by FADD and caspase-8
[17,18]. Following internalization of the TNFR-1 receptor, the DD
proteins dissociate from the death receptor of the TNF signal trans-
duction complex and the deubiquitination of RIP1 is mediated by
deubiquitination enzymes (cylindromatosis (CYLD) and tumor
necrosis factor alpha-induced protein 3 (TNFAIP3)), which
eliminates the K63-linked polyubiquitin chains [19,20]. Deubiqui-
tination of RIP1 in the cytosol is crucial to programmed cell death
of the TRADD-dependent complex (complex IIA) and TRADD-inde-
pendent complex (complex IIB) [21]. Complex IIA necessitates a
TRADD-FADD scaffold to recruit caspase-8, which has a death ef-
fect domain (DED) and DD site, implying an apoptotic pathway
[22]. In addition, caspase-8 is inhibited by cytokine response
modifier A (CrmA), while pharmacological agents interact with
deubiquitinated RIP1-receptor-interacting serine/threonine-pro-
tein kinase 3 (RIP3), which binds to the RIP homotypic interaction
motif (RHIM) [23-29]. When TRADD does not exist, the formation
of complex IIB involves FADD mediated recruitment and activation
of caspase-8 for RIP1 and RIP3 cleavage [30].

In this study, we investigated the interactions among the
recombinant DDs of TNFR-1, TRADD, and RIP1 and demonstrated
direct protein interactions among TNFR-1, TRADD, and RIP1
in vitro. We also found that the structure-based mutations of
TNFR-1 (P367A and P368A), TRADD (F266A), and RIP1 (M637A
and R638A) disrupted formation of the DD complex and prevented
stable interactions among the aforementioned DDs.
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2. Materials and methods
2.1. Protein cloning, expression and extraction

TNFR-1 DD (345-455) was subcloned into the His-tagged fusion
protein vector pET-28a. The TRADD (160-308) and RIP1 DDs (583-
663) were subcloned into His-tagged fusion protein vector pET-
26b for purification. The TNFR-1 and RIP1 DDs were subsequently
subcloned into a glutathione S-transferase (GST)-fused protein
vector pGEX-4T1 for the pull-down experiment.

The TNFR-1, TRADD, and RIP1 DDs were transformed into the
overexpression competent cell, Escherichia coli BL21(DE3). Each
colony was then inoculated in 5 ml of Luria Bertani (LB) medium
enriched with 10 pg/ml kanamycin at 37 °C overnight, after which
the cells were incubated in 2 L of LB containing 10 pg/ml antibiot-
ics at 37 °C until the ODggg reached 0.5-0.6. Next, expression of the
protein was induced by 0.5 mM isopropyl-thio-B-p-galactopyrano-
side (IPTG) at 25 °C overnight, and the bacterial cells were then
harvested by centrifugation at 3660xg for 25 min at 4 °C. For anal-
ysis, the TNFR-1 cell pellets were resuspended with lysis buffer
[50 mM Tris-HCI (pH 7.5), 200 mM NaCl, and 6 M Urea], TRADD
in buffer [50 mM sodium acetate (pH 4.2), 50 mM magnesium sul-
fate, and 5 mM DTT], and RIP1 [50 mM Tris-HCl (pH 7.5) and
200 mM NacCl] and then sonicated on ice to disrupt the cells using
a Branson Sonifier 450 sonicator. Finally, the cell suspensions were
centrifuged at 20,170xg for 45 min to remove supernatant, after
which the TNFR-1 and TRADD inclusion bodies were resuspended
in the same buffer on ice and centrifuged at 20,170xg for 45 min
to remove the supernatant.

The GST-tagged plasmid TNFR-1 and RIP1 were transformed
into BL21(DE3), after which individual colonies were inoculated
in 5 ml of LB medium enriched with 50 pg/ml ampicillin overnight
at 37 °C. The cells were then incubated in 1L of LB containing
50 pg/ml antibiotics and maintained at 37 °C until the OD600
reached 0.5-0.6. The expression of the protein was induced by
0.5 mM IPTG at 25 °C for 5 h.

2.2. Point mutations of the TNFR-1, TRADD, and RIP1 DDs

Double-stranded oligonucleotides were used for site-directed
mutagenesis of the four different TNFR-1 residues to alanine
(N365A, P367A, P368A, and C395A). Additionally, double-stranded
oligonucleotides were used for site-directed mutagenesis of the
two different TRADD residues to alanine (Y262A and F266A). Dou-
ble-stranded oligonucleotides were used for site-directed muta-
genesis of the two different RIP1 residues to alanine (M637A and
R638A).

