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SUMMARY

The CD95 (Fas/APO-1) death-inducing signaling
complex (DISC) is essential for the initiation of
CD95-mediated apoptotic and nonapoptotic re-
sponses. The CD95 DISC comprises CD95, FADD,
procaspase-8, procaspase-10, and c-FLIP proteins.
Procaspase-8 and procaspase-10 are activated
at the DISC, leading to the formation of active
caspases and apoptosis initiation. In this study we
analyzed the stoichiometry of the CD95 DISC. Using
quantitative western blots, mass spectrometry, and
mathematical modeling, we reveal that the amount
of DED proteins procaspase-8/procaspase-10 and
c-FLIP at the DISC exceeds that of FADD by
several-fold. Furthermore, our findings imply that
procaspase-8, procaspase-10, and c-FLIP could
form DED chains at the DISC, enabling the formation
of dimers and efficient activation of caspase-8.
Taken together, our findings provide an enhanced
understanding of caspase-8 activation and initiation
of apoptosis at the DISC.

INTRODUCTION

CD95 (APO-1/Fas) is a member of the death receptor (DR)
family, a subfamily of the tumor necrosis factor receptor
(TNF-R) superfamily (Krammer, 2000; Strasser et al., 2009).
Stimulation of CD95 with its natural ligand CD95L or with
agonistic anti-CD95 antibodies, such as anti-APO-1, induces
apoptosis in sensitive cells (Lavrik et al., 2005; Trauth et al.,
1989). Triggering of CD95 has also been reported to induce non-
apoptotic pathways, such as the NF-kB, Akt, and ERK pathway
(Peter et al., 2007). The binding of CD95L to CD95 leads to the

formation of the death-inducing signaling complex (DISC). The
DISC comprises oligomerized CD95, the adaptor protein
FADD, procaspase-8, procaspase-10, and cellular FLICE inhibi-
tory proteins (c-FLIPs) (Figure 1A) (Krammer et al., 2007; Scaffidi
et al., 1997; Scott et al., 2009; Sprick et al., 2002). The interac-
tions between the molecules at the DISC are based on homo-
typic contacts. The death domain (DD) of CD95 interacts with
the DD of FADD, while the death effector domain (DED) of
FADD interacts with the N-terminal DEDs of procaspase-8,
procaspase-10, and the c-FLIP isoforms.

The DISC is a central mediator of the CD95 signaling pathway.
Efficient DISC formation promotes procaspase-8 activation
and regulates both apoptotic and nonapoptotic signaling. Yet
the stoichiometry of the DISC is still unresolved, as the
DISC comprises several procaspase-8, procaspase-10, and
c-FLIP isoforms (procaspase-8a/b, procaspase-10a/c/d, and
c-FLIP_s/R) and their cleavage products (Golks et al., 2005,
2006a, 2006b; Hoffmann et al., 2009; Hughes et al., 2009; Muzio
et al., 1996; Scaffidi et al., 1997, 1999; Sprick et al., 2002). The
conventional understanding of CD95 DISC stoichiometry is
that the trimerized receptor forms the core of the DISC structure.
Each CD95 binds one FADD, which in turn binds one DED
protein, e.g., procaspase-8, procaspase-10, or c-FLIP (Fig-
ure 1A) (Krammer et al., 2007). Considering that there are
three DED proteins at the DISC, i.e., procaspase-8, procas-
pase-10, and c-FLIP, and each of the DED proteins comprises
several isoforms, the seemingly simple “one-to-one” model
does not in fact provide a clear explanation to a number of
questions. One of the most important questions is how homo-
dimers and heterodimers of procaspase-8/procaspase-10/c-
FLIP could be formed in the context of the DISC in order to
enable efficient caspase activation at the DISC (Fuentes-Prior
and Salvesen, 2004).

One well-established approach to address the stoichiometry
of protein complexes is quantitative mass spectrometry (MS).
This is currently the most sensitive method, which can provide
absolute amounts of proteins (Aebersold and Mann, 2003).
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Another way to approach the complexity of the DISC stoichi-
ometry is to construct mathematical models that are verified
by experimental data (Albeck et al., 2008; Bentele et al., 2004;
Fricker et al., 2010; Neumann et al., 2010; Rehm et al., 2006).
There are several mathematical formalisms that have been
used for modeling apoptotic networks: ordinary differential
equations (ODEs) (Albeck et al., 2008; Bentele et al., 2004;
Fricker et al., 2010; Fussenegger et al., 2000; Neumann et al.,
2010; Rehm et al., 2006), Boolean modeling (Schlatter et al.,
2009), Petri nets (Heiner et al., 2004), and cellular automata
(Chen et al., 2007). So far, most of these models have addressed
the kinetics of caspase-8 activation in DR-induced apoptosis
and the ratio between procaspase-8 and c-FLIP isoforms at
the DISC (Lavrik, 2010). However, with the exception of the anal-
ysis of the procaspase-8/c-FLIP ratio, further insight into the
DISC stoichiometry has been missing.

To study the DISC stoichiometry, we combined quantitative
western blot with MS analysis and mathematical modeling.
This powerful combination of quantitative approaches revealed
fascinating insight into the stoichiometry of the DISC and activa-
tion of procaspase-8 within this complex. We could show that
the amount of procaspase-8 at the DISC is much higher than
that of FADD, while c-FLIP is present at low abundance
compared to procaspase-8. Our findings suggest that procas-
pase-8 and c-FLIP form DED platforms at the DISC. In these
platforms, procaspase-8 forms homodimers and heterodimers
with c-FLIP, leading to caspase activation.

