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Signaling Active CD95 Receptor Molecules Trigger
Co-translocation of Inactive CD95 Molecules into Lipid Rafts™
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Background: Mechanisms of activation of the prototypical death receptor CD95 have been described.

Results: Highly active CD95L variants (Fc-CD95L, membrane CD95L) stimulate the association of unliganded CD40-CD95
chimeras or of inactive complexes of CD95L trimers and CD95 with the lipid raft compartment.

Conclusion: CD95 signaling triggers association of active and inactive CD95 species with lipid rafts.

Significance: Identification of inactive CD95 species as targets of their active counterparts is described.

The capability of soluble CD95L trimers to trigger CD95-as-
sociated signaling pathways is drastically increased by oligomer-
ization. The latter can be achieved, for example, by antibodies
recognizing a N-terminal epitope tag in recombinant CD95L
variants or by genetic engineering-enforced formation of hex-
amers. Using highly sensitive and accurate binding studies with
recombinant CD95L variants equipped with a Gaussia princeps
luciferase reporter domain, we found that oligomerization of
CD95L has no major effect on CD95 occupancy. This indicates
that the higher activity of oligomerized CD95L trimers is not
related to an avidity-related increase in apparent affinity and
points instead to a crucial role of aggregation of initially formed
trimeric CD95L-CD95 complexes in CD95 activation. Further-
more, binding of soluble CD95L trimers was found to be
insufficient to increase the association of CD95 with the lipid
raft-containing membrane fraction. However, when Gaussia
princeps luciferase-CD95L trimers were used as tracers to
“mark” inactive CD95 molecules, increased association of these
inactive receptors was observed upon activation of the remain-
ing CD95 molecules by help of highly active hexameric
Fc-CD95L or membrane CD95L. Moreover, in cells expressing
endogenous CD95 and chimeric CD40-CD95 receptors, trigger-
ing of CD95 signaling via endogenous CD95 resulted in
co-translocation of CD40-CD95 to the lipid raft fraction,
whereas vice versa activation of CD95-associated pathways with
Fc-CD40L via CD40-CD95 resulted in co-translocation of
endogenous CD95. In sum, this shows that signaling-active
CD95 molecules not only enhance their own association with
the lipid raft-containing membrane fraction but also those of
inactive CD95 molecules.

CD95 (apo-1, Fas) is the prototypic representative of the
death receptor subgroup of the tumor necrosis factor (TNF)
receptor family. The extracellular part of CD95 possesses three
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cysteine-rich domains determining the affiliation to the TNF
receptor family. The intracellular part of the molecule further
contains a conserved protein-protein interaction domain,
called the death domain (DD),* that assigns the molecule to the
death receptor subgroup and allows activation of the extrinsic
pathway of apoptosis (1). The latter relies on the sequential
recruitment of the adapter protein Fas-associated death
domain (FADD) and the FADD-interacting initiator caspase
procaspase-8 to activated CD95. FADD is a bipartite protein
comprising C-terminally a DD and N-terminally a death effec-
tor domain, a protein-protein interaction domain structurally
related to the DD. Thus, FADD links CD95 and procaspase-8 by
undergoing homotypic protein-protein interactions with the
DD of CD95 and the two death effector domains contained in
the prodomain of procaspase-8 (2, 3). CD95 also recruits the
DD-containing serine/threonine kinase receptor interacting
protein-1. With the help of FADD and receptor interacting pro-
tein-1, CD95 is able to trigger a second, caspase-independent
mode of cell death, called necrosis (4). CD95 also stimulates
non-cytotoxic signaling pathways leading to activation of MAP
kinases, the PI3K/Akt pathway, or transcription factors of the
NF«B family (2, 3). Activation of the classical NFkB pathway by
CD95 requires FADD, receptor interacting protein-1, and
caspase-8, whereby the enzymatic activity of the latter seems to
be dispensable (5).

CD95-associated signaling pathways can be triggered natu-
rally by CD95L but also by the help of agonistic antibodies.
CD95L, like other members of the TNF ligand family, is initially
expressed as a type Il transmembrane protein and consists of an
N-terminal cytoplasmic domain, a single transmembrane helix,
astalk region, and a C-terminal TNF homology domain (THD),
the characteristic structural feature of the TNF ligand family
(6). The THD drives assembly into homotrimeric molecules
and mediates CD95 binding. Metalloproteinases are able to

2 The abbreviations used are: DD, death domain; CHX, cycloheximide; FADD,
Fas-associated death domain; FAP, fibroblast activation protein; FLIP,
FLICE inhibitory protein; GpL, G. princeps luciferase; 1kB, inhibitor of kB;
MIL, M. longa luciferase; NFkB, nuclear factor kB; SEAP, secreted alkaline
phosphatase; TNC, tenascin-C; zZVAD-fmk, benzyloxycarbonyl-Val-Ala-Asp
(OMe) fluoromethyl ketone; THD, TNF homology domain.
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process CD95L in the stalk region under release of soluble
CDO5L trimers (7—10). Soluble CD95L still contains the THD
and consequently retains the capability to interact with CD95.
Noteworthy, soluble CD95L trimers are poorly active and can
even exert an inhibitory effect on membrane CD95L-induced
CD95 signaling (8 -10).

It has been shown that the impaired/limited response of
CD95 toward soluble CD95L can be overcome artificially in two
ways; first, by dimerization or oligomerization of soluble
CD95L trimers. This can be achieved using epitope-tagged
recombinant soluble CD95L and tag-specific antibodies or by
fusion of soluble CD95L with a second dimerizing protein
domain by genetic engineering (7). Second, impaired/limited
response may be overcome by conjunction of soluble CD95L to
the cell surface or the extracellular matrix, e.g. by use of anti-
body fusion proteins of soluble CD95L recognizing a cell sur-
face-expressed antigen (11-13). Worth mentioning, both of
these possibilities could reflect physiologically relevant situa-
tions. In the bronchoalveolar lavage fluid derived from patients
with lung injury, highly active aggregates of soluble CD95L are
formed secondarily by oxidation (14), and binding of soluble
CD95L to fibronectin potentiates its cytotoxic activity (15).
Thus, the formation of CD95 signaling complexes and activa-
tion of intracellular signaling pathways are not a simple
straightforward result of CD95L binding. Indeed, a consider-
able number of studies show in sum that robust activation of
CD95-associated signaling pathways in response to binding of
CD95L or agonistic antibodies involves several distinct events
(16, 17). Particularly, there is evidence that formation of supra-
molecular CD95 clusters has a pivotal role in CD95 signaling.
First, it has been found that the specific activity of secondarily
oligomerized CD95L trimers is 2—3 orders of magnitude higher
than those of individual trimers (7, 8). Second, microscopic and
biochemical results indicate a tight correlation between CD95
clustering and CD95 signaling (18, 19). Third, the crystal struc-
ture of the complex of the CD95 and FADD death domains
revealed an asymmetric complex with a 5-7 (CD95 DD) to 5
(FADD DD) stoichiometry arguing for a need of at least two
trimeric CD95 complexes for activation of FADD-dependent
signaling pathways (20). There is furthermore a variety of
reports demonstrating an important contribution of lipid raft
association, interaction with the actin cytoskeleton, and inter-
nalization to apoptosis induction by CD95 (16, 17). It has been
recognized that activation of CD95 is associated with its trans-
location into the lipid raft-containing detergent-insoluble
membrane compartment. Moreover, treatment of cells with
drugs interfering with the integrity of lipid rafts diminished
CD95-mediated caspase-8 activation and apoptosis (21-25).
Palmitoylation of cysteine 199 and a lysine-rich region sur-
rounding this residue have been furthermore identified as sig-
nals directing CD95 to the lipid raft-containing compartment
(26 -28). Noteworthy, CD95 mutants with defects in this region
are compromised in apoptosis induction but remained active
with respect to the stimulation of non-apoptotic signaling path-
ways (26). Lipid raft localization of CD95 leads to interaction
with ezrin, which links CD95 to the actin cytoskeleton and sub-
sequent internalization (29 —31). Interfering with this chain of
events inhibits apoptosis induction but again still spares non-
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apoptotic signaling (30). Remarkably, there is evidence for an
auto-amplification loop of lipid raft association of CD95 and
caspase-8 activation. Therefore, caspase-8 activation is associ-
ated with internalization, and inhibition of the latter attenuates
caspase-8 activation, but vice versa caspase-8 inhibition can
interfere with lipid raft association of CD95 (29). With respect
to the relevance of internalization for CD95-mediated apopto-
sis, there are contradictory data in the literature, but there is
now also evidence for the existence of independent routes of
internalization with different relevance for apoptotic CD95 sig-
naling that may resolve some of these inconsistencies (26).