2.3. Purification

The soluble supernatant of the His-tagged TNFR-1 fusion
protein was loaded onto a Ni-NTA (Amersham-Pharmacia Biotech,
Orsay, France) column and pre-equilibrated with buffer A [50 mM
Tris-HCI (pH 7.5) and 200 mM Nacl], after which the bound pro-
tein was eluted using buffer A containing 20-200 mM imidazole.
The concentrated fractions of TNFR-1 from the Ni-NTA column
were subsequently purified by gel filtration chromatography using
a Superdex 200 10/300 GL fast protein liquid chromatography
(FPLC) column equilibrated in buffer A.

The supernatant of GST-RIP1 was loaded onto a glutathion-se-
pharose column that had been pre-equilibrated with PBS buffer
at a flow rate of 2 ml/min. The bound protein was eluted in buffer
[50 mM Tris-HCl (pH 7.5)] containing 5-30 mM glutathione.

2.4. Western blotting

Separated TNFR-1, TRADD, and RIP1 proteins by 15% SDS-PAGE
were electrophoretically transferred onto an immobilon-P mem-
brane at 105V for 1 h, then blocked with 5% skim milk in PBS buf-
fer containing 0.1% Tween 20 (PBS-T) for 45 min. After blocking,
the membrane was incubated in primary antibody [His-probe (G-
18) diluted to 1:2500 (Santa Cruz Biotechnology, Inc.), and GST
(B-14) diluted to 1:5000 (Santa Cruz Biotechnology, Inc.)] for 1 h.
After washing with PBS-T for 30 min, the bound antibodies were
detected by His secondary antibody [goat anti-rabbit IgG-HRP
(Santa Cruz Biotechnology, Inc.)] and with GST secondary antibody
[goat anti-mouse IgG-HRP] diluted to 1:10,000 in blocking buffer
for 1 h.

2.5. GST pull-down assay

A GST pull-down assay was performed by mixing the purified
His-TNFR-1, His-TRADD, with purified GST, GST-TNFR-1, and
GST-RIP1 proteins, which were incubated with glutathione-se-
pharose 4B beads and binding buffer A. After 3 h of reaction at
4 °C the bound proteins and beads were centrifuged at 3660xg
for 3 min and then washed three times with binding buffer A.
The binding proteins were then eluted with buffer [50 mM
Tris-HCI (pH 7.5) and 30 mM glutathione] and analyzed by 15%
SDS-PAGE. Finally, the proteins were visualized by immunoblot-
ting assay using anti-His and anti-GST.

2.6. Structural modeling

The TNFR-1, TRADD, and RIP1 DDs models were constructed
using the SWISS-MODEL software, which is a relative three-dimen-
sional (3D) protein modeling system [31]. The 3D models of TRADD
and RIP1 DDs with TNFR-1 DD were used as templates for the
homology protein models of PIDD (PDB ID: 20F5), FADD (PDB ID:
2GF5), and TNFR-1 (PDB ID: 1ICH) [32-34]. The TNFR-1-RIP1 DDs
complex and TRADD DD were bound and the most stable complex
structure was selected from among the top 20 complexes obtained
from each docking.

2.7. Biacore biosensor analysis

Measurements of the apparent dissociation constants (Kp)
among TNFR-1, TRADD, and RIP1 DDs were carried out using a Bia-
core 2000 biosensor (Biosensor, Sweden). Each TNFR-1, TRADD,
and RIP1 DD (20 pg/mL in 10 mM sodium acetate with a pH of
5.0) was covalently bound to the carboxylated dextran matrix at
a concentration corresponding to 3300, or 1000 response units
(RU) using the amine-coupling method suggested by the manufac-
turer. For kinetic measurements at room temperature, TNFR-1,
TRADD, and RIP1 DDs samples with concentrations ranging from
125 to 2000 nM were prepared by dilution in HBS buffer
(150 mM of NaCl, 3mM of EDTA, 0.005% surfactant P20 and
10 mM of HEPES) with a pH of 7.4.

