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Background: The mechanisms through which 
TRAILR4 interferes with proapoptotic signaling 
are not conclusively elucidated. 
Results: TRAILR4 forms ligand-independent 
heterodimers with TRAIL death receptors, thereby 
inhibiting both pro- and antiapoptotic signaling. 
Conclusion: TRAILR4 exerts a dominant 
negative effect on TRAILR1 through the PLAD-
mediated formation of mixed receptor complexes. 
Significance: Understanding the mechanism of 
TRAILR4-mediated apoptosis-inhibition can be 
advantageous for the development of new TRAIL 
receptor agonists for cancer therapy. 
 
ABSTRACT 

The cytokine tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL)3 and its cell 
membrane receptors constitute an elaborate 
signaling system fulfilling important functions 
in immune regulation and tumor surveillance. 
Activation of the death receptors TRAILR1 
and TRAILR2 can lead to apoptosis, whereas 
TRAILR3 and TRAILR4 are generally 
referred to as decoy receptors, which have been 
shown to inhibit TRAIL-induced apoptosis. 
The underlying molecular mechanisms, 
however, remain unclear. Alike other members 
of the TNF receptor superfamily, TRAIL 
receptors contain a pre-ligand binding 

assembly domain (PLAD) mediating receptor 
oligomerization. Still, the stoichiometry of 
TRAIL receptor oligomers as well as the issue 
whether the PLAD mediates only homotypic or 
also heterotypic interactions, remained 
inconclusive until now. Performing acceptor-
photobleaching FRET studies with receptors 1, 
2 and 4 we demonstrate interactions in all 
possible combinations. Formation of dimers 
was shown by chemical crosslinking 
experiments for interactions of TRAILR2 and 
heterophilic interactions between the two death 
receptors or between either of the death 
receptors and TRAILR4. Implications of the 
demonstrated receptor-receptor interactions on 
signaling were investigated in suitable cellular 
models. Both, apoptosis induction and 
activation of the transcription factor NFκB 
were significantly reduced in presence of 
TRAILR4. Our experimental data combined 
with mathematical modeling, show that the 
inhibitory capacity of TRAILR4 is attributable 
to signaling-independent mechanisms, strongly 
suggesting a reduction of signaling competent 
death receptors through formation heteromeric 
receptor complexes. In summary, we propose a 
model of TRAIL receptor interference driven 
by PLAD-mediated formation of receptor 
heterodimers on the cell membrane. 

 http://www.jbc.org/cgi/doi/10.1074/jbc.M114.559468The latest version is at 
JBC Papers in Press. Published on April 24, 2014 as Manuscript M114.559468
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The tumor necrosis factor superfamily 

member TNF-related apoptosis-inducing ligand 
(TRAIL) has gained considerable interest in the 
scientific community during the past decades. This 
is mainly based on the findings that the ligand 
TRAIL has been shown to specifically induce 
apoptosis in many tumor-derived cell lines or 
primary tumor cells, while most normal tissue 
cells are resistant to the apoptotic effects of 
TRAIL (1). In the human system TRAIL binds 
four cell membrane receptors, TRAILR1 to 
TRAILR4, but also the soluble protein 
osteoprotegerin (2). Whereas the functional role of 
TRAIL interaction with osteoprotegerin is 
controversially discussed (3,4), the four membrane 
receptors fall into two classes. TRAILR1 and 
TRAILR2 each contain a cytoplasmic death 
domain (DD) and are thus capable to induce the 
cellular program of apoptosis but also 
antiapoptotic signaling. Both signals are believed 
to be produced from two different, subsequently 
formed signaling complexes (5,6). TRAILR3 is a 
GPI-anchored protein likely lacking any 
intracellular signaling capability and TRAILR4 
features a truncated DD with sparsely defined 
signaling capability in its intracellular part, which 
is obviously incompetent for apoptosis induction 
(2). TRAILR3 and TRAIL4 are often referred to 
as “decoy receptors”, abbreviated as DcR1 and 
DcR2 (2). 
Most human cell lines coexpress several TRAIL 
receptors and thus receptor interference has been 
proposed to occur at several levels. First, 
TRAILR3 and TRAILR4 can bind and consume 
ligand molecules in terms of a classical decoy 
mechanism. Regarding ligand binding affinities, 
however, all four TRAIL receptors appear 
comparable (7-9), arguing for an efficient decoy 
mechanism only when the respective receptors are 
present in large excess. In fact, overexpression of 
TRAILR3 or TRAILR4 has been show to 
efficiently inhibit TRAILR1- or TRAILR2-
mediated apoptosis (10,11). A second mechanism 
of receptor interference could occur at the level of 
signal complex formation. As the ligand TRAIL 
forms tightly packed homotrimers with three 
receptor interaction sites between each of its 
individual subunits (12), it was assumed that 
ligand-mediated receptor trimerization represents 
the signal initiating structural event. Being 
incorporated into such signaling complexes, 

TRAILR3 or TRAILR4 could interfere resulting in 
reduced or prevented signaling. Finally, 
TRAILR4-derived (more unlikely TRAILR3-
derived) signals could interfere with proapoptotic 
signaling of TRAIL death receptors (8).  
However, the situation at the level of ligand 
receptor interaction and signal complex formation 
is likely to be even more complex. The group of 
Michael Lenardo described a homophilic receptor 
interaction site, called PLAD (pre-ligand binding 
assembly domain) which mediates 
homomultimerization of the respective receptors at 
the cellular membrane already in the unligated 
state (13,14). The PLAD has been originally 
detected for the TNF receptor and the CD95/Fas 
system, but later also in the TRAIL receptor 
system. Remarkably, and in contrast to the TNF 
receptor system, it was reported that TRAIL 
receptors are also capable to form heterooligomers 
via PLAD interaction (15). This is in agreement 
with the highly conserved membrane distal partial 
cysteine rich domain 1 (CRD1) of these 
molecules, which probably contains the PLAD 
interaction motif (12,15,16). It was argued that the 
existence of pre-assembled mixed receptor 
complexes allows TRAILR4 to act as a regulatory 
receptor independent from the classical decoy 
mechanism. In contrast, the group of Micheau 
argued that TRAILR4 becomes recruited into the 
signaling complex of TRAILR2 in a strictly 
ligand-dependent manner, whereas TRAILR3, 
being located in cholesterol enriched membrane 
microdomains, acts via the decoy mechanism (17). 
In addition, overexpression of TRAILR4 has been 
reported to induce antiapoptotic activities via 
stimulation of NFκB (8) or PKB/Akt (18), but 
these signals may be cell specific as indicated by 
conflicting results (8,19).  
The stoichiometry reported for PLAD-mediated 
formation of receptor oligomers is also 
unresolved. Based on studies with bivalent 
chemical crosslinking agents, originally a 
stoichiometry of three was proposed for the TNF 
receptors and CD95/Fas (13,14). In our studies, 
however, using TNF receptor chimeras containing 
the intracellular signaling domain of CD95/Fas, 
predominantly homodimer formation was found 
(20,21). Deletion studies showed that the PLAD-
positive membrane distal CRD of TNFR1 is 
necessary for high affinity ligand interaction (13). 
It is evident that the homotrimeric ligand might 
bind to oligomerized receptors with higher avidity 

 at H
elm

holtz Z
entrum

 M
uenchen - Z

entralbibliothek on M
ay 2, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Interference of TRAILR4 with TRAILR1 signaling 

 3

(22) but in addition CRD1 is likely to serve as a 
scaffold for CRD2 which is involved in ligand 
interaction (20). 
In the present study we confirm that TRAIL 
receptors 1, 2 and 4 are capable to form not only 
homooligomers, but also all combinations of 
heterooligomers in a ligand-independent manner. 
For both homo- and heterooligomeric complexes 
the predominant formation of dimers is observed. 
Using cells coexpressing TRAILR1 and TRAILR4 
we demonstrate that the latter efficiently inhibits 
both pro- and antiapoptotic signals transduced by 
TRAILR1. Direct antiapoptotic signaling mediated 
by TRAILR4 is excluded experimentally. 
Mathematical modeling reveals that formation of 
nonfunctional heteromeric complexes of both 
TRAIL receptors represents a powerful 
mechanism of TRAIL receptor interference which 
is in good accordance with our experimental data. 
In contrast, a ligand consuming decoy mechanism 
can be excluded by our simulation studies. 
Accordingly, the mechanism of TRAILR1 and 
TRAILR4 interference observed by us is likely 
based on the formation of signaling incompetent 
mixed receptor complexes, a process driven by the 
distribution of homo- and heterodimers present on 
the cell already in the absence of ligand.  
 