In our study we addressed the very first events in CD95 acti-
vation connecting ligand binding and lipid raft-associated
caspase-8 activation. Oligomerization of soluble CD95L tri-
mers was found to have no major effect on CD95 occupancy
despite showing a strong enhancing effect on apoptotic and
non-apoptotic CD95 signaling emphasizing the idea that sec-
ondary interaction of initially formed CD95L-CD95 complexes
precedes CD95 activation. We further found that CD95 activa-
tion precedes the ligand-induced association of CD95 with the
lipid raft compartment but, noteworthy, the activated CD95
species not only triggered their own lipid raft association but
also those of other inactive CD95 molecules.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Antibodies—HEK293, HT 1080, Jur-
kat, and A498 cells as well as transfectants derived thereof were
maintained in RPMI1640 medium and HaCaT cells in DMEM
high glucose (4.5 g/liter) with L-glutamine (PAA, Pasching,
Germany), both containing 10% heat-inactivated fetal calf
serum (FCS) (PAA). The following cell variants have already
been described elsewhere: Jurkat RAPO (32), Jurkat RAPO-
CDY5L (5), HT1080-FAP (13), HT1080-Bcl2, and HaCaT-Bcl2
(33, 34). Caspase-8 siRNA was purchased from Qiagen (Hilden,
Germany), and the pan-caspase inhibitor zZVAD-fmk was from
Bachem (Weil am Rhein, Germany). Cycloheximide (CHX),
iodoacetamide, Pefabloc, NaF, and sodium orthovanadate were
obtained from Sigma. The various FLAG-tagged variants of sol-
uble CD95L used in this study were produced in HEK293 cells
and purified by affinity chromatography on anti-FLAG mAb
M2-agarose (Sigma). Antibodies specific for phospho-IkBa and
caspase-3 were purchased from Cell Signaling Technologies
(Danvers, MA). Antibodies for IkBa (FL), CD95 (C-20), Bcl2
(C-21), FADD (H-181), and ERK-2 (C-14) were from Santa
Cruz Biotechnology (Santa Cruz, CA), and flotillin-2/ESA-,
transferrin receptor-, and CD40-specific antibodies from BD
Transduction Laboratories™". Anti-tubulin was from Dunn
Labortechnik (Asbach, Germany). The fibroblast activation
protein (FAP)-specific antibody and the phosphatidylethanol-
amine-conjugated CD95L-specific antibody were from R&D
(Wiesbaden, Germany) and eBioscience (San Diego, CA). The
caspase-8 antibody was a gift from Prof. Dr. K. Schulze-Osthoff
(University of Ttibingen).

Retroviral Infection—DNAs encoding the chimeric CD40-
CD95 receptors were cloned into the retroviral vector
pLZNGEFR-PKG (kind gift of Dr. M. Topp, University of Wiir-
zburg) placing them under control of the phosphoglycerate
kinase promoter. Upstream of this mouse promoter a truncated
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version of the human low affinity nerve growth factor receptor
is expressed by the 5’'-long terminal repeat of the vector. The
retroviral CD40-CD95 constructs were co-transfected in
HEK293 cells with the pCL10-Al packaging plasmid using
Lipofectamine (Invitrogen). After 2 days, virus particle-con-
taining supernatants were harvested and filtered (0.4 um). The
next day, HaCaT and HT1080 cells and the virus supernatants
were centrifuged for 2 h at 32 °C in the presence of 1 ug/ml
Polybrene. After several days, cells were analyzed by FACS
analysis for nerve growth factor receptor expression and then
immunoselected with anti-Phycoerythrin beads (Milteny Bio-
tech, Bergisch-Gladbach, Germany).

Cell Death Assay—Cells (20 X 10° cells per well) were seeded
in triplicate in 96-well tissue culture plates overnight. The next
day cells were treated in triplicate with the indicated ligand
variants in the presence or absence of CHX (2.5 ug/ml). Oligo-
merization with the FLAG-tag-specific mAb M2 (1 ug/ml) was
arranged for 30 min before use. To analyze the effects of mem-
brane CD95L, RAPO-CD95L cells, and as a control RAPO cells
or RAPO cells supplemented with supernatant of RAPO-
CD95L cells were used to overlay the previously seeded adher-
ent cells. The concentration of soluble CD95L in the RAPO-
CD95L supernatants maximally reached 10 ng/ml (data not
shown). Cell viability was in all cases determined after 18 h by
crystal violet staining.

Determination of IL8 Production—Cells were seeded in
96-well plates (20 X 10® cells per well) and cultured overnight.
The following day medium was changed, and cells were pre-
treated with CHX (2.5 ug/ml) and zVAD-fmk (20 um). There-
after, cells were incubated for 6 h with the indicated CD95L-
variants. At the end, supernatants were collected, and IL8
production was determined by enzyme-linked immunosorbent
assay (BD Biosciences Pharmingen).

Western Blotting—For preparation of total cell lysates, cells
were harvested in ice-cold phosphate-buffered saline (PBS) and
centrifuged (3 min, 2300 rpm, 4 °C), and the pellet was directly
lysed in 4X Laemmli sample buffer (8% SDS, 10% B-mercapto-
ethanol, 40% glycerol, 0.2 M Tris, pH 8.0) supplemented with
phosphatase inhibitor mixture II (Sigma). Protein samples were
boiled for 5 min at 96 °C after 15 s of sonification. For prepara-
tion of Triton X-100 lysates, cell pellets were lysed in lysis buffer
(30 mm Tris-HCI, pH 7.5, 1% Triton X-100, 10% glycerol, 120
mm NaCl) supplemented with complete protease inhibitor
mixture (Roche Diagnostics) for 20 min on ice. Lysates were
centrifuged twice (20 min, 14,000 rpm). Samples were sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
branes. Next, nonspecific binding sites were blocked by incuba-
tion with Tris-buffered saline containing 0.1% Tween 20 and
5% dry milk. Western blot analyses were performed with pri-
mary antibodies of the indicated specificity. For visualization of
bound primary antibodies, horseradish peroxidase-conjugated
secondary antibodies (Dako, Hamburg, Germany) and the ECL
Western blotting detection reagents and analysis system
(Amersham Biosciences) were used according to the protocols
delivered by the manufacturers. In experiments dedicated to
quantitative analysis of relative amounts of proteins, we used
fluorescent secondary antibodies (LI-COR, Lincoln, NE) and

24028 JOURNAL OF BIOLOGICAL CHEMISTRY

quantified corresponding protein bands using the LI-COR
Odyssey infrared imaging system.

Isolation of Insoluble Membrane Fractions Enriched for Lipid
Rafts—To isolate insoluble membrane fractions enriched for
lipid rafts, cells (3 X 107) were suspended in 200 ul of RPMI
medium and lysed by adding 200 ul of ice-cold Triton X-100
lysis buffer (0.75% Triton X-100 in TNE buffer (25 mm Tris, pH
7.5,150 mm NaCl, 5 mm EDTA, 1 mM Pefabloc, 5 mM iodoacet-
amide, 1 mM Na;VO,, 1 mm NaF)). Lysates were mixed with 400
wl of 80% sucrose in TNE buffer, transferred in SW60 centrif-
ugation polyallomer tubes (Seton, Los Gatos, CA), and overlaid
with 2.8 ml of 30% sucrose in TNE. After centrifugation at
50,000 rpm in a Beckmann SW60 rotor for 20 h at 4 °C, 4 frac-
tions were derived from each sample. The success of separation
was controlled by Western blot analysis of flotillin serving as a
marker for the detergent-insoluble lipid raft membrane frac-
tion. Moreover, in samples derived from cells treated with GpL
fusion proteins, fractions were analyzed via standard luciferase
assays.