3. Results and discussion

The domain structures of full-length TNFR-1, TRADD, and RIP1
are shown in Fig. 1A. The TNFR-1 sequence has N-terminal cys-
teine-rich repeats (Cys 1-4, 43-196) in its extracellular domains
and the C-terminal death domain (DD, 356-441). The TRADD
was divided into the N-terminal TRAF binding site (51-144) and
the C-terminal death domain (DD, 215-304). The RIP1 was
composed of the N-terminal kinase domain (KD, 17-289) and the
C-terminal death domain (DD, 583-669), which were connected
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Fig. 1. Domain structure, sequence alignment, and predicted secondary structure of full-length TNFR-1, TRADD, and RIP1. (A) Schematic diagram showing domains of the full-
length TNFR-1, TRADD, and RIP1. (B, C, and D) Sequence alignments and secondary structures of TNFR-1 DD and TNFR-1 DD (PDB ID: 1ICH), TRADD DD and FADD DD (PDB ID:
2GF5) and RIP1 DD and PIDD DD (PDB ID: 20F5). Alpha helices are shown as thin red ellipses and loops as gray lines. Blue squares mark conserved residues. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

via an RIP homotypic interaction motif region (RHIM, 531-547).
The amino acids sequences of the TNFR-1, TRADD, and RIP1 were
aligned with homology protein models as shown in Fig. 1B-D.
The sequence of TRADD DD was approximately 26% homologous
with that of FADD, while the sequence of RIP1 DD was approxi-
mately 33% identical to that of PIDD DD. The secondary structures,
including five of RIP1 and six a-helices of TNFR-1 and TRADD DDs,
were predicted. The domain structures and the sequence align-
ments showed that the C-terminal death domains shared sequence
similarity.

The wild-type TNFR-1, TRADD, and RIP1 DDs and their mutants
were constructed and expressed in E. coli BL21(DE3) and the puri-
fied proteins were visualized by SDS-PAGE (Fig. 2A). The TNFR-1

DD and its mutants (N365A, P367A, P368A, and C395A) showed
identical positions at 17 kDa, while TRADD DD and its mutants
(Y262A and F266A) were located at 21 kDa, and RIP1 DD and its
mutants (M637A and R638A) were located at 10 kDa. Additionally,
the proteins were identified by Western blotting and their interac-
tions were identified using a size-exclusion column (Fig. 2B). To
accomplish this, the purified TNFR-1, TRADD, and RIP1 DDs were
mixed at a 1:1:1 molar ratio, incubated at 4 °C for 12 h and then
loaded onto a Superdex 200 10/300 GL column (Amersham Phar-
macia Biotech). Binding of the TNFR-1, TRADD, and RIP1 DDs was
detected using SDS-PAGE, which revealed that the complex band
eluted earlier than each protein peak. Moreover, binding between
TNFR-1 and RIP1 DDs and between TRADD and RIP1 DDs was



1158

A

(kDa)

00|

100

75

mAU

50 1

25 1

5 10 15 20 25 30

Y.-H. Park et al./Biochemical and Biophysical Research Communications 443 (2014) 1155-1161

Y - 4
<
Pty
21 <— TRADD)|
— e
s & s
2 8 B
P

Elution Volume (ml)

Elution Volume (ml)

Fig. 2. Purification of TNFR-1, TRADD, and RIP1 DDs and their mutations. (A) Purification of wild-type TNFR-1, TRADD, and RIP1 DDs and their mutated proteins are shown.
(B) After application of size-exclusion chromatography, the binding of TRADD and RIP1 to TNFR-1 DDs were revealed using SDS-PAGE. (C) TNFR-1 with RIP1 DDs and TRADD
with RIP1 DDs complexes are shown. (D) TRADD and TNFR-1 DDs complex is shown. Elution profiles of the TNFR-1, TRADD, and RIP1 DDs complex are shown.

observed (Fig. 2C), with binding between TNFR-1 and TRADD DDs
showing stronger interaction than binding between TNFR-1 and
RIP1 DDs or between TRADD and RIP1 DDs (Fig. 2D).

These results indicate that the three or two DD interaction sur-
faces cooperate to facilitate the assembly of these oligomeric sig-
naling complexes. One important function of these DDs is
participation in homotypic protein-protein interactions in the
assembly of oligomeric signaling complexes of apoptosis and
inflammation. Wu et al. recently demonstrated that the TNF recep-
tor family member Fas forms a complex with FADD through DD:DD
interaction [10]. Similarly, oligomerization of PIDD and RAIDD DDs
leads to formation of the PIDDosome [32]. In humans, the DD
containing homologs MyD88, IRAK4, and IRAK1/2 assemble into
oligomeric signaling complexes [35].