EXPERIMENTAL PROCEDURES 

Plasmids and PCR-The expression plasmid 
pEFpuroTRAILR4 was generated by subcloning 
TRAILR4 cDNA from the plasmid pCR3 
hTRAILR4full (kindly provided by Prof. H. 
Wajant, University of Wuerzburg, Wuerzburg, 
Germany) using the restriction endonucleases 
BamHI and EcoRV (New England Biolabs Inc., 
Ipswich, Massachusetts, USA). Expression 
plasmids encoding the fusion proteins 
TRAILR1ΔC-GFP, TRAILR1ΔC-mCherry, 
TRAILR2ΔC-GFP, TRAILR2ΔC-mCherry, 
TRAILR4ΔC-GFP and TRAILR4ΔC-mCherry 
were produced by PCR cloning. Therefore, the 
extracellular and transmembrane domains as well 
as the first 14 intracellular amino acids were 
amplified from the plasmids pCR3 DR4, pCR3 
DR5 (kindly provided by Prof. H. Wajant) or 
pEFpuroTRAILR4, respectively, by standard PCR 
and subsequently ligated into the expression 
plasmids peGFP-N1 or pmCherry-N1 (Clontech 
Laboratories, Mountain View, California, USA) 
after double digestion using SacI and AgeI. The 
expression plasmid coding for TNFR1ΔC-GFP 

has been described elsewhere (23). For stable 
expression in mammalian cells, TRAILR2ΔC-
GFP and TRAILR4ΔC-GFP were subcloned from 
pEGFP-N1 into pCDNA3.1+ (Life Technologies, 
Invitrogen, Karlsruhe, Germany) using HindIII 
and NotI. Generation of TRAILR2ΔC-FLAG was 
achieved by standard PCR using appropriate 
primers carrying a nucleotide sequence encoding 
for a FLAG-tag at the 5’-end of the reverse primer. 
The resulting fragment was ligated into the 
expression plasmid pEFpuro (24) following 
restriction endonuclease treatment using BamHI 
and XbaI. All constructs generated by PCR were 
verified by DNA sequencing. 

Reagents-FLAG-tagged recombinant human 
TRAIL (sTRAIL) was purchased from Enzo Life 
Sciences (Lörrach, Germany). Cycloheximide and 
α-FLAG antibody (clone M2) were from Sigma 
Aldrich (Taufkirchen, Germany). Bis‐
(sulfosuccinimidyl)‐suberate (BS3) was purchased 
from Pierce (Thermo Fisher Scientific, Ulm, 
Germany). All chemicals were of analytical grade. 

Cell lines and generation of stable 
transfectants - Mouse embryonic fibroblasts (MF) 
generated from TNFR1/TNFR2 double knockout 
mice have been described elsewhere (25). HeLa 
cells had been obtained from the American Type 
Culture Collection (LGC Standards GmbH, Wesel, 
Germany). Cells were grown in RPMI 1640 
medium containing 2 mM L-glutamine (Life 
Technologies, Invitrogen, Karlsruhe, Germany) 
supplemented with 5% (v/v) heat-inactivated fetal 
calf serum (PAN Biotech, Aidenbach, 
Germany).For generation of stably transfected 
cells, MF (3×105 cells per well) were seeded in 6-
well plates and grown overnight. The following 
day cells were transfected with the respective 
expression plasmids using Lipofectamine 2000 
(Life Technologies, Invitrogen, Karlsruhe, 
Germany) according to the manufacturer’s 
protocol. HeLa (3×105 cells per well) were seeded 
in 6-well plates and transfected the following day 
with plasmids pEFpuroTRAILR4 or 
pCDNA3.1+TRAILR4ΔC-GFP using Effectene 
(QIAGEN, Duesseldorf, Germany) according to 
the manufacturer’s instructions. The day after 
transfection, cells were selected for stable 
expression using 2 µg/ml puromycin and/or 200 
µg/ml zeocin. After two to three weeks cells were 
sorted by fluorescence activated cell sorting. Cell 
sorting was performed two to three times per cell 
line in total. 
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Western blotting-Samples were resolved by 
Tris/glycine SDS-Page and transferred onto 
nitrocellulose membrane (Whatman, Schleicher & 
Schuell, Dassel, Germany), which was then 
blocked using Roche blocking reagent (Roche 
Diagnostics, Mannheim, Germany) or 5% non-fat 
milk powder (Carl Roth, Karlsruhe, Germany) in 
PBS containing 0.05% (v/v) Tween-20 for 1 h at 
room temperature. Cleaved caspase-8 was detected 
using rabbit α-Cleaved Caspase-8 (Cell Signaling 
Technology Inc, Danvers, USA) antibody, for 
detection of caspase-3, rabbit α-Caspase 3 (Cell 
Signaling Technology) was used. Proteins fused to 
FLAG-tag or eGFP were detected using rabbit α-
DYKDDDDK-tag (Cell Signaling Technology) or 
mouse α-GFP antibody (Roche), respectively. 
IκBα and phospho-IκBα were detected using 
mouse α-IκBα and mouse α-phospho-IκBα, both 
purchased from Cell Signaling Technology. 
Horseradish peroxidase (HRP)-conjugated α-
mouse IgG and α-rabbit IgG secondary antibodies 
were from Dianova (Dianova, Hamburg, 
Germany). Mouse α-tubulin-α (NeoMarkers, 
ThermoFisher Scientific, Waltham, Massachusetts, 
USA) in combination with IRDye800CW-
conjugated α-mouse IgG (LI-COR Biotechnology 
GmbH, Bad Homburg, Germany) was used as 
loading control. 

Cell death assay-For cell death assays HeLa 
cells (2×104 cells/well) were grown in 96-well 
plates overnight. The next day cells were pre-
incubated for 1 h with 20 µm zVAD-fmk (Bachem 
AG, Bubendorf, Switzerland) or not and then 
stimulated with serial dilutions of recombinant 
human sTRAIL (previously crosslinked by 
incubation with 1 µg/ml α-FLAG M2 antibody for 
1 h at 37 °C) in combination with 0.5 µg/ml 
cycloheximide. After 24 h cells were stained with 
crystal violet (20% methanol, 0.5% crystal violet) 
and optical density at 550 nm was determined 
using an ELISA plate reader as described (25).   