Binding Studies with Gaussia Princeps Luciferase Fusion
Proteins—Cells (2 X 10°) were seeded in 24-well plates and
cultured overnight. For equilibrium binding studies, cells were
first blocked with conventional FLAG-CD95L or Fc-FLAG-
CD95L for 30 min at 37 °C. Then cells were treated with the
indicated concentrations of one of the GpL-CD95L variants for
1 hat 37 °C. For competitive inhibition experiments, cells were
incubated with a mixture of 25 ng/ml (~200 pm) GpL-FLAG-
CD95L and the indicated concentrations of conventional
FLAG-CD95L. Unbound ligands were removed by 10 washes in
ice-cold PBS. Cells were harvested in 50 ul per well in culture
medium (0.5% FCS, penicillin/streptomycin) and transferred
into a black 96-well plate. Cell-associated luciferase activity was
determined using a Gaussia luciferase assay kit (New England
Biolabs GmbH, Frankfurt a.M., Germany). In brief, 10-25 ul of
substrate-buffer solution was given to each well, and light emis-
sion was immediately measured for 1 s per sample with a Lucy 2
Luminometer (Anthos Labtec Instruments, Krefeld, Germany).
To determine the dissociation rate of GpL-FLAG-CD95L, cells
were grown overnight in 24-well culture dishes (2 X 10° cells/
well). Half of the cells were blocked with FLAG-CD95L (2
pg/ml) for 30 min at 37 °C, and subsequently all samples were
incubated with constant concentrations of GpL-FLAG-CD95L
for 1 h at 37 °C to reach equilibrium binding. Cells were then
treated for different times with an excess (2 ug/ml) of FLAG-
CD95L, and cell-associated luciferase activity was again deter-
mined with the Gaussia luciferase assay kit. For determination
of the association kinetics, cells were again seeded in 24-well
plates overnight (2 X 10° cells/well), and the next day half of the
samples were blocked with FLAG-CD95L (1.5 ug/ml) to deter-
mine nonspecific binding. Cells were then treated with three
different concentrations of GpL-FLAG-CD95L for varying
times, and finally cell-bound GpL-FLAG-CD95L activity was
determined.

Silver Staining—The various affinity-purified recombinant
ligands were separated by SDS-PAGE, and gels were subse-
quently stained by the help of the PageSilver "™ Silver Staining
kit (Fermentas GmbH, St. Leon-Rot, Germany). In brief, after
incubation in fixer 1 (50% ethanol, 10% acetic acid) for 60 min
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and 2 times in fixer 2 (30% ethanol) for 20 min, gels were washed
twice with deionized water. Then gels were incubated for 1 min
with a sensitizing solution and washed again twice with deion-
ized water. After 20 min of staining with staining solution and 2
washes, protein bands were visualized by adding developing
solution. When the desired signal intensity was achieved, the
developer solution was discarded, and the reaction was termi-
nated by adding stop solution.

Flow Cytometry—Cells were treated with a FITC-conjugated
CD95-specific antibody (R&D Systems, Wiesbaden, Germany),
phosphatidylethanolamine-conjugated anti-human nerve growth
factor receptor (CD271) (BD Biosciences), or a corresponding iso-
type control antibody for 30 min at 4 °C. For detection of CD40,
cells were incubated with anti-CD40 (R&D) and phosphatidyle-
thanolamine-conjugated goat anti-mouse IgG (Sigma). Analyses
were done using FACSCalibur (BD Biosciences).

Determination of the Detection Limits of CD9SL Fusion
Proteins—To determine the lower detection limits of GpL-
FLAG-TNC-CD95L and MIL-FLAG-TNC-CD95L, 50-ul sam-
ples in 0.5% FCS with decreasing concentrations of the two
proteins were transferred into black 96-well plates to measure
luciferase activity as described above. The detection limit of
SEAP-FLAG-TNC-CD95L (50 ul samples in 0.5% FCS) was
determined using the Great EscAPe™ SEAP chemilumines-
cence kit 2.0 from Clontech (Takara Bio Co., Saint-Germain-
en-Laye, France). Relative fluorescence of SNAP-Surface® Alexa
Fluor® 647 (New England Biolabs) samples (50 ul in 0.5% FCS) and
YFP-FLAG-TNC-CD95L were analyzed using an Infinite® 200
PRO multimode reader (Tecan Group Ltd., Médnnedorf, Schweiz).

Statistical Analysis—Statistical significance of the differ-
ences between experimental variables was assessed with Stu-
dent’s ¢ test using GraphPad Prism 5.0 (GraphPad software,
Inc.) software. The values shown represent the mean = S.E. for
at least three independent experiments. A difference was con-
sidered as significant for p < 0.05.

RESULTS

Membrane CD9SL Is Superior to Soluble CD9SL in Triggering
CD95 Lipid Raft Translocation—Initially, we addressed the
open question of whether soluble and membrane-bound
CD95L differ in their capability to stimulate CD95 transloca-
tion into the lipid raft compartment. It has been found that
oligomerization of soluble trimeric variants of CD95L results in
a 100-1000-fold higher capacity to stimulate CD95-associated
signaling pathways (Ref. 8; Fig. 1, A-C). A fusion protein of
soluble CD95L and the constant region of human IgG1, which
assembles into hexameric molecules, also displays high activity
comparable with those of oligomerized CD95L trimers (Ref. 7;
Fig. 1, A-C). Likewise, single chain variable fragment antibody
fusion proteins of CD95L display a 2—3 orders of magnitude
higher specific activity to induce CD95-mediated cell death
upon binding to a cell surface-expressed antigen (Ref. 11-13;
Fig. 1D). Oligomerization as well as cell surface immobilization
of soluble CD95L are considered as means that result in CD95L
molecule species that phenocopy membrane-bound CD95L.
Thus, we evaluated whether oligomerization or binding to a cell
surface antigen has an influence on the ability of soluble CD95L
to trigger lipid raft translocation of CD95. We stimulated
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HT1080 cells with FLAG-CD95L, FLAG-CD95L oligomerized
with the FLAG-specific mAb M2, and Fc-FLAG-CD95L and
isolated by sucrose density gradient centrifugation the deter-
gent-insoluble membrane fraction, which is enriched for lipid
rafts. In the insoluble membrane fractions derived from non-
stimulated cells and M2- or FLAG-CD95L-treated cells, there
was only a minor fraction of total CD95 (Fig. 1E). In contrast, in
cells stimulated with oligomerized FLAG-CD95L or Fc-FLAG-
CD95L, Western blot analysis revealed a strong redistribution
of CD95 into the lipid raft fraction (Fig. 1E). Moreover, pro-
caspase-8 (p55/53) and the p43/41 processing intermediate of
caspase-8, which is typically generated in the CD95-associated
death inducing signaling complex, were also detectable in the
insoluble membrane fraction of cells challenged with oligomer-
ized FLAG-CD95L and Fc-FLAG-CD95L (Fig. 1E). Principally
similar results were obtained when HT1080 and HT1080 trans-
fectants expressing the cell surface antigen FAP were chal-
lenged with sc33-FLAG-CD95L, a fusion protein of soluble
CD95L with an N-terminal single chain variable fragment
domain specific for FAP. Thus, although sc33-FLAG-CD95L
failed on the parental HT1080 cells to trigger significant CD95
lipid raft translocation, it stimulated a corresponding response
in the FAP transfectants quite well (Fig. 1F). To confirm that the
use of oligomerized or cell surface-immobilized soluble CD95L
as a surrogate for membrane CD95L was permissible, we also
analyzed cocultures of HT1080 cells and either the CD95-defi-
cient Jurkat clone RAPO or a transfectant of the latter (RAPO-
CD95L) expressing membrane CD95L (Fig. 24). RAPO-CD95L
cells, but not RAPO cells, efficiently triggered cell death induc-
tion and IL8 production and thus expectedly behaved similar to
oligomerized and cell surface-immobilized soluble CD95L (Fig.
2, Band C). In particular, RAPO cells supplemented with super-
natants of RAPO-CD95L cells that contain soluble CD95L
released from its membrane-bound precursor were inactive
(Fig. 2, Band C). Likewise, there was only in the cocultures with
RAPO-CDI5L cells an increase of CD95 in the lipid raft-con-
taining detergent-insoluble membrane fraction (compare #1
fractions in Fig. 2D).

In sum, our data indicate that CD95 occupation by soluble
CD95L is neither sufficient to trigger efficient activation of CD95-
associated signaling pathways nor enough to enrich CD95 in the
lipid raft-containing detergent-insoluble membrane fraction.

Avidity Has No Major Effect on CD95 Occupation—Although
binding of soluble CD95L trimers to CD95 has been principally
demonstrated by FACS and various biochemical means (8), rig-
orous cellular binding data concerning the interaction of CD95
with soluble CD95L are not available. Thus, it cannot be fully
ruled out that the enhanced activity of oligomerized CD95L is
due to changes in the kinetic parameters of CD95L-CD95 inter-
action, such as an avidity-driven increase in apparent affinity or
reduced dissociation of ligand-receptor complexes.