Here, we provided evidence that the DD of TNFR-1 binds to the
DDs of TRADD and RIP1 in vitro. To investigate the interaction be-
tween TNFR-1 and RIP1 DDs, a GST pull-down assay was conducted
and the interaction was investigated by Western blotting (Fig. 3A).
Moreover, interaction of the TNFR-1, TRADD, and RIP1 DDs was
evaluated (Fig. 3B and C). Furthermore, a point mutagenesis study
was implemented using residues of TNFR-1 DD (N365A, P367A,
P368A, and C395A), TRADD DD (Y262A and F266A), and RIP1 DD

(M637A and R638A). The GST pull down assay demonstrated that
the mutated residues of TNFR-1 DD (P367A, P368A), TRADD DD
(F266A), and RIP1 DD (M637A and R638A) disrupted their interac-
tions in the DD complex. The interaction sites of the DD complex
were then predicted and used to implement point mutations on
the complex surface.

In the present study, we modeled the complex structure of
TNFR-1, TRADD and RIP1 DDs. The three-dimensional structure
of the TNFR-1 DD has previously been identified [34]. The structure
of the TNFR-1 DD (356-442) was modeled using the known struc-
ture of human TNFR-1 DD (PDB ID: 1ICH, 316-426, R347K)
(Fig. S1A). The structures of the TRADD (218-306) and RIP1
(583-663) DDs were predicted using FAS-associating death do-
main-containing protein (FADD) (PDB ID: 2GF5, 1-191, F25Y)
and human p53-induced protein with a death domain (PIDD)
(PDB ID: 20F5, 778-883) (Fig. S1B and C) [32,33]. TRADD DD has
a hydrophobic pocket and the DD can be bound to other DDs.
TNFR-1 DD is composed of six slightly bent a-helices; however,
TRADD DD is composed of six side-by-side o-helices. RIP1 DD is
composed of five a-helices, with a surface compose of more
negatively charged amino acids than those of TNFR-1 or TRADD.
In the present study, prediction of the structural formation of the
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Fig. 3. Interaction analyses of TNFR-1, TRADD, and RIP1 DDs using the GST pull-down. (A) Interaction analysis of TNFR-1 and RIP1 DDs using the GST pull-down assay. (B and
C) Interaction analysis of TNFR-1, TRADD, and RIP DDs and their mutants using the GST pull-down assay. The protein interactions were detected by Western blotting.

death-signaling complex by TNFR-1, TRADD, and RIP1 DDs was
accomplished using SWISS-MODEL [10], and the results showed
that DDs of TNFR-1, TRADD, and RIP1 were formed by five or six
o-helices, respectively (Fig. S4).

Interactions between the TNFR-1, TRADD, and RIP1 DDs were
observed (Fig. 4A), with the interaction between TNFR-1 and
RIP1 localized at the residues of TNFR-1 (C395) and RIP1 (M637
and R638) in the a4-helices regions and that between TNFR-1
and TRADD localized at the residues of TNFR-1 (N365, P367, and
P368) on the loop region and TRADD (Y262 and F266) on the
o4-helix region. The predicted binding sites are shown in the
modeled complex structure (Fig. 4B). The DD complex structure
of the modeled TNFR-1, TRADD, and RIP1 DDs was also shown as
a surface representation (Fig. 4C).

The loop region between the o1 and o2 helices of TNFR-1 is
composed of hydrophobic amino acids comprising P367, P368,
and L369. The interaction site of TRADD is also composed of hydro-
phobic amino acids including F266, while the binding site of RIP1 is
in a hydrophobic residue of M637. The three-dimensional structure
of the TNFR-1-TRADD-RIP1 complex was stabilized by hydropho-
bic interactions between residues of the loop region and the

aromatic residues. The point mutation of each protein was de-
signed from these predicted interaction sites. Moreover, a point
mutagenesis study was implemented with four residues of TNFR-
1 (N365, P367, P368, and C395) to identify the interaction sites
of the TNFR-1 DD. To accomplish this, four mutations were pro-
duced by substitutions of Ala, and mutations of the hydrophobic
residues (P367 and P368) were found to disrupt the interaction
with the DD complex (Fig. 3B). The binding site of RIP1 included
a hydrophobic M637 and charged R638. Additionally, two residues
of TRADD DD were selected to identify the interaction with the DD
complex. The results revealed that mutations of a hydrophobic
F266A in TRADD DD or M637 and R638 in RIP1 DD disrupted the
interaction with the DD complex (Fig. 3B). TRADD and RIP1 were
bound to the receptor-signaling complex upon trimerization of
TNFR-1 by induced oligomeric TNF-a in the extracellular position,
which was a crucial step in the cascade [34,36]. We modeled the
molecular complex formation among TNFR-1, TRADD, and RIP1
proteins.