Chemical crosslinking-Mouse fibroblasts 
stably expressing truncated TRAILR variants 
(1×106 cells) were grown overnight in 6 cm cell 
culture dishes. Chemical crosslinking was 
performed on ice as described.(20) For 
immunoprecipitation of chemically crosslinked 
cell surface proteins MF stably expressing two 
differently tagged truncated TRAILR-variants 
(3×106 cells) were grown overnight in 10 cm cell 
culture dishes and cell surface proteins were 
crosslinked the following day. Cells were washed 

with ice-cold PBS, harvested, and pelleted. The 
cells were then lysed in solubilization buffer (50 
mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1% 
(v/v) NP-40, 0.25% (w/v) sodium deoxycholate, 
pH 7.4) supplemented with complete protease 
inhibitor cocktail (Roche) and 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF). Five 
micrograms of α-FLAG antibody were added and 
incubated at 4 °C for 2 h prior to the addition of 25 
μl of protein G Sepharose beads (GE Healthcare 
Europe, Freiburg, Germany) for 16 h on a rotary 
mixer at 4°C. Beads were washed with 
solubilization buffer, and Laemmli sample buffer 
with 5% (v/v) 2-mercaptoethanol was added. 

Flow cytometry-For FACS analysis 2×105 
cells, for FACS sorting 3×106 cells were 
resuspended in PBA containing primary antibody 
(α-TRAILR1 MAB347, α-TRAILR2 MAB6311, 
α-TRAILR3 MAB6302 or α-TRAILR4 MAB 633; 
all from R&D Systems Inc., Minneapolis, 
Minnesota, USA). After incubation for 1 h on ice 
cells were washed in PBA and resuspended in 
PBA containing the secondary goat 
α-mouse-IgG+IgM (H+L)-PE conjugated 
(Dianova). After 45 min of incubation cells were 
washed again and resuspended in 400 μl of PBA. 
Cells were analyzed using Beckman Coulter 
Cytomics FC 500, or sorted using Becton 
Dickinson FACS Vantage SE with FACSDiVa. 
For sorting, 3×104 positive cells were collected in 
5 ml of RPMI1640 + 5% FCS containing 100 
U/ml penicillin and 100 µg/ml streptomycin. 
Immediately after sorting, cells were transferred 
into 6-well plates and cultured at 37 °C and 5% 
CO2. Results from cytofluorometric analyses are 
presented as biexponential (logicle) histogram 
plots. 

Acceptor photobleaching FRET-MF (1.5×105 
cells) were seeded on 18×18 mm coverslips and 
grown overnight. The following day cells were 
transfected with 0.5 µg of plasmid DNA encoding 
the receptor-eGFP and 0.25 µg plasmid DNA 
encoding the receptor-mCherry fusion protein 
using Lipofectamine 2000 according to the 
manufacturer’s instructions. After 24 h transfected 
cells were washed with PBS and fixed using 4% 
PFA in PBS for 15 min at 20 - 25 °C. Coverslips 
were then mounted onto microscopy slides using 
Fluoromount G. Images were acquired using a 
Zeiss LSM710 confocal laser scanning microscope 
(Carl Zeiss MicroImaging, Jena, Germany). GFP 
was excited with the 488 nm line of the argon laser 
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and fluorescence was detected at 490 – 550 nm. 
mCherry was excited with the 561 nm line of a 
diode-pumped solid state laser and fluorescence 
was detected at 570 – 650 nm. The imaging 
sequence was as follows: First donor and acceptor-
channels were sequentially scanned at low laser 
intensity. Subsequently, the acceptor was bleached 
with the 561 nm laser line at 75% intensity. 
Finally, donor and acceptor channels were again 
scanned at low laser intensity. Acquired images 
were exported to 8-bit TIFF format using Zeiss 
ZEN 2010 software. For analysis of FRET 
efficiency, images were imported into Fiji and 
FRET efficiency was calculated using the ImageJ 
plug-in FRETcalc version 4.0 (26). False-colored 
FRET images for illustration purposes were 
calculated using the MATLAB standalone 
application FRET_Plotter. 

 Mathematical modeling-To quantify the 
effect of the formation of heteromeric receptor 
complexes on TRAIL signaling, we developed a 
mechanistic mathematical model of the 
biochemical reaction network. This model 
considered the formation of receptor homo- and 
heterodimers (R1-R3) as well as the binding of 
TRAIL to receptor dimers (R4-R6). Reactions and 
parameter values are provided in Table 1. 

To parameterize the model, we mainly used 
literature data. On- and off-rates of the receptor 
dimerization reactions and the TRAILR1-TRAIL 
and TRAILR4-TRAIL interaction have been 
measured by Lee et al. (7). Using the measured 
receptor dimerization rates we however observed 
only negligible receptor dimerization. To 
reproduce our experimental observation, we 
increased the on-rates till the model predicted 
roughly 80% of dimerized TRAILR1 in the 
absence of TRAILR4, which is in agreement with 
our data. The parameters for TRAILR1-TRAIL 
and TRAILR4-TRAIL interaction provide 
reasonable prediction, and for the binding of 
TRAIL to TRAILR1:TRAILR4, the geometric 
average of the previous rates is used. As the 
reaction rates are not precisely known, we sampled 
on-rates around the values provided in Table 1 to 
ensure that the model predictions are robust. 

TRAILR1 was estimated to be expressed at a 
level of 104 molecules/cell (=4.4310-3 nM as we 
have 2.67105 cells/ml) and TRAILR4 at 0 
molecules/cell (=0 nM) for HeLa cells, 104 
molecules/cell (=4.4310-3 nM) for HeLa R4 cells, 

and 105 molecules/cell (=4.4310-2 nM) for HeLa 
R4+ cells. 
For the biochemical reaction network defined by 
R1-R6, the corresponding reaction rate equation 
has been derived, assuming mass action kinetics. 
Given this mathematical model we used 
MATLAB to evaluate the stationary concentration 
of (TRAILR1)2:TRAIL complexes, which is a 
measure for TRAIL induced TRAILR1 signaling. 
The concentration of (TRAILR1)2:TRAIL 
complexes has been analyzed for two scenarios: 
(1)  receptor-receptor interaction & decoy action 
(parameters as stated above); and (2) no receptor-
receptor interaction & decoy action (k3,on = 0). 
 
RESULTS 

TRAIL receptors 1, 2 and 4 form homo- and 
heteromeric complexes in the absence of ligand-
Interactions between unligated receptors have 
previously been demonstrated for several members 
of the TNF receptor superfamily, including TNF 
receptors (13,20), CD95/Fas (14,27) and TRAIL 
receptors (15). We here studied TRAIL receptor 
interaction in the absence of ligand by acceptor-
photobleaching fluorescence resonance energy 
transfer (FRET) analyses. Donor receptors were 
expressed in immortalized mouse fibroblasts as 
eGFP fusion proteins with their respective 
intracellular domain replaced by the fluorescent 
protein, mCherry was used in FRET acceptor 
receptors. All receptor-derived fusion proteins 
localized predominantly to the plasma membrane, 
with some fluorescence also being detected at 
intracellular membranes representing most likely 
the endoplasmic reticulum and the Golgi apparatus 
(Fig. 1A). Homo- and heterophilic receptor-
receptor interactions were studied using 
TRAILR1-, TRAILR2- and TRAILR4-derived 
FRET constructs. As TRAILR3 is anchored within 
the cell membrane via a GPI anchor, the approach 
used here cannot be easily transferred to this 
receptor. As negative controls TNFR1/TRAILR1 
and TNFR1/TRAILR2 FRET pairs were 
investigated, revealing no significant FRET 
efficiencies (Fig. 1B). In contrast, all six 
combinations of the three TRAIL receptors 
investigated (three homotypic and three 
heterotypic interactions, Fig. 1B) revealed 
significant values for FRET efficiencies. These 
data strongly suggest that the three TRAIL 
receptor fusion proteins used here are capable to 
form homo- and heteromers even in the absence of 
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their intracellular signaling domains. Hence, 
oligomerization of TRAIL receptors is likely to be 
mediated by their respective extracellular parts, 
possibly in cooperation with the transmembrane 
domain, as has been proposed for TRAILR2 by 
Valley et al (28).  