To address this issue, we were interested in performing cel-
lular binding studies to correlate CD95 occupancy by CD95L
directly with CD95 activity. In corresponding experiments
there is a need for a labeled version of CD95L that allows quan-
tification of the cell-bound molecules. Biochemical labeling of
CD95L and of TNF ligands in general, for example with iodine
or biotin, however, is not necessarily trivial. It can be quite
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difficult to define conditions allowing significant and reproduc-
ible labeling of a TNF ligand without losing bioactivity. And
even if labeling was successful, there is still the intrinsic prob-
lem that one obtains a mixture of molecules labeled to a differ-
ent extent and on different sides, resulting in a heterogeneity
that can distort quantitative analysis. To overcome these limi-
tations, we looked for a general method that allows labeling of
TNF ligands by genetic engineering and used for this purpose
CD95L as a prototypic example. Therefore, we searched for a

protein domain that can be genetically fused to CD95L (or
other TNF ligands) and that fulfills two criteria. First, the pro-
tein domain must not interfere with the activity of the THD,
and second the protein domain has to be detectable with high
sensitivity and over a wide range of concentrations. It is evident
from the literature that TNF ligand fusion proteins in which the
THD is N-terminally fused to other protein domains often
show normal undisturbed receptor binding (35). We, therefore,
constructed and analyzed CD95L fusion proteins with N-ter-
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FIGURE 2. Cells expressing membrane-bound CD95L induce efficient CD95 translocation into lipid rafts. A, FACS analysis of CD95 and CD95L expression
of the CD95-deficient Jurkat RAPO clone and a membrane-CD95L-expressing transfectant derived thereof. B and C, HT1080 cells (2 X 10* cells/well) were
seeded in 96-well plates. The next day, medium was replaced by medium containing the indicated amounts of RAPO or RAPO-CD95L cells. As an additional
control RAPO cells suspended in supernatant of RAPO-CD95L cells (RAPO+SN¢pos5,) was used. Cell death induction (B) was analyzed in the presence and
absence of CHX measuring cell viability after 18 h using crystal violet staining. To determine IL8 production, supernatants were analyzed by ELISA (C). D, HT1080
cells were cocultivated for 4 h with RAPO, RAPO-CD95L cells, and again RAPO cells supplemented with supernatant of RAPO-CD95L cells containing soluble
CD95L (RAPO+SN¢pos,). Triton X-100 lysates of the various cocultures were then fractionated by sucrose density gradient centrifugation, and fractions were
analyzed by Western blotting for the presence of CD95. The upper fraction (7) again contained the insoluble membrane fraction with lipid rafts, and soluble
proteins were again present in fraction 4.

minal G. princeps luciferase (GpL; Ref. 36), Metridia longa
luciferase (MIL), secreted alkaline phosphatase (SEAP), yellow
fluorescent protein (YFP), and an O®-alkylguanine-DNA-alkyl-
transferase-based SNAP tag as reporter domains. We recently
observed that the integrity of the trimeric nature of some solu-
ble TNF ligands benefits from the N-terminal fusion of the
small (~3 kDa) trimerization domain of tenascin-C (37, 38).
We, therefore, included this domain also in our fusion proteins
between the reporter domain (including a FLAG tag) and the

THD. All fusion proteins were secreted in the supernatant of
transiently transfected HEK293 cells. Although GpL-FLAG-
TNC-CD95L, SNAP-FLAG-TNC-CD95L, and SEAP-FLAG-
TNC-CD95L typically reached concentrations of 0.5-1.5
pg/ml after 4 -5 days of culture, the productivity of YEP-FLAG-
TNC-CD95L and MIL-FLAG-TNC-CD95L was rather low
(~0.1 pg/ml). Bioluminescent detection of 50-ul samples of
GpL-FLAG-TNC-CD95L, MIL-FLAG-TNC-CD95L, and SEAP-
FLAG-TNC-CD95L was possible down to concentrations

FIGURE 1. Highly active oligomerized trimers of soluble CD95L, hexameric CD95L, and a cell surface antigen-bound soluble CD95L fusion protein but
not barely active CD95L trimers induce efficient CD95 translocation into lipid rafts. A, HT1080 cells (2 X 10* per well of a 96-well plate) were stimulated
intriplicate with the indicated concentrations of FLAG-CD95L, anti-FLAG mAb M2 oligomerized FLAG-CD95L, and Fc-FLAG-CD95L in the presence and absence
of 2.5 ug/ml CHX overnight, and cell viability was finally determined by crystal violet staining. For FLAG-CD95L oligomerization, 1 ug/ml mAb M2 were used
irrespective of the applied FLAG-CD95L concentration. To calculate the percentage of viability, measured data were corrected for background staining of
completely killed cells (0% viability) according to a group where cells have been treated with a “killing mixture” containing 80 wg/ml CHX and high doses of
Fc-FLAG-CD95L. B, HT1080 cells were seeded in 96-well plates (2 X 10* cells/well) and treated the next day with the indicated combinations of FLAG-CD95L,
anti-FLAG mAb M2-oligomerized FLAG-CD95L, and Fc-FLAG-CD95L and CHX (2.5 wg/ml) in the presence of ZVAD-fmk (20 um) for 6 h. Cell culture supernatants
were then collected to determine the IL8 content by ELISA. CHX treatment served to enhance CD95 signaling, and zZVAD-fmk was added to prevent apoptosis
induction, which otherwise would counteract IL8 production. Prior stimulation cell culture medium was changed to minimize the background of constitutively
expressed IL8. C, HT1080 cells were stimulated for the indicated times with 200 ng/ml (~3400 pm) of FLAG-CD95L, anti-FLAG mAb M2-oligomerized FLAG-
CD95L, Fc-FLAG-CD95L (~ 600 pm), and total cell lysates were analyzed by SDS-PAGE and Western blotting for the presence of the indicated proteins. Cells were
again pretreated with CHX to enhance CD95 signaling, and zZVAD-fmk was again used to block apoptosis induction. D, HT1080 cells and HT1080-FAP trans-
fectants (FACS analysis, upper panel) were challenged with the indicated concentrations of the FAP-interacting single chain variable fragment -CD95L fusion
protein sc33-FLAG-CD95L in the presence and absence of CHX (2.5 uwg/ml), and cell viability was determined the next day by crystal violet staining (lower panel).
E, HT1080 cells were stimulated as indicated with the various CD95L variants (200 ng/ml) for 2 h and were then subjected to cell fractionation by Triton X-100
lysis and sucrose density gradient centrifugation. The upper fraction (7) with the lowest sucrose density contained the insoluble membrane fraction including
lipid rafts, whereas the soluble proteins were present in fraction 4. Fractions were analyzed by Western blotting for the presence of the indicated proteins.
Flotillin served as marker for the lipid raft fraction. F, HT1080 and HT1080-FAP cells were stimulated with sc33-FLAG-CD95L (200 ng/ml, 1.5 h) or remained
untreated as a control. Compartmentation of the indicated proteins was then analyzed as described in E. Tfr, transferrin receptor.
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<1 fm (~10"* ng/ml) with GpL-FLAG-TNC-CD95L showing a
somewhat higher traceability than MIL-FLAG-TNC-CD95L and
SEAP-FLAG-TNC-CD95L (Fig. 3A). The sensitivity of fluorescent
detection of YFP-FLAG-TNC-CD95L and the Alexa-647 SNAP-
tag label for the SNAP-FLAG-CD95L fusion protein by far did not
reach the sensitivity of the bioluminescent constructs. GpL-
FLAG-TNC-CD95L elicited only a very weak cytotoxic activity
that was 100-fold increased upon oligomerization using the
FLAG-specific mAb M2 (Fig. 3B). Thus, it behaved like conven-
tional soluble CD95L trimers. In contrast, all other constructs
showed high cytotoxic activity irrespective of anti-FLAG treat-
ment, indicating significant aggregation of trimeric CD95L mole-
cules (Fig. 3B). In sum, the GpL-FLAG-TNC-CD95L fusion pro-
tein showed the best traceability, good productivity, and no
unwanted aggregation. We used therefore for our following stud-
ies GpL fusion proteins of Flag-CD95L and Fc-Flag-CD95L. The
corresponding fusion proteins were designated in the following as
GpL-FLAG-CD95L and GpL-Fc-FLAG-CD95L (Fig. 3C). All
CD95L variants were purified by affinity chromatography on anti-
FLAG-agarose to homogeneity (Fig. 3D). Side-by-side analysis of
the GpL-CD95L fusion proteins and their corresponding conven-
tional CD95L variants confirmed again that the presence of the
GpL reporter domain has no major impact on the CD95 stimulat-
ing capacities of the CD95L domain (Fig. 3, E and F). Thus, the GpL
reporter domain neither interfered with the anti-FLAG oligomer-
ization-induced increase in the activity of trimeric FLAG-CD95L
nor with the already high activity of hexameric CD95L (Fig. 3, E
and F) which cannot be further increased by oligomerization.
Apoptosis induction by CD95 receptor is triggered by the
autocatalytic processing of receptor-associated dimers of pro-
caspase-8 to mature caspase-8 heterotetramers. The latter
cleaves and thereby activates effector caspases that execute the
apoptotic effector phase. Cells in which this sequence of events
is sufficient to induce apoptosis are designated as type I cells.
However, there are also cells in which effector caspase process-
ing by caspase-8 is inefficient and where robust triggering of
CD95-mediated apoptosis, therefore, requires an amplification
mechanism. In such so called type II cells, caspase-8 processes
BH3-interacting domain death agonist, a proapoptotic member
of the Bcl2 family, leading to the release of a BH3-interacting
domain death agonist fragment that stimulates the release of
proapoptotic factors from mitochondria that cooperate with
caspase-8 in the activation of effector caspases. The mitochon-
dria-derived factors antagonize the action of the effector
caspase inhibitory inhibitor of apoptosis proteins (e.¢. SMAC)
but also stimulate activation of procaspase-9 (e.g. cytochrome
¢), another type of initiator caspase. Although the difference
between type I and type II cells has mainly been attributed to
the expression status of IAP proteins in recent years, there is
also evidence that these two categories of cells differ in the
mechanisms of CD95 activation (39, 40). As type II cells depend
on the mitochondrial pathway for strong apoptosis induction,
expression of Bcl2, an antiapoptotic member of the Bcl2 family
acting downstream of BID, can protect these cells from CD95-
induced cell death (Fig. 4, A and B). In contrast, CD95L-chal-
lenged type I cells do not benefit from Bcl2 expression (Fig. 4, A
and B). We performed binding studies with HT1080 and A498
cells, which are type II as well as with HaCaT cells which are
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type I (Fig. 4, A and B). A498 cells were included due to their use
in some of the later experiments. HT1080 and A498 cells dis-
played roughly similar CD95 cell surface expression, whereas
the expression on HaCaT cells was significantly lower but still
clearly evident (Fig. 4C). Equilibrium binding studies with GpL-
FLAG-CD95L on HT1080, HaCaT, and A498 cells yielded K,
values between 2000 (~240 ng/ml) and 3600 pm (~430 ng/ml)
(Fig. 4D). Notably, the affinities between anti-FLAG-oligomer-
ized GpL-FLAG-CD95L and CD95 and GpL-Fc-FLAG-CD95L
and CD95 were comparable or a bit lower compared with the
interaction of CD95 and GpL-FLAG-CD95L (Fig. 4D, Table 1).
Thus, increasing the avidity of the interaction between CD95L
trimers and CD95 had no or only a very minor effect on ligand
occupancy of CD95. When conventional FLAG-CD95L was
used as an inhibitor of GpL-FLAG-CD95L binding in homolo-
gous competitor experiments, K; values between 1000 and 840
pM were obtained in HT1080, HaCaT, and A498 cells (Fig. 4E).
The K; values for FLAG-CD95L obtained in these experiments
are identical to the K, of this molecule for CD95. The K, values
determined this way for conventional FLAG-CD95L are in
good accordance with the values obtained by equilibrium bind-
ing studies with GpL-FLAG-CD95L (Fig. 4D, Table 1) and
emphasize the fact that N-terminal tagging of soluble CD95L
variants with a GpL domain does not interfere with the func-
tionality of the THD domain of CD95L.