The binding affinities among TNFR-1, TRADD, and RIP1 DDs
were estimated using surface plasmon resonance spectroscopy.
The binding affinities of TNFR-1 and RIP1 DDs to TRADD DD or
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Fig. 4. The overall modeled structure of the TNFR-1-TRADD-RIP1 death domain complex. (A) Ribbon representations of the TNFR-1 (blue), TRADD (green), and RIP1 (orange)
DDs complex are shown. (B) Stereoview of the modeled TNFR-1, TRADD, RIP1 DDs complex structure as a carbon stick representation. (C) The complex as surface
representations. Blue and red represent positive and negative electrostatic potentials, respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

TNFR-1 and TRADD DDs to RIP1 DD were also estimated using the
same methods (Table 1). We found that TRADD and RIP1 DDs phys-
ically bound to TNFR-1 DD with a Kp of 25 nM for the wild-type
TRADD DD, 54 nM for the wild-type RIP1 DD, and 52 nM for the
mutated TRADD DD (Y262A) confirming that TRADD DD binds
TNFR-1 DD more strongly than RIP1 DD. In addition, four muta-
tions of hydrophobic residues (F266A, M637A, P367A, and
P368A) in TRADD and RIP1 and a charged residue (R638A) in
TNFR-1 generated by substitutions of Ala disrupted the interaction
with the DD complex. The three mutations of polar amino acids
(Y262A, N365A, and C395A) in TRADD and TNFR-1 had no effect
on the interaction of the complex.

Taken together, a model of secondary and tertiary structures of
TNFR-1, TRADD, and RIP1 DDs and their complex structures were
generated by protein structure prediction programs, and the re-
sults agreed well with the experimental results. Moreover, binding
of the TNFR-1, TRADD, and RIP1 DDs was identified by GST pull-
down and Biacore biosensor experiments. The interaction sites of
the DD complex were predicted and used to generate point muta-
tions on the complex surface. Modeling of the complex structure of
TNFR-1, TRADD, and RIP1 DDs revealed that the mutated TNFR-1
(P367A and P368A), TRADD (F266A), and RIP1 (M637A and
R638A) residues disrupted formation of the DD complex, suggest-
ing that the three-dimensional structure of the TNFR-1, TRADD,
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Table 1
Kinetic parameters of the binding of TNFR-1, TRADD, and RIP1.*

Kp (M) Binding to TNFR-1
TRADD DD W.T. 250 x 1078 +H
TRADD DD Y262A 521x 1078 ++
TRADD DD F266A 394 x 1077 -
RIP1 DD W.T. 543 x 10~ ++
RIP1 DD M637A 2.46 x 1077 -
RIP1 DD R638A 341 x 1077 -
Kp (M) Binding to TRADD
TNFR-1 DD W.T. 2.54 x 1078 ot
TNFR-1 DD N365A 470 x 1078 ++
TNFR-1 DD P367A 242 x 1077 -
TNFR-1 DD P368A 1.46 x 1077 -
TNFR-1 DD C395A 5.03 x 1078 ++
RIP1 DD W.T. 9.15x 1078 +
Kp (M) Binding to RIP1
TNFR-1 DD W.T 6.51 x 108 ++
TNFR-1 DD N365A 7.65 x 1078 +
TNFR-1 DD P367A 268 x 1077
TNFR-1 DD P368A 438 x 1077 -
TNFR-1 DD C395A 7.42 x 1078 +
TRADD DD W.T. 9.34 x 1078 +

2 The association rate constant (k,) was determined using a plot of In[Abs(dR/dt)]
versus time, where R was the intensity of the surface plasmon resonance signal at
time t. The dissociation rate constant (kq) was determined using a plot of In(Ro/R)
versus time, where Ry was the resonance signal intensity at time zero. The apparent
Kp was calculated using the kinetic constants: Kp (M) = kq/Ka.

and RIP1 DDs complex was primarily stabilized by hydrophobic
interactions. Overall, the results presented herein establish a basis
for future structural studies of the ternary complex in the future.
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