TRAILR2 predominantly forms homodimers in 
the absence of a functional cytoplasmic domain-
Conflicting reports exist concerning the exact 
stoichiometry of ligand-independent TNFR1 
complexes. Formation of homotrimers (13), but 
also more recently the predominant formation of 
homodimers has been reported (20,21,29). In the 
case of TRAIL receptors the group of Sachs 
proposed TRAILR2 homotrimer formation in the 
absence of ligand, but receptor dimerization after 
ligation, partially driven by interactions of the 
transmembrane domains (28). Our FRET data 
indicated that TRAILR2 might form homomeric 
receptor complexes with particularly high 
efficiency as compared to the other TRAIL 
receptor members. We therefore decided to 
investigate the stoichiometry of receptor 
homomers in this particular system. Chemical 
crosslinking experiments were performed using a 
FLAG-tagged TRAILR2 variant consisting of the 
complete extracellular and transmembrane 
domains of the wild type receptor, yet retaining 
only the first 14 intracellular amino acids, with the 
cytoplasmic death domain being deleted and 
replaced by the FLAG epitope tag (amino acid 
sequence DYKDDDDK). The resulting 
TRAILR2ΔC-FLAG fusion protein was stably 
expressed in mouse embryonic fibroblasts and cell 
surface expression was verified by flow cytometry 
(Fig. 2A). Cells were treated with dilutions of the 
amine-reactive and non-membrane permeable 
crosslinker bis(sulfosuccinimidyl)suberate (BS3) at 
4 °C, i.e. under conditions of highly reduced 
membrane fluidity. Western blot analyses revealed 
efficient homodimer formation of TRAILR2ΔC-
FLAG (Fig. 2B). In a concentration-dependent 
manner a strong specific band with an apparent 
molecular weight of approximately 55 kDa could 
be detected in addition to the band representing the 
monomeric receptor variant with a calculated 
molecular weight of 27 kDa. Higher oligomers 
representing e.g. trimers or tetramers could not be 
detected even at the highest BS3 concentration 
used. The observed near to quantitative formation 
of homodimeric complexes at crosslinker 
concentrations ≥500 μM indicates that 

homodimerization of TRAILR2 at the plasma 
membrane is strongly favored. The very strong 
appearance of the presumed homodimeric band at 
high crosslinking efficiencies in comparison to the 
relatively weak monomeric band in the absence of 
crosslinker is likely to be explained by an avidity 
effect of the IgG antibody used for immunoblot 
detection. 

To confirm ligand-independent dimerization 
of the death receptor TRAILR2 in an additional 
approach, immunoprecipitation experiments of 
BS3-crosslinked cell surface proteins were 
performed. Immortalized mouse fibroblasts were 
engineered to stably coexpress TRAILR2ΔC-
FLAG and TRAILR2ΔC-GFP. Expression of the 
two different receptor fusion proteins was verified 
by flow cytometry. In doing so, expression of 
TRAILR2ΔC-GFP was analyzed in fluorescence 
channel 1, while the signal emanating from 
immunostaining of both TRAILR2 variants at the 
cell surface using TRAILR2 specific monoclonal 
antibody followed by phycoerythrin-conjugated 
secondary antibody was measured in fluorescence 
channel 2 (Fig. 2C). Western blot analysis of the 
immunoprecipitates revealed a BS3-dependent 
band with an apparent molecular weight of 
approximately 80 kDa (Fig. 2D, rightmost lane). 
The apparent molecular weight of this protein 
complex supports the notion that it constitutes a 
dimeric receptor complex containing one of each 
TRAILR2 fusion proteins, TRAILR2ΔC-FLAG 
(27 kDa) and TRAILR2ΔC-GFP (53 kDa). 

TRAILR4 efficiently antagonizes TRAILR1-
induced apoptosis-To investigate how TRAILR4 
might interfere with TRAILR1 signaling, 
TRAILR4 was ectopically expressed in HeLa 
cells, yielding the cell line HeLa R4. Wild type 
HeLa cells expressed considerable amounts of 
TRAILR1 but only comparably low amounts of 
TRAILR2 on their cell surface, whereas both 
decoy receptors could not be detected by flow 
cytometry (Fig. 3A). In HeLa R4 cells expression 
of TRAILR4 (MFI 1767 ± 196, mean ± SD, n=7) 
was comparable to that of TRAILR1 (Fig. 3B; 
MFI 2163 ± 389). A second cell line, HeLa R4+, 
generated by several rounds of fluorescence 
activated cell sorting showed a stable and high 
expression of TRAILR4 (MFI 6949 ± 490), 
whereas the expression level of TRAILR1 (MFI 
1837 ± 214) was largely unchanged (Fig. 3C). 
Cytotoxicity assays using antibody-crosslinked 
soluble TRAIL in combination with 
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cycloheximide showed that cells overexpressing 
TRAILR4 were significantly protected against 
TRAIL-induced apoptosis compared to parental 
HeLa cells (Fig. 3D). These experiments also 
revealed a clear dose-response relationship of 
TRAILR4-mediated interference with TRAILR1 
signaling in this cellular model. Cotreatment with 
the pan-caspase inhibitor zVAD-fmk completely 
inhibited TRAIL-induced cell death, confirming 
apoptotic cell death upon TRAIL treatment (data 
not shown). 

In order to investigate the potential 
involvement of TRAILR4-activated PKB/Akt 
pathways in the observed inhibitory effects (18), 
the abundance of phosphorylated Akt (at serine 
residue 473) in HeLa wild type, HeLa R4 and 
HeLa R4+ cells was determined by western 
blotting. Basal levels of phosphorylated Akt were 
low and comparable in all three cell lines. In 
addition, TRAIL treatment for up to 120 min did 
not result in any detectable changes in Akt 
phosphorylation (data not shown). Furthermore, 
potential differences in intracellular signaling 
between HeLa and HeLa R4 cells were assessed 
using the PathScan Intracellular Signaling Array 
Kit which allows for the parallel detection of 18 
signaling molecules when becoming cleaved or 
phosphorylated. The results showed that basal 
phosphorylation levels were similar for most 
targets in these two cell lines. Significant changes 
in response to TRAIL treatment were only 
observed for the phosphorylation of Bad and for 
PARP cleavage at aspartate 214. As expected, the 
latter response to TRAIL treatment was stronger in 
HeLa as compared to HeLa R4 (data not shown). 
Together, no evidence was found for the 
involvement of TRAILR4-derived antiapoptotic 
signals which could interfere with TRAILR1-
mediated apoptosis induction. 