The dissociation and association rate constants of the inter-
action of GpL-FLAG-CD95L and CD95 were also determined
for HT1080 and HaCaT cells. To quantify dissociation, cells
were loaded with 25 ng/ml GpL-FLAG-CD95L and were sub-
sequently chased with an excess of FLAG-CD95L to prevent
rebinding of dissociated GpL-FLAG-CD95L molecules. Spe-
cific binding was then determined as a function of time and
used to calculate the dissociation rate constant (k,q). For
HT1080 cells, this way we determined a k ¢ of 1.0 X 1073 s™*
corresponding to a half-life of 12.4 min and for HaCaT cells a
ke of 1.5 X 1072 s~ * (half-life, 8.1 min) (Fig. 4F, Table 2). An
association rate constant (k,,) of 2.9 X 10° M~ 's™ ' for HT1080
cells and 1.7 X 10° M~ 's™ " for HaCaT cells were obtained by
determination of the association kinetics of GpL-FLAG-CD95L
at three constant concentrations (Fig. 4G, Table 2). The K,
values of the interaction of GpL-FLAG-CD95L and CD95 that
were calculated from the k¢, and k_, values are again in good
accordance with the corresponding values determined before
by equilibrium binding studies and homologous competitor
experiments (Fig. 4, D and E; Table 1).

Oligomerization of soluble CD95L is necessary to enhance
association of CD95 with the lipid raft-containing membrane
compartment (Fig. 1E). Accordingly, the distribution of GpL
activity between the lipid raft-containing fraction 1 and the
soluble fraction 4 obtained after sucrose density gradient cen-
trifugation shifted in favor of fraction 1 for oligomerized GpL-
FLAG-CD95L and especially GpL-Fc-FLAG-CD95L (Fig. 5).
Thus, the use of GpL-FLAG-CD95L or GpL-Fc-FLAG-CD95L
as tracers confirmed that receptor binding of soluble, poorly
active CD95L is insufficient to change the lipid raft-non-raft
distribution of CD95.
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FIGURE 3. Sensitivity and biological activity of various N-terminal-labeled CD95L fusion proteins. A, bioluminescence of decreasing concentrations of
CD95L fusion proteins with N-terminal GpL, MIL, and SEAP have been detected using a Gaussia luciferase assay kit. Fluorescence of the YFP fusion protein of
CD95L and the Alexa-647 SNAP-tag label, the fluorescent compound dedicated for labeling of SNAP-FLAG-TNC-CD95L, was determined at 488 and 633 nm.
RLU, relative light units; RFU, relative fluorescence units. B, HT1080 cells were grown overnight (2 X 10* cells per well in a 96-well plate) and were treated the
next day in triplicates with the indicated concentrations of the various CD95L fusion proteins and 2.5 ug/ml CHX. This happened with or without oligomeri-
zation with the anti-FLAG mAb M2 (1 ng/ml, 30 min prior stimulation). The next day cell viability was measured by crystal violet staining. C, shown is domain
architecture of GpL-FLAG-CD95L and GpL-Fc-FLAG-CD95L. D, 100 ng of the indicated anti-FLAG affinity-purified proteins were separated by SDS-PAGE and
visualized by silver staining. Molecular masses (kDa) of prestained marker proteins are indicated. £ and F, HT1080 cells (2 X 10* per well) were seeded in 96-well
plates and were stimulated the next day in triplicate with increasing concentrations of FLAG-CD95L, Fc-FLAG-CD95L, GpL-FLAG-CD95L, and GpL-Fc-FLAG-
CD95L. Where indicated, FLAG-CD95L and GpL-FLAG-CD95L were oligomerized before stimulation with anti-FLAG mAb M2 (1 wg/ml). Cells that were sched-
uled for viability analysis were analyzed after 18 h with respect to viability by crystal violet staining (E). In samples dedicated for analysis of CD95L-induced
production of IL8 (F), cell culture medium was changed before stimulation with medium containing 2.5 ug/ml CHX and 20 umzVAD-fmk to reduce background
caused by constitutive IL8 expression and to prevent apoptosis. IL8 content of the supernatants was then determined by ELISA after 6 h.

JULY 6,2012-VOLUME 287-NUMBER 28 NASENMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 24033



Mechanisms of CD95 Activation

Activated CD95 Triggers Caspase-8-mediated Lipid Raft
Translocation of Non-activated CD95 Molecules—It has been
shown that an auto-amplification loop of CD95-induced acti-
vation of caspase-8 and caspase-8-driven translocation of CD95
into the lipid raft-containing membrane compartment contrib-
utes to the redistribution of CD95 from the soluble to the insol-

uble membrane compartment (29). However, it is unclear
whether this effect is related to an increased retention of
active CD95L-CD95-FADD-caspase-8 complexes in the
lipid raft-containing membrane compartment or whether
this effect also involves a redistribution of inactive CD95
complexes. To have the opportunity to consider the effect of
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TABLE 1
K, values of CD95 interaction with trimeric and oligomeric variants of soluble CD95L
GpL-FLAG-CD95L GpL-FLAG-CD95L + M2