RESULTS

Quantitative Western Blot Analysis Reveals Fewer FADD
Molecules Than Procaspase-8 Molecules at the DISC

To determine the stoichiometry of the CD95 DISC, we utilized B
lymphoblastoid SKW6.4 cells. SKW6.4 cells are type | cells form-
ing high quantities of the CD95 DISC and are highly sensitive
toward CD95-induced apoptosis (Aldridge et al., 2011; Scaffidi
et al., 1998). SKW6.4 cells were already used by us for our first
systems biology model of CD95-induced apoptosis and, there-
fore, have been demonstrated to be an excellent model cell
line for the quantitative analysis of CD95-induced apoptosis
(Bentele et al., 2004).

First, we determined absolute numbers of DISC proteins in
SKW6.4 cells by comparing them to the already measured
values in HelLa-CD95 cells using quantitative western blot
(see Figure S1 available online; Figure 1B [Fricker et al., 2010]).
On the basis of the absolute numbers of DISC proteins in
SKW6.4 cells, we could estimate their amounts at the DISC.

To obtain CD95 DISCs, SKW6.4 cells were stimulated with
1 pg/ml CD95L, and CD95 DISCs were immunoprecipitated
using agonistic anti-APO-1 antibodies (Trauth et al., 1989).
Importantly, it was known from our previous studies (Lavrik
et al, 2008) that under these immunoprecipitation (IP)
conditions, namely using 10 pg of anti-APO-1 and 10% SKW6.4
cells, it is possible to pull down almost 100% of CD95 DISCs.
In this study, we used 5 x 107 cells to immunoprecipitate
CD95 DISCs even more efficiently. Together with cellular lysates,
IPs of CD95 DISCs from a defined number of SKW6.4 cells were
loaded on the same SDS-PAGE and analyzed by western blot
(Figure 1C). As expected, DISC-IPs contained CD95, FADD,
procaspase-8a/b, and two isoforms of c-FLIP, c-FLIP_ and
c-FLIPR that were reported to be present in SKW6.4 cells.
Procaspase-8a/b (p55/p53) processing at the DISC involves
cleavage at several Asp (D) residues between the prodomain
and the small and large catalytic subunits. This results in forma-
tion of the N-terminal cleavage products p43/p41, the prodo-
mains p26/p24, and the C-terminal cleavage products p30,
p18, and p10 (Figure 1B). Cleavage products of procaspase-8
were detected in CD95 DISC-IPs, indicating efficient activation
of procaspase-8 at the DISC (Figures 1B and 1C).

To define the ratio between the amount of DISC proteins
recruited to the DISC and the amount of the same protein in
the total cellular lysates, we used quantitative western blot.
The percentage of recruitment to the DISC for procaspase-8,
FADD, or c-FLIP_ g was multiplied, with the absolute number
of the corresponding proteins in SKW6.4 cells shown in Fig-
ure 1B. Remarkably, we found that there is approximately five
times more procaspase-8 than FADD at the DISC (Figure 1D).
The amount of c-FLIP isoforms at the DISC was much lower
than the amount of procaspase-8 (Figure 1D), which is in accor-
dance with the low number of c-FLIP in total cellular lysates (Fig-
ure 1B). Despite the low numbers, c-FLIP proteins are present at
the DISC, likely due to their reported higher affinity to the DISC
compared to procaspase-8 (Lavrik et al., 2007).

These data provided a hint that FADD is present in lower quan-
tities than DED proteins at the DISC, in particular procaspase-8.

Quantitative Mass Spectrometry Confirmed the Higher
Abundance of Procaspase-8 at the DISC

To further explore the DISC stoichiometry, we used an indepen-
dent quantitative approach, namely, quantitative MS (Aebersold
and Mann, 2003). Absolute quantitative protein MS, termed
AQUA, is achieved by parallel analysis of proteotypic analyte
and isotopically labeled synthetic peptide standards (Gerber
et al.,, 2003). To get an independent assessment, quantitative

Figure 1. The Analysis of DISC Stoichiometry by Quantitative Western Blot Reveals More Procaspase-8 Than FADD at the DISC
(A) Former DISC model (Krammer et al., 2007). The ratio between procaspase-8 and FADD is one to one.
(B) The number of procaspase-8, FADD, c-FLIP,, and c-FLIPg molecules (top) in SKW6.4 cells estimated by western blot using HeLa-CD95 cells as reference.

Procaspase-8 processing at the DISC (bottom).

(C) 5 x 107 SKW6.4 cells were stimulated with 1 pg/ml CD95L or left untreated. Total cellular lysates (Input) and DISC-IPs were analyzed by western blot. The

results of three independent experiments are shown.

(D) Shown is the ratio between DISC components calculated by comparing the intensities of the western blot signals for FADD, c-FLIP, procaspase-8 or
DED-proteins (the sum of procaspase-8 and c-FLIP) in the IP to lysates. The number of procaspase-8 molecules comprises the sum of intensities of the western
blot signals for procaspase-8a/b, p43/p41, and p18. The number of c-FLIP proteins comprises the sum of intensities of the western blot signals for c-FLIP_and
p43-FLIP. The number of DED proteins comprises the sum of procaspase-8 and c-FLIP proteins. The ratio for each molecule was multiplied by the molecule
number in SKW6.4 cells. The obtained molecule numbers at the DISC were normalized to FADD. The mean + SD of three independent experiments is shown.
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(A) Workflow