A TRAILR4 mutant with truncated signaling 
domain efficiently interferes with TRAILR1-
induced apoptosis-To confirm that TRAILR4-
derived intracellular signals do not play a major 
role in the protection against TRAILR1-induced 
apoptosis, HeLa cells overexpressing a truncated, 
hence signaling-incapable variant of this receptor 
were generated. This truncated receptor variant 
TRAILR4ΔC consisted of the complete 
extracellular and transmembrane domains of the 
wild type receptor, thus retaining the capability to 
bind its ligand and to homo- and heteromerize 
with other TRAIL receptors via the PLAD. All but 

the first 14 intracellular amino acids had been 
deleted and were replaced by the enhanced green 
fluorescent protein (eGFP) to ensure this receptor 
was incapable of transducing intracellular signals. 
Stable HeLa transfectants were produced 
expressing TRAILR4ΔC at comparably high 
levels (MFI 4155 ± 660) while expression of the 
other three TRAIL receptors was essentially 
unchanged (Fig. 4A). Cytotoxicity assays using 
antibody-crosslinked soluble TRAIL in 
combination with the protein synthesis inhibitor 
cycloheximide revealed significantly reduced 
apoptotic cell death in HeLa cells positive for this 
TRAILR4 mutant as compared to parental cells 
(Fig. 4B). Again, pretreatment of HeLa R4ΔC 
cells with the pan-caspase inhibitor zVAD-fmk 
efficiently blocked the residual TRAIL-mediated 
cytotoxic effects (Fig. 4B). 

Data obtained with the TRAILR4ΔC positive 
HeLa cells strongly suggested inhibitory effects at 
the level of signaling complex formation, i.e. at a 
level above initiator caspase activation. We 
therefore compared activation kinetics of the 
initiator caspase-8 and the effector caspase-3 by 
western blotting in all four cell lines. TRAIL 
treatment induced cleavage of caspase-8 in all four 
investigated cell lines. The intermediate caspase-8 
fragments p43/41 could be detected in all cell lines 
after 2 h of stimulation, albeit the amounts were 
reduced in cells expressing full-length or the 
truncated variant of TRAILR4 (Fig. 4C). Caspase-
8 cleavage products p43/41 were detectable in all 
cell lines for the further duration of the experiment 
and showed maximal abundance 6 h after 
stimulation. At all time-points investigated, wild 
type HeLa cells showed the highest levels of the 
caspase-8 p43/41 cleavage products. The final 
caspase-8 cleavage fragment, p18, was detected in 
HeLa cells after 4 h of TRAIL stimulation. In 
HeLa R4 and HeLa R4ΔC cells caspase-8 
processing to the p18 fragment was considerably 
reduced. Even after 6 h of TRAIL treatment, 
active caspase-8 could not be detected in HeLa 
R4+ cells. As an expected consequence of the 
reduced initiator caspase activation, cleavage of 
the effector caspase-3 was also strongly reduced in 
all TRAILR4 (mutant) positive HeLa cells. 
Complete activation of caspase-3, i.e. cleavage 
into the p19 and p17 fragments, became apparent 
in HeLa cells after 4 and 6 h of TRAIL treatment, 
whereas in HeLa R4+ cells these products were 
not detectable. These data are in accordance with 
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the expression levels of the receptors at the cell 
surface as determined by flow cytometry, showing 
that HeLa R4 (Fig. 3B) and HeLa R4ΔC (Fig. 4A) 
cells exhibit a lower membrane expression of their 
respective receptor (derivative) as compared to 
HeLa R4+ cells (Fig. 3C). Together, activation of 
both procaspase-8 and procaspase-3 could be 
shown to be significantly reduced in response to 
TRAIL treatment in HeLa cells engineered to 
express either full-length or a truncated variant of 
TRAILR4. 

Interference of TRAILR4 with TRAILR1-
mediated activation of the transcription factor 
NFκB-Besides the induction of apoptosis, 
TRAILR1 and TRAILR2 are known to also 
activate additional, non-apoptotic, signaling 
pathways like the mitogen activated protein 
(MAP) kinases, the transcription factor nuclear 
factor of kappa B (NFκB) or protein kinase B 
(PKB/Akt) (30,31). Importantly, these signals 
are likely to be (mainly) produced by a 
secondary signaling complex (complex II), 
formed after internalization of the membrane 
associated proapoptotic signaling complex I 
(DISC) (30). We therefore investigated 
whether TRAILR4 also interferes with 
complex II-derived signals of TRAILR1. 
Activation of NFκB in the four HeLa (-derived) 
cell lines was investigated by analyzing the 
phosphorylation of the NFκB inhibitor IκBα. In 
HeLa cells phosphorylation of IκBα became 
apparent after 30 min of treatment with 300 
ng/ml of antibody-crosslinked sTRAIL (Fig. 
5A). The level of phospho-IκBα increased with 
time reaching its maximum after 120 min of 
TRAIL stimulation. Kinetics of IκBα 
phosphorylation in the HeLa-derived, 
TRAILR4-expressing cell line HeLa R4 was 
similar with the maximum level of phospho-
IκBα detected after 90 min. However, the level 
of IκBα phosphorylation was reduced in 
comparison to the parental cell line (Fig. 5B). 
In HeLa R4+ cells, overexpressing TRAIL 
receptor 4 at a considerably higher level than 
HeLa R4, phosphorylation of IκBα was 
extremely weak even at the later time points. 
Similar data were obtained using HeLa R4ΔC 
cells expressing high levels of a truncated 
TRAILR4 variant (Fig. 5A and B). These 
results demonstrate that interference of 
TRAILR4 with TRAILR1 affects both, pro- 

and antiapoptotic signals produced by different, 
subsequently formed signaling complexes.  

Mathematical modeling of TRAILR4-mediated 
receptor interference-In order to facilitate a more 
quantitative evaluation of the efficiencies of the 
various proposed modes of interaction by which 
TRAILR4 could interfere with TRAILR1 
signaling, we developed a mathematical model for 
TRAILR1 – TRAILR4 interplay. Clearly, 
establishment of a mathematical model 
quantitatively describing the interference of 
(potential) pro- and antiapoptotic intracellular 
signals of these two receptors is far beyond the 
scope of this work. Yet, as this mechanism could 
be conclusively excluded by our experiments, a 
theoretical analysis of intracellular signaling was 
not essential. We therefore decided to 
mathematically describe only membrane processes 
schematically depicted in Fig. 6, namely the decoy 
mechanism and receptor-receptor interactions, to 
estimate their impact on the relative signaling 
strength. The resulting mathematical model has 
been parameterized with own data and literature 
data. TRAILR1 was estimated to be expressed at a 
level of 10 000 molecules per cell by comparison 
of flow cytometric data with other cellular systems 
expressing known amounts of receptors. For HeLa 
R4 cells the same number of TRAILR4 was 
assumed, for HeLa R4+ cells a tenfold excess, i.e. 
100 000 molecules per cell at the cell surface. 
Initially, all affinity values for the molecular 
interactions were taken from literature (7). 
However, using these affinity values for receptor-
receptor interactions only marginal dimerization of 
receptors was found in our mathematical model. 
The vast majority of the molecules rather existed 
as monomers. This can be easily understood, 
because Lee et al. had used the extracellular 
domains of the TRAIL receptors in a classical 
plasmon resonance study, i.e. with one partner 
immobilized to a carrier and the interacting 
molecule being present in solution, allowing the 
latter to freely diffuse in all three dimensions, to 
freely rotate, etc. Cell-bound TRAIL receptors, in 
contrast, are fixed by their transmembrane 
domains in the plasma membrane in a more or less 
directed and parallel aligned manner. Diffusion is 
only possible within the level of the plasma 
membrane, strongly increasing their chance for 
proper PLAD-mediated interactions. We therefore 
increased the kon values for receptor-receptor 
interactions, thereby lowering the KD-values, until 
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about 80% of all TRAILR1 molecules (in the 
absence of TRAILR4) molecules were 
incorporated in dimers. Increasing the kon values 
for TRAILR4 interactions by the same factor 
revealed that about 90% of TRAILR4 was 
complexed due to its somewhat higher affinity (7) 
in a respective virtual TRAILR4 positive cell 
lacking TRAILR1. The relative distribution of 
TRAILR1 monomers, TRAILR1 homodimers and 
TRAILR1/TRAILR4 heterodimers predicted from 
the model in the absence of ligand is shown in Fig. 
7A. To account for parameter uncertainties, we 
considered not only the scaled version of the 
parameters determined by Lee et al., but sampled 
parameters in their proximity. All qualitative 
results stated below hold under parameter 
uncertainties and quantitative results show little 
variation. 