GpL-Fc-FLAG-CD95L

Homologous competition

Equilibrium binding assay Equilibrium binding Equilibrium binding
Cell line K, RrR? K, R? K, R K, R?
HT1080 2000 * 720 0.996- 0.999 840 = 90 0.926-0.936 1200 = 110 0.999-0.998 2600 = 300 0.999-0.999
HaCaT 2600 *= 1500 0.998- 0.999 850 = 110 0.943- 0.962 1250 = 280 0.978-0.997 1500 = 350 0.99-0.999
A498 3600 = 1780 0.994- 0.999 1000 = 20 0.907- 0.945 3000 = 500 0.998-0.998 1800 = 660 0.995-0.995
TABLE 2
Kinetic parameters of the interaction of soluble CD95L and cellular CD95
K, of Binding sites K, of
Cell line GpL-FLAG-CD95L" per cell FLAG-CD95L" K, K,.? K, =K, /K,
§2% §2% st M st pM
HT1080 2000 £ 720 23000 = 7900 840 = 90 1.0 X 1073 2.9 X 10° 3320
HaCaT 2600 = 1500 4600 = 2600 850 = 120 1.5X 1077 1.7 X 10° 8740
“ Derived from equilibrium binding study. n = 3.
® Derived from homologous competition assay. # = 3.
¢n = 3—4 experiments.
4y = 3—4 experiments.
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FIGURE 5. Oligomerization of soluble CD95L trimers triggers enhanced association of CD95 with the lipid raft-containing membrane compartment.
A498 and HT1080 cells were treated for 3-5 h with 1700 pm GpL-FLAG-CD95L and anti-FLAG oligomerized GpL-FLAG-CD95L and 480 pm GpL-Fc-FLAG-CD95L.
Cells were lysed in Triton X-100 buffer and further resolved by sucrose density gradient centrifugation. The upper fraction (7) again contained the insoluble
membrane fraction with lipid rafts, and soluble proteins resided in fraction 4. The average amount of the various GpL fusion proteins in fraction 1 and 4 of 3-5

independent experiments are shown. Please note: high sucrose concentrations and Triton X-100 attenuate the activity of GpL. GpL activities derived from
fraction 1 and 4 are thus not directly comparable. RLU, relative light units.

an activated species of CD95-associated signaling complexes
oninactive non-stimulated CD95 molecules, we stably trans-
fected HT1080 and HaCaT cells with an expression plasmid
encoding a chimeric receptor in which the extracellular
domain of CD95 has been replaced by the corresponding
part of CD40 (Fig. 6, A and B). We also established transfec-

lar domain (Fig. 6, A and B). The V238N mutation corre-
sponds to the murine lpr°® mutation and impairs the capa-
bility of CD95 to form a caspase-8 activating complex with
FADD and procaspase-8 (41). As CD40L does not interact
with CD95 and vice versa CD95L fails to bind CD40 (42),
CD95 and CD40-CD95 can independently be stimulated

tants expressing a variant of the chimeric CD40-CD95

using Fc-FLAG-CD95L and Fc-FLAG-CD40L. In each panel
receptor bearing a V238N mutation in the CD95 intracellu-

of cells (vector-, CD40-CD95-, and CD40-CD95 534"

FIGURE 4. Cellular binding studies with GpL-tagged CD95L variants. A, HT1080 and HaCaT cells and the corresponding transfectants stably expressing
Bcl2-GFP or Bcl2 were seeded in 96-well plates (2 X 10 per well) and cultured overnight. The next day cells were stimulated with increasing concentrations of
Fc-FLAG-CD95L. After 18 h cell viability was determined via crystal violet staining. B, HT1080 and HaCaT cells and their corresponding Bcl2 transfectants were
treated with 200 ng/ml Fc-FLAG-CD95L or remained untreated. After 3 h cells were harvested, and Triton X-100 lysates were separated by SDS-PAGE and
analyzed by Western blotting for the indicated proteins. n.s., not significant. C, FACS analysis of cell surface expression of CD95 is shown. D, equilibrium binding
studies with GpL-FLAG-CD95L (filled circles), anti-FLAG oligomerized GpL-FLAG-CD95L (open circles), and GpL-Fc-FLAG-CD95L (filled squares) were performed
forthe indicated cell lines as described under “Experimental Procedures.” CD95 numbers per cell (Ncpos) calculated from the experiments shown are indicated.
E, forhomologous competition experiments, cells were incubated in 24-well plates for 2 h at 37 °C with 200 pm (~25 ng/ml) GpL-FLAG-CD95L and the indicated
concentrations of conventional FLAG-CD95L. Unbound ligand was then removed by 10 washes with ice-cold PBS, and remaining cell associated luciferase
activity was determined. F, cells were cultivated in a 24-well plate (2 X 10° cells/well). Half of the wells were pretreated with FLAG-CD95L (0.5 h, 2 ug/ml) to
block CD95-pecific binding. Cells of all wells were then incubated for 1 h with 25 ng/ml (~ 200 pm) of GpL-FLAG-CD95L. To determine dissociation as a function
of time, 2 ug/ml FLAG-CD95L were added for the indicated time intervals to blocked and non-blocked samples. Cell associated luciferase activity was
determined, and remaining specific binding was calculated for all time points as the difference of blocked and non-blocked samples. G, untreated and
FLAG-CD95L-blocked (0.5 h, 1.5 ng/ml) cells were incubated with GpL-FLAG-CD95L (2100 (filled circles), 420 (open circles), and 40 pm (filled squares)) for the
indicated times, and specific binding was calculated again as the difference of total (non-blocked samples) and unspecific (blocked samples) binding. The
GraphPad Prism5 software was used to fit the association kinetics to obtain the association rate constant. RLU, relative light units.
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FIGURE 6. Activation of CD95-associated signaling pathways by chimeric CD40-CD95 receptors. A, shown is domain architecture of CD40-CD95 and
CD40-CD95y,3gn)- The black arrow indicates the point mutation on amino acid position 238 in the CD95 death domain. CRD, cysteine rich domain; TM,
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cell lines by help of CD95- and CD40-specific antibodies. C, the indicated cell lines (2 X 10* cells per well of a 96-well plate) were challenged in tnpllcate with
increasing concentrations of Fc-FLAG-CD40L and Fc-FLAG-CD95L. After 18 -24 h cell viability was determined by crystal violet staining. D, the various cell lines
were stimulated for the indicated times with Fc-FLAG-CD40L (200 ng/ml) and Fc-FLAG-CD95L (200 ng/ml). Total cell lysates were separated by SDS-PAGE and
analyzed by Western blotting for the presence/processing of the indicated proteins. n.s., not significant.

transfected), cell death was induced with the same dose- CD40-CD95 expressing cells but showed no effects on vector
response relationship by Fc-FLAG-CD95L (Fig. 6C). In con-  or CD40-CD95 534y, transfectants (Fig. 6C). Likewise,
trast, Fc-FLAG-CD40L only triggered cell death in the Fc-FLAG-CD95L triggered caspase processing in all cells,
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whereas Fc-FLAG-CD40L did this only in the CD40-CD95
but not in the vector or CD40-CD95y/,34y, transfectants
(Fig. 6D).

Stimulation of CD40-CD95 resulted in the enrichment of
this molecule in the lipid raft-containing membrane fraction as
found before for endogenous wild-type CD95 (Fig. 7, A and B).
In further accordance with the finding that CD95 “activity,”

Mechanisms of CD95 Activation

thus triggering of CD95-associated signaling, is necessary for
robust lipid raft translocation, we observed no or only a minor
shift of CD40-CD95y35y, into the lipid raft fraction upon
treating the corresponding transfectants with Fc-FLAG-
CDA40L (Fig. 7, A and B). Stimulation of endogenous CD95 with
Fc-FLAG-CD95L, thus activation of CD95-associated signaling

pathways, led to a significant redistribution of the chimeric
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receptor into the lipid raft fraction, suggesting that “activated”
CD95 molecules enhance the association of unliganded inactive
receptors with the lipid raft compartment (Fig. 7, A and B).
Notably, this effect was inhibited by knockdown of caspase-8
(Fig. 7, C and D). To further evaluate whether inactive endoge-
nous CD95 also shifts into the lipid raft fraction upon triggering
of CD95-associated signaling pathways, we took advantage of
the fact that GpL-FLAG-CD95L trimers bind to CD95 without
triggering lipid raft association and activation of intracellular
signaling (Figs. 1E and 5). Therefore, we loaded the CD40-
CD95 expressing cells with GpL-FLAG-CD95L as a tracer and
analyzed its distribution in non-stimulated and Fc-FLAG-
CD40L-stimulated cells. There was a significant shift of GpL
activity into the lipid raft-containing fraction 1 of sucrose den-
sity gradients upon stimulation of cells with Fc-FLAG-CD40L,
indicating that “inactive” complexes of CD95 and GpL-FLAG-
CD95L shifted indeed into the lipid raft compartment under
these conditions (Fig. 7E). A similar redistribution of inactive
complexes of endogenous CD95 and GpL-FLAG-CD95L was
observed when the latter was applied with non-saturating con-
centrations and if concomitantly the remaining freely accessi-
ble CD95 molecules were activated by help of Fc-FLAG-CD95L
(Fig. 7F). Moreover, cocultivation with the membrane CD95L
expressing CD95-deficient RAPO-CD95L cells (Fig. 2) resulted
not only in CD95 translocation into the lipid raft containing
fraction (Fig. 7G, left panel) but also triggered the translocation
of the GpL-FLAG-CD95L tracer molecules (Fig. 7G, right
panel).