We assumed that TRAILR1 homodimers are 
capable of inducing intracellular signals after 
ligation, whereas TRAILR4 homodimers and 
receptor heterodimers are not. Addition of ligand 
was assumed to lead to the incorporation of ligated 
receptor dimers into larger ligand-receptor 
clusters, thereby converting TRAILR1 
homodimers into an active signaling state. This 
model of death receptor signal initiation by 
changes in the backbone conformation of the 
molecules was recently proposed for TNFR1 by 
the group of Sachs (29) and is in excellent 
agreement with our own experimental data 
obtained in a chimeric TNFR/CD95 system 
(20,21). At high TRAIL concentrations the 
majority of the initial receptor monomers was 
efficiently included in ligand-receptor clusters. For 
HeLa R4 and HeLa R4+ cells, the relative amount 
of TRAILR1 homodimers is reduced to 44 and 
8%, respectively, as compared to wild type HeLa 
cells lacking TRAILR4 (Fig. 7B). Accordingly, 
TRAILR1 receptors in HeLa R4 and HeLa R4+ 
cells were predicted to initiate intracellular 
signaling with the correspondingly reduced 
strength. Albeit the strength of a receptor-induced 
signal cannot be necessarily translated directly into 
the magnitude of an induced cellular response, 
these results are in good accordance with our 
presented experimental data (Fig.s 3D and 5B). In 
summary, the mathematical model confirms that 
interference of TRAILR4 with TRAILR1 at the 
level of signal complex formation can represent a 
very efficient mechanism under the here used 
conditions. 

Our mathematical model also allowed us to 
quantify the effects of the classical decoy 
mechanism. Setting the interaction between 
TRAILR1 and TRAILR4 to zero, ligand 
consuming effects by TRAILR4 could be 
estimated and were found to be totally negligible 
(Fig. 7C). Clearly, our model only describes the 
initial situation after addition of ligand, thereby 
disregarding ligand consumption by receptor 
internalization and recovery of the latter by de 
novo synthesis. However, in our assay systems 
ligand is available in a large excess as compared to 
the receptor numbers. We calculated that at the 
highest TRAIL concentration used in our 
experiments (300 ng/ml) the ratio of TRAIL 
molecules available per TRAILR4 molecule is 
about 3000 in HeLa R4 cells or about 300 in HeLa 
R4+ cells. Even if TRAILR4 would be 
continuously internalized with ligand and fully 
replaced by newly synthesized molecules, thereby 
consuming one TRAIL molecule per receptor and 
hour, the residual ligand concentration at the end 
of a typical cytotoxicity assay would be still above 
90% of its initial concentration, allowing full 
activation of the death receptor(s). 
 
DISCUSSION 

Stoichiometry of PLAD interaction-
Homooligomerization of TNF receptor family 
members in absence of ligand has been reported 
for CD95/Fas and the TNF and TRAIL receptors 
(7,13-15,20,21,27,28,32). Reports concerning the 
stoichiometry of these complexes, however, have 
been contradictory. Formation of dimers, trimers 
and higher order oligomers has been suggested 
based on crosslinking studies with bifunctional 
chemical reagents. As the experimental conditions 
and the crosslinking agents used in these studies 
differ considerably, it is hard to evaluate these 
conflicting data. Based on our results from FRET 
studies we suggested that among the TRAIL 
receptors, TRAILR2 might form ligand-
independent homooligomers with particularly high 
efficiency (Fig. 1B). For detailed crosslinking 
studies we therefore used mutants of this receptor 
where the cytoplasmic part had been replaced by a 
FLAG-tag or eGFP, implying that interactions 
mediated by the intracellular part should be 
canceled out. In fact, at higher BS3 concentrations 
formation of the presumed TRAILR2ΔC-FLAG 
protein homodimer crosslinking product in the cell 
membrane was near to total as indicated by the 
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disappearance of the band representing the 
monomer (Fig. 2B). Moreover, no band likely to 
represent crosslinked homotrimers of the receptor 
construct appeared even at the highest BS3 
concentration. Thus, it can be assumed that ligand-
independent pre-assembly of the TRAIL receptor 
constructs used in our studies strongly favors the 
formation of receptor homodimers. 

By coexpressing both, the FLAG- and the 
eGFP-tagged versions of TRAILR2, we were able 
to perform additional control experiments. After 
chemical crosslinking receptor complexes were 
immunoprecipitated with a FLAG-specific 
antibody and analyzed using an α-eGFP antibody. 
This revealed a strong band with the expected 
molecular mass of the heterodimer (approx. 80 
kDa) comprising one molecule of each 
TRAILR2ΔC-FLAG (27 kDa) and TRAILR2ΔC-
eGFP (53 kDa) (Fig. 2D). Again, no evidence for 
crosslinking products with a higher molecular 
weight was obtained. The same approach was 
repeated using cells coexpressing two different 
types of TRAIL receptors fused either to eGFP or 
a FLAG epitope tag (i.e. TRAILR1-FLAG and 
TRAILR2ΔC-eGFP, etc.). This approach yielded 
precisely the same results, that is to say the 
exclusive detection of dimeric TRAIL receptor 
complexes (data not shown), indicating that not 
only homotypic, yet also heterotypic receptor-
receptor interactions result in the (predominant) 
dimerization of TRAIL receptors.  

The chemical BS3 is a crosslinking agent 
which is water soluble but not membrane 
permeable, hence being potentially reactive with 
the extracellular N-terminus of TRAILR2 plus six 
available lysine residues present in the 
extracellular part. Presuming the receptors 
preferentially form homotrimers or even higher 
oligomers in the plasma membrane, it appears 
likely that aggregates higher than dimers would 
have been formed and detected in our crosslinking 
experiments. In fact, when we crosslinked with 
BS3 soluble TNF, representing a homotrimer (3 × 
17 kDa) also containing 6 lysine residues per 
monomer, we readily detected a strong band of the 
supposed TNF homotrimer (data not shown). This 
indicates that an underestimation of the number of 
receptor molecules constituting the pre-assembled 
oligomers is unlikely. Together, all experiments 
we performed with the aim to investigate the 
stoichiometry of TRAIL receptor homo- and 
heteromers strongly suggest the preferential 

existence as homo- and heterodimers on the cell 
membrane. This implication is in accordance with 
recent data obtained with TNF receptor/Fas 
chimeric molecules (20,21,32), as well as the 
recently proposed model by the group of Sachs for 
signal initiation by wild type TNFR1 (29).  

Strikingly, however, the group of Sachs also 
performed BS3 crosslinking experiments with 
TRAILR2, albeit in its wild type form, and 
demonstrate the predominant formation of 
homotrimers (28). Differences in the experimental 
design which might account for the conflicting 
results include the cell lines as well as the receptor 
constructs used. Valley et al. used the 
hematopoietic human lines Jurkat and BJAB, 
which might both be capable to produce the ligand 
TRAIL which could form endogenous receptor 
complexes on the cell surface. Indeed, in our 
hands Jurkat cells are positive for membrane 
TRAIL expression as determined by flow 
cytometry (data not shown). Another obvious 
difference in both studies is the use of wild type 
TRAILR2 by Valley et al. versus constructs 
lacking the functional intracellular part in our 
studies. Notably, Valley et al. point out that in fact 
TRAILR2 interacts with its cytoplasmic parts in 
the absence of ligand (28).  

Molecular mechanisms and quantitative 
aspects of TRAILR1 / TRAILR4 interference-As 
recently discussed by Kimberley and Screaton (2), 
four different mechanisms might determine the 
interference of the so-called decoy receptors with 
TRAILR1 (and TRAILR2) in a nonexclusive 
manner. The first is the classical decoy receptor 
mechanism based on competition of both receptors 
for their shared ligand. Efficiency of this 
molecular mechanism is governed by the 
respective ligand binding affinities. However, the 
ligand binding affinities of TRAIL decoy receptors 
are comparable to those of the death receptors 
(7,9,33), arguing against a high efficacy of the 
decoy mechanism. In fact, our model predicts 
virtually no decoy-mediated interference of an 
even tenfold excess of TRAILR4 on signaling of 
TRAILR1 at the initial phase of a standard 
cytotoxicity assay (Fig. 7C). Due to the large 
excess of ligand this situation will not change over 
many hours, arguing that the decoy mechanism of 
TRAIL receptor interference might play only a 
role in particular situations like very low ligand 
concentrations and very high expression rates of 
decoy receptors. Clearly, the decoy mechanism is 
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insufficient to explain the molecular mechanism 
underlying the efficient inhibitory effects of 
TRAILR4 on TRAILR1 signaling in our cellular 
system.  

A second possible mechanism is based on the 
reported antiapoptotic signaling capacity of 
TRAILR4, e.g. via activation of NFκB or 
PKB/Akt (8,18,34) This potential mechanism 
could also be excluded in our experiments by 
using a TRAILR4 variant lacking the intracellular 
signaling domain. This receptor variant strongly 
interfered with TRAILR1-mediated induction of 
apoptosis (Fig. 4B) and activation of NFκB (Fig. 
5A and B). Moreover, using our HeLa R4 and 
HeLa R4+ cells we could not detect any TRAIL-
induced phosphorylation of PKB/Akt (data not 
shown), confirming that TRAILR-mediated 
intracellular signaling might be highly cell type 
specific as indicated by the inconsistent reports 
(8,18,19,34-36). Furthermore, using a commercial 
intracellular signaling antibody array no signals, 
like activation of PKB/Akt, ERK1/2 or 
SAPK/JNK, were detected, which could be 
attributed to TRAILR4. However, PARP cleavage, 
likely to be mediated by TRAILR1, could be 
easily detected in this assay (data not shown). 

Excluding signaling by TRAILR4 and the 
decoy mechanism we therefore propose that 
TRAILR4 forms mixed signaling complexes 
together with TRAILR1 which have altered, 
reduced, or even no signaling capability. Mixed 
complexes might be either formed in a strictly 
ligand-dependent manner (the third possible 
mechanism of receptor interference proposed by 
Kimberley and Screaton), might be guided by the 

preformed mixture of PLAD-mediated homo- and 
heterodimers of receptors (mechanism four) or 
their production might be even more complex 
(22). By all means, all PLAD-PLAD affinities 
appear to be comparable (7) as is the case for 
ligand binding affinities of the four membrane 
receptors (7,9,33). Accordingly, one has to assume 
that after ligand binding TRAIL death and decoy 
receptors occur on the plasma membrane in a 
complex conglomerate of homo- and heteromers 
within ligand-receptor clusters. 

In good agreement with the predictions from 
our mathematical model, where the distribution of 
PLAD-mediated homo- and heteromers (Fig. 7A) 
was translated into TRAILR1-mediated signaling 
strength as a function of the ligand concentration 
(Fig. 7B), we demonstrate that TRAILR4 is a very 
efficient negative regulator of both apoptosis 
induction (Fig. 3D) and activation of NFκB (Fig. 
5A and B). It appears likely that the interference 
between TRAILR4 and TRAILR2 might be 
guided by similar mechanisms. The functional role 
of TRAILR3 could be similar as compared to 
TRAILR4, although its differential distribution on 
the cellular membrane must be taken into account. 
Accordingly, the TRAIL signaling system in 
human cells is of exceptional complexity. For 
example, in cells coexpressing all four 
transmembrane TRAIL receptors, ten different 
combinations of receptor dimers are possible. 
Whereas the signaling pattern of death receptor 
homodimers is fairly well elucidated, the signaling 
capability of heteromers like TRAILR1/R2 but 
also TRAILR1/R4 and TRAILR2/R4 awaits 
further investigation. 
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FIGURE LEGENDS 

Figure 1. Homo- and heterotypic interactions of TRAIL receptors. A. Mouse embryonic fibroblasts 
(MF) from TNFR1-/-/TNFR2-/- mice were transiently transfected with plasmids encoding the fusion 
proteins TRAILR1ΔC-mCherry and TRAILR4ΔC-GFP. Transfected cells were cultivated for 24 h before 
being fixed with 4% PFA. Images shown represent optical sections obtained by confocal laser scanning 
microscopy; scale bar = 10 μm. False-colored FRET images at the right were calculated using the 
MATLAB plugin FRET_Plotter and show relative FRET efficiencies ranging from 0 (black) to 1 (dark 
red). B. Acceptor-photobleaching FRET experiments were performed and FRET efficiencies were 
calculated using the ImageJ plug-in FRETcalc. First two groups represent the negative controls 
(TNFR1ΔC-GFP (TNFR1) in combination with TRAILR1ΔC-mCherry (R1) or TRAILR2ΔC-mCherry 
(R2)). Values shown were obtained from the analysis of 30 individual cells from 6 independent 
experiments for each receptor-fusion protein combination. Box and whiskers plot: Box represents the 25th 
and 75th percentile, the median is depicted by a horizontal line; whiskers denote 5th and 95th percentile. 
Significance was tested by One-Way ANOVA and comparison to the TNFR1/R1 negative control using 
Dunnett’s multiple comparison test procedure. ns: not significant; **: p<0.01; ***: p<0.001. 
 
Figure 2. A truncated variant or TRAILR2 predominantly forms homodimers on the plasma 
membrane. A. Cell surface expression of a FLAG-tagged truncated version of human TRAILR 2 in MF 
cells (filled grey histogram). Isotype controls are shown as black histograms. B. MF TRAILR2ΔC-FLAG 
were incubated with increasing concentrations of the chemical crosslinker BS3 
(bis(sulfosuccinimidyl)suberate). Whole cell lysates were resolved by reducing SDS-PAGE and western 
blot analysis was performed using a FLAG-tag specific antibody. Precise non-stained molecular weight 
markers are given on the left. Shown is one representative experiment out of three. C. Cell surface 
proteins were immunostained with mouse α-TRAILR2 antibody (red histogram) or the respective IgG2B 
isotype control antibody (black histogram) followed by incubation with α-mouse IgG-PE conjugated 
secondary antibody (top histogram, showing total expression of both TRAILR2 variants) or left unstained 
(bottom histogram, showing fluorescence emission of TRAILR2ΔC-GFP; inset shows fluorescence in 
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FL1 channel of untransfected parental MF cells). Schematic depiction of the TRAILR variants employed 
for the analysis of receptor / receptor interaction and flow cytometric analysis of cell surface expression 
of the receptor variants in the TRAILR2ΔC-FLAG and TRAILR2ΔC-GFP coexpressing cell line. CRD = 
cysteine rich domain, S = stalk region, TM = transmembrane domain. D. MF stably expressing 
TRAILR2ΔC-FLAG and TRAILR2ΔC-GFP were incubated with 500 µM BS3 on ice for 30 min or left 
untreated. Whole cell lysate was subjected to immunoprecipitation using α-FLAG M2 antibody or IgG1 
isotype control antibody and protein G sepharose beads. Precipitated proteins were subjected to SDS-
PAGE and western blot analysis using α-GFP antibody. Precise non-stained molecular weight marker is 
given on the left. Results shown are representative of three independent experiments. 
 