Activation of a Very Small Fraction of Cell Surface-expressed
CD95 Can Be Sufficient to Trigger Robust Cell Death—In many
studies cells were sensitized for CD95-mediated apoptosis by
co-treatment with CHX. The sensitizing effect of this treatment
is mainly related to the down-regulation of FLIP proteins that
interfere with CD95-associated caspase-8 activation (Refs.
43-46 and supplemental Fig. S1). To recognize a possible effect
of cycloheximide treatment on CD95L-CD95 interaction, we
performed binding studies with GpL-Fc-FLAG-CD95L in the
absence and presence of CHX (Fig. 84). There were no major
differences in ligand binding between untreated and CHX-
primed cells, indicating that the effect of CHX on CD95-medi-
ated apoptosis is indeed dominantly confined to intracellular

mechanisms. Noteworthy, even cell lines where the whole pop-
ulation can be killed by Fc-FLAG-CD95L often show a dramatic
decrease in the ED value for apoptosis induction upon CHX
treatment, suggesting that activation of a minor subfraction of
cellular CD95 can be fully sufficient to kill cells. To estimate the
minimum number of CD95 signaling complexes required for
apoptosis induction, we correlated CD95 occupancy and apo-
ptosis induction by GpL-Fc-FLAG-CD95L in CHX-primed and
thus maximally sensitized cells. In CHX-sensitized HT1080
and HaCaT cells on average only 0.1 and 2.5% of the cell sur-
face-expressed CD95 molecules had to be liganded with GpL-
Fc-FLAG-CD95L to kill half of the cells (Fig. 8B). This corre-
sponds on an astonishingly low number of on average 4- and
40-activated receptors per cell.

DISCUSSION

If one defines CD95 to be active when this molecule is in a
state where it stimulates intracellular signaling pathways, CD95
activation is not an instantaneous consequence of ligand bind-
ing. There is instead evidence that a chain of events is required
to place initially formed CD95L-CD95 complexes in a position
to engage signaling. Although some details are debated with
respect to their general relevance in all cell types, the following
events appear distinguishable in the course of CD95 activation:
first, binding of CD95L to preassembled inactive CD95 mole-
cules; second, formation of SDS-stable CD95 microaggregates;
third, caspase activity-independent assembly of CD95-associ-
ated signaling protein oligomerization transduction structures
(SPOTS); fourth, CD95 association with lipid rafts; fifth, forma-
tion of supramolecular clusters; and last, interaction with the
cytoskeleton along with internalization (17, 47, 48). In sum, the
mechanisms that have implicated in CD95 activation suggest
that secondary clustering of initially formed CD95L-CD95
complexes is of pivotal relevance. The well documented obser-
vation that oligomerization of soluble CD95L trimers and
cross-linking of CD95-specific agonistic antibodies results in a
much higher capability of these reagents to engage CD95 sig-
naling (8, 49) could reflect such a special need of secondary
clustering of CD95L-CD95 complexes in CD95 activation but
could also simply reflect an avidity-mediated increase in appar-

FIGURE 7. Activation of CD95-associated signaling pathways triggers redistribution of unliganded CD40-CD95 chimeras and unliganded endogenous
CD95 molecules into the detergent-insoluble compartment. A and B, the indicated HT1080 (A) and HaCaT (B) transfectants were stimulated for 2 h with 200
ng/ml Fc-FLAG-CD95L or 200 ng/ml Fc-FLAG-CD40L and subjected to lysis with Triton X-100 buffer and subsequent separation by sucrose density gradient
centrifugation (fraction 1, insoluble membrane fraction with lipid rafts; fraction 4, soluble proteins). The intensity of the CD40-CD95 band of each fraction was
quantified by LI-COR and normalized according to the total CD40-CD95 intensity of the corresponding gradient. Data shown are the average of three (A) and
five (B) experiments. Cand D, HaCaT-CD40-CD95 cells were transfected with control or caspase-8 specific siRNA. After 2 days, cells were stimulated for 2 h with
200 ng/ml Fc-FLAG-CD95L and were again analyzed by sucrose density gradient centrifugation and Western blotting for the distribution of the CD40-CD95
molecules. Western blot analysis of the sucrose density gradient fractions for CD40-CD95 distribution (left panel) and of total cell lysates for their caspase-8
content (right panel) are shown in C for one representative experiment. The averaged LI-COR quantification of CD40-CD95 distribution of five independent
experiments is shown in D. Tfr, transferrin receptor. £, HT1080-CD40-CD95 and HaCaT-CD40-CD95 cells were incubated for 0.5 h with 25 ng/ml GpL-FLAG-
CD95L to “label” a fraction of endogenous CD95 without activation of CD95-associated signaling pathways. Cells remained untreated or were then challenged
with Fc-FLAG-CD40L for additional 2 h. Unbound ligands were removed by washing, and cells were lysed in Triton X-100 buffer and subjected to analysis by
sucrose density gradient centrifugation. The distribution of the GpL-FLAG-CD95L was determined using a standard luciferase assay. Indicated is the mean ratio
of relative light units of fraction 1 and fraction 4. F, a fraction of inactive endogenous CD95 of A498 cells was labeled by incubation with GpL-FLAG-CD95L (25
ng/ml) for 0.5 h. Remaining non-labeled CD95 molecules were then stimulated with Fc-FLAG-CD95L (200 ng/ml) for an additional 2 h. The distribution of
GpL-FLAG-CD95L between the detergent soluble and insoluble compartment in stimulated and non-stimulated cells was then determined as in E. Shown is the
average of three-five independent experiments (E and F). G, HT1080 cells were incubated for 30 min with GpL-FLAG-CD95L to mark inactive CD95 complexes
and were then challenged for 4 h with RAPO cells, RAPO-CD95L cells, or RAPO cells supplemented with supernatant of RAPO-CD95L cells containing soluble
CD95L (RAPO+SNpes,)- Triton X-100 lysates were separated by sucrose density gradient centrifugation, and the fractions obtained were analyzed by Western
blotting (left panel) and luciferase activity assay (right panel) for the presence of CD95 and GpL-FLAG-CD95L. Analysis of luciferase activity shown is derived from
four independent experiments.
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FIGURE 8. A small fraction of CD95 is sufficient to trigger cell death. A, the indicated cell lines (24-well plate) were treated with 2.5 pg/ml CHX for 3 h or
remained untreated and were then subjected to equilibrium binding studies at 37 °C with GpL-Fc-FLAG-CD95L as described under “Experimental Procedures.”
RLU, relative light units. B, cells were seeded in 96-well plates (2 X 10* cells per well) and were sensitized the next day for apoptosis induction by priming for 3 h
with CHX. Cells were then treated with the indicated concentrations of GpL-Fc-FLAG-CD95L for 18 h, and viability was determined by crystal violet staining. In
parallel, cells cultivated in 24-well plates were treated in the same fashion but were rescued from apoptosis by the addition of 20 um caspase inhibitor
zVAD-fmk and used for analysis of cell-specific binding of GpL-Fc-FLAG-CD95L. Ligand binding was normalized against the maximum binding calculated from
the binding curve, and toxicity was normalized by help of a sample where cells have been treated with a killing mixture containing 80 ng/ml CHX and high
doses of Fc-FLAG-CD95L. The average number of GpL-Fc-FLAG-CD95L-occupied CD95 trimers where cell death was induced in 50% of cells is indicated.

ent affinity and thus increased receptor occupancy by the oli-
gomerized reagents.

Although it is evident from qualitative studies that soluble
CD95L is generally able to interact with cellular CD95, this
basic issue has not been addressed so far by rigorous correlation
of ligand occupancy of CD95 and CD95 activation. This is not at
least due to the difficulties in labeling of CD95L for cellular
binding studies by conventional methods (e.g. iodination, bioti-
nylation) without losing bioactivity and without yielding mix-
tures of molecules that differ in the degree of labeling and the
sites modified. To overcome these limitations, we looked for a
method to label CD95L by genetic engineering. This means we
looked for a reporter protein domain that can be linked to sol-
uble CD95L without affecting the molecule capability to inter-
act with CD95. We evaluated various established reporter pro-
teins/peptides including YFP and M. longa luciferase as well as
SNAP (a mutant of O®-alkylguanine-DNA alkyltransferase),
but all the corresponding CD95L fusion proteins turned out to
be aggregated and/or showed unacceptable low sensitivity (Fig.
3, A and B). However, it turned out that the secretable mono-
meric luciferase of G. princeps (GpL) is a perfect labeling
domain for CD95L (and other TNF ligands). Genetic fusion of
GpL to the N terminus of soluble CD95L or the Fc-CD95L
fusion protein showed no major effect either on the specific
activity of these molecules or, in case of trimeric CD95L, on the
requirement for oligomerization to become highly active (Fig.
3, E and F). The GpL-CD95L fusion proteins further showed an
excellent traceability allowing the detection of specific CD95L
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binding with the use of sub-pMm concentrations and less than 10°
cells per sample (Fig. 4).