Figure 3. Overexpression of TRAILR4 interferes with TRAIL induced cell death.  
A. Cytofluorometric analysis of TRAIL receptor cell surface expression in HeLa cells. B. Cell surface 
expression of TRAILR4 in HeLa R4 cells, which express TRAILR4 at a level comparable to TRAILR1. 
C. HeLa R4+ cells show a significantly stronger expression of TRAILR4. D. HeLa (squares), HeLa R4 
(circles) or HeLa R4+ (triangles) cells were treated with serial dilutions of antibody-crosslinked sTRAIL 
(TRAIL) in combination with 0.5 µg/ml CHX. After 24 h cell viability was determined by crystal violet 
staining. Shown are mean values ± standard deviation calculated from nine independent experiments each 
performed in triplicates. Significance was tested using Two-Way ANOVA in combination with 
Bonferroni post-test. ***: p<0.001 was considered significant. 
 
Figure 4. A truncated, signaling-incapable TRAILR4 variant confers protection from TRAILR1-
induced apoptosis. A. Flow cytometric analysis of TRAIL receptor cell surface expression in HeLa 
R4ΔC cells. B. HeLaR4ΔC (diamonds) in comparison to HeLa cells (squares) were treated with serial 
dilutions of antibody-crosslinked sTRAIL (TRAIL) in combination with 0.5 µg/ml cycloheximide (CHX). 
After 24 h cell viability was determined by crystal violet staining. Shown are mean values ± standard 
deviation calculated from nine independent experiments each performed in triplicates. Significance was 
tested using Two-Way ANOVA in combination with Bonferroni post-test. ***: p<0.001 was considered 
significant. Open diamonds show viability of HeLa R4ΔC cells pre-incubated with the pan-caspase 
inhibitor zVAD-fmk (20 µM) before TRAIL treatment (n=3). C. Caspase cleavage in HeLa wild type 
cells and cells overexpressing TRAILR4. Cells were treated with 300 ng/ml antibody-crosslinked 
sTRAIL for the indicated times or left untreated. Total cell extracts were subjected to SDS-Page and 
western blot analysis using antibodies directed against cleaved caspase-8 or caspase-3. Tubulin-α was 
used as loading control. Blots shown are representative of three independent experiments. 
 
Figure 5. Interference of TRAILR4 with TRAILR1-induced phosphorylation of IκBα. A. Cells were 
treated with 300 ng/ml antibody-crosslinked sTRAIL for the indicated time points. As positive control, 
wild type HeLa cells were treated with 10 ng/ml sTNF for 5 min (rightmost lane). Cell lysates were 
subjected to western blot analysis using a phospho-IκBα (Ser32/36) specific antibody. Blots were then 
reprobed for total IκBα. Tubulin-α was used as loading control. B. Relative phospho-IκBα band 
intensities were densitometrically quantified and normalized to the tubulin-α loading control. The 
normalized phospho-IκBα level of sTNF treated HeLa cells (i.e. the positive control) was set to 100% and 
all other values were normalized to this control. ***: p<0.001 was considered to be significant as 
determined by Two-Way ANOVA and Bonferroni post-test in comparison to the respective time point of 
TRAIL treated HeLa cells. Values shown are mean ± SEM (n=5). 
 
Figure 6. Mathematical model for receptor-receptor and receptor-TRAIL interactions. Receptor-
receptor and receptor-ligand interactions have been described by six reversible biochemical reactions. The 
resulting biochemical reaction network accounts for the formation of homo- and heteromeric receptor 
complexes as well as for a decoy mechanism via TRAILR4. We derived the corresponding ordinary 
differential equation model assuming mass action kinetics. Parameters for the model have been 
determined using literature and own experimental data. 
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Figure 7. Effect of decoy mechanism on TRAIL signaling is negligible. A. Relative distribution of 
TRAILR1 in three different receptor complexes as predicted by mathematical modeling for HeLa 
(expressing only TRAILR1, black), HeLa R4 (expressing TRAILR1 and TRAILR4 at comparable levels, 
blue) and HeLa R4+ cells (expressing approximately ten-fold higher levels of TRAILR4 than TRAILR1, 
red) in absence of ligand. B. Dose response for the predicted proapoptotic activity of TRAIL, represented 
by the abundance of (TRAILR1)2:TRAIL complexes. C. Dose response for the predicted proapoptotic 
activity of TRAIL, assuming that no receptor heterodimers are formed and that TRAILR4 merely inhibits 
apoptosis induction through a decoy mechanism. Lines showing relative receptor activation for the three 
cell lines are virtually identical and therefore indistinguishable. 
Bold lines represent the prediction for the parameter values stated in the text. Thin lines correspond to 
further parameter samples and are used to illustrate the effects of uncertainties in receptor-receptor 
interaction kinetics. 

 

Table 1. List of biochemical reactions and reaction rates used in our model for receptor-receptor and 
TRAIL-receptor interaction. (TRAILR1)2, (TRAILR4)2 and TRAILR1:TRAILR4 denote the receptor 
dimers, and (TRAILR1)2:TRAIL, (TRAILR4)2:TRAIL and TRAILR1:TRAILR4:TRAIL denote TRAIL- 
receptor complexes. The rates of R6 are estimated as geometric mean of the rates if R4 and R5: kon,6 = (kon,4 

 kon,5)
1/2, koff,6 = (koff,4  koff,5)

1/2. 

 Reactions kon [nM-1  s -1] koff [s
-1] 

R1 2  TRAILR1 ↔ (TRAILR1)2 1.15102 5.4310-2 
R2 2  TRAILR4 ↔ (TRAILR4)2 2.42101 2.1110-3 
R3 TRAILR1 + TRAILR4  ↔ TRAILR1:TRAILR4 1.46101 1.1310-3 
R4 (TRAILR1)2 + TRAIL ↔ (TRAILR1)2:TRAIL 1.4310-4 4.1310-3 
R5 (TRAILR4)2 + TRAIL ↔ (TRAILR4)2:TRAIL 7.0410-5 4.3810-3 
R6 TRAILR1:TRAILR4  +  TRAIL ↔ TRAILR1:TRAILR4:TRAIL 1.0010-4 4.2510-3
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Figure 1 
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Figure 2 
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Figure 3 
 
 
 
 TRAILR2 (DR5)

0  103  104  105  106

fluorescence intensity

TRAILR3 (DcR1)

0  103  104  105  106

fluorescence intensity

TRAILR4 (DcR2)

0  103  104  105  106

fluorescence intensity

HeLa R4

0  103  104  105  106

fluorescence intensity

0

200

400

600

c
o

u
n

ts

HeLa R4+

0  103  104  105  106

fluorescence intensity

A

B C D

TRAILR1 (DR4)

0

0

200

400

600

c
o

u
n

ts

 106 103  104  105

fluorescence intensity

0

20

40

60

80

100

-2 10-1 100 101 102 103

***

100

TRAIL [ng/ml]

v
ia

b
ili

ty
 [

%
]

 at H
elm

holtz Z
entrum

 M
uenchen - Z

entralbibliothek on M
ay 2, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Interference of TRAILR4 with TRAILR1 signaling 

 21

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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