With the help of the GpL-CD95L fusion proteins, it was pos-
sible to determine the signaling output of CD95 simulation (cell
death, IL8) directly as a function of receptor occupancy.
Although, as mentioned above, anti-FLAG oligomerized solu-
ble GpL-FLAG-CD95L and hexameric GpL-Fc-FLAG-CD95L
showed the known 2-3 orders of magnitude lower ED. values
for apoptotic and non-apoptotic CD95 signaling, the K, values
measured for these molecule species for CD95 binding were
found to be close to those of the trimeric GpL-FLAG-CD95L
variant (e.g. 1200 and 2600 to 2000 pm for HT1080; Fig. 4, D and
E; Table 1). Although the oligomerized CD95L variants display
a >100-fold higher specific activity than trimeric soluble
CD95L molecules for apoptosis induction and IL8 up-regula-
tion (Figs. 1 and 3), the latter triggers these responses too at
high supraphysiological concentrations. It is currently not pos-
sible to decide whether this is due to percent/per mill traces of
aggregates in samples of trimeric CD95L variants or if this
reflects a weak intrinsic capacity of CD95 to cluster in response
to binding of soluble CD95L trimers. In any case, however, it is
clear from these data that the capacity of CD95 to engage apo-
ptotic and proinflammatory signaling in response to soluble
trimeric forms of CD95L is strongly enhanced by exogenously
enforced dimerization/oligomerization of CD95L-CD95 com-
plexes. This is in good accordance with the fact that both apo-
ptosis induction and NF«B-mediated IL8 production by CD95
are FADD- and caspase-8-dependent and that the DDs of

JOURNAL OF BIOLOGICAL CHEMISTRY 24039



Mechanisms of CD95 Activation

FADD and CD95 form an oligomeric complex containing
10-12 DDs (20, 50). Noteworthy, there is growing evidence
that soluble CD95L alone is sufficient to drive non-apoptotic
responses (51-53). For example, it has been shown that soluble
CD95L triggers activation of the PI3K/Akt pathway and cell
migration by recruitment and stimulation of the Src family
kinase cYes (51, 52). Especially, activation of this Akt-cYes
occurred without FADD recruitment to CD95 (51, 52). Thus, it
appears that soluble CD95L-induced Src/PI3K/Akt signaling
and membrane CD95L-induced apoptosis and NF«B activa-
tion, both depending on FADD (5), involve fundamental differ-
ent CD95-associated activation mechanisms. Although the
studies cited have not addressed the consequences of oligomer-
ization of soluble CD95L for signal strength, it appears possible
that the activation of FADD-independent pathways by CD95 is
already accomplished by trimeric CD95L-CD95 complexes. In
fact, a differential requirement of ligand oligomerization for the
activation of distinct signaling pathways stimulated by the same
TNF receptor type was recently observed by us in the TWEAK-
Fnl4 system (54). On the other hand, soluble CD95L can be
secondarily activated naturally by binding to the extracellular
matrix or aggregation due to an oxidative microenvironment
(14, 15), and it is thus not fully ruled out that such or related
mechanisms play a role in the studies discussed above.

The observed K, values for the interaction of CD95 with the
various CD95L variants were rather high compared with the
related ligand-receptor pair TNF-TNFR1 for which K, values
between 20 —200 pm have been reported (55-58). The lower K,
value of the CD95L-CD95 interaction is mainly due to slower
CD95L association, which takes 8 —12 min to reach 50% of equi-
librium binding at concentrations between 5 and 250 ng/ml
(Fig. 4G). The comparatively slow association is in good accord-
ance with the time course of signaling complex formation and
IkBa degradation by CD95, which starts typically after 15-30
min post-addition of Fc-FLAG-CD95L (data not shown and
Fig. 1C). Thus, the “delayed” time course of activation of CD95-
associated pathways might mainly reflect the time required for
initial binding of CD95L to CD95, whereas the subsequent
steps leading to triggering of intracellular pathways are rather
fast. CD95-induced apoptosis shows a threshold behavior with
the concentrations of CD95L, thus the fraction/number of acti-
vated CD95 molecules, and FLIP, ¢ as the major determinants
(59, 60). Accordingly, we observed in CHX-primed cells, under
conditions where the concentrations of FLIP proteins are
severely reduced (supplemental Fig. S1), that a very small num-
ber of occupied CD95 molecules is sufficient to trigger half-
maximal killing (Fig. 8B).

Several studies have addressed the association of CD95
with the lipid raft-containing detergent-insoluble mem-
brane compartment. There is typically low basal retention of
CD95 in this compartment that is, however, increased in
response to CD95 activation. Dependent on the cell type and
the CD95-activating reagent used for stimulation (agonistic
antibodies, aggregated soluble CD95L, membrane CD95L
expressing cells) association with the lipid raft-containing
membrane compartment is of varying relevance for apopto-
sis induction. Particularly, it has been found that a feed for-
ward loop of caspase-8 activation contributes to activation-

24040 JOURNAL OF BIOLOGICAL CHEMISTRY

induced redistribution of CD95 into the insoluble
membrane fraction (29). In accordance with the latter find-
ing, we noted that soluble CD95L trimers that not or only
poorly stimulate caspase-8 activation and apoptosis failed to
increase lipid raft association of CD95 (Figs. 1E and 5). In
contrast, when recombinant trimeric variants of soluble
CD95L were converted into highly active CD95 agonists by
oligomerization or cell surface immobilization, this comes
along with enhanced stimulation of CD95 lipid raft associa-
tion (Fig. 1). In accordance with the idea that oligomeriza-
tion and cell surface immobilization of soluble CD95L vari-
ants convert these molecules in proteins with membrane
CD95L-like activity, we further observed that membrane
CD95L expressing cells, but not supernatants of these cells
containing soluble CD95L molecules, also stimulated CD95
redistribution into lipid rafts (Fig. 2). Thus, the two naturally
occurring forms of CD95L, soluble CD95L and membrane
CD95L, not only differ in their capability to stimulate CD95-
mediated apoptosis but also in their capability to trigger lipid
raft association of CD95. The molecular functioning of the
feed forward loop of caspase-8 activation in CD95 redistri-
bution in the lipid raft compartment was quite unclear
because it was not possible so far to measure and manipulate
active and inactive CD95 species in parallel in a single exper-
imental approach. We overcome this limitation here by the
help of two novel approaches (i) by using for CD95 activation
mixtures of highly active CD95L variants (Fc-FLAG-CD95L,
membrane CD95L-expressing cells) and GpL-FLAG-CD95L
whereby binding of the latter tags inactive CD95 species in
the presence of activated CD95 molecules (Fig. 7, F and G)
and (ii) by means of chimeric CD40-CD95 receptors allow-
ing triggering of CD95-associated pathways in the presence
of non-activated CD95 wild-type molecules (Fig. 7). With
these novel tools we revealed (i) that signaling active CD95
species trigger the co-association of inactive CD95 mole-
cules with the lipid raft compartment in a caspase-8-depen-
dent fashion (Fig. 7, C and D) and (ii) that the capability of
the CD95 cytoplasmic domain to recruit FADD is therefore
required (Fig. 7, A and B). In view of the oligomeric structure
of the complex of the DDs of CD95 and FADD and the fact
that FADD-associated procaspase-8 forms homodimers or
heterodimerizes with FADD-bound FLIP proteins, it is
tempting to speculate that signaling active and inactive
CD95 species are bridged by FADD and caspase-8. Accord-
ing to this very speculative idea, there is in unstimulated cells
an equilibrium between very low levels of unstable CD95-
FADD-caspase-8 complexes that have an intrinsic affinity to
the lipid raft compartment and the corresponding “free”
molecules. Binding of oligomerized soluble CD95L trimers
might stabilize these complexes resulting in signaling and
enhanced presence in the lipid raft compartment and con-
stituting a condensation nucleus for the improved recruit-
ment of additional CD95, FADD, and caspase-8 molecules.
Previous reports showing that CD95L forms less stable com-
plexes with CD95 variants that are unable to recruit FADD
are in good accordance with the proposed model (18, 19). It
would also be consistent with various reports showing
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CD95L-independent CD95-mediated apoptosis in the situa-
tion of membrane stress (61— 64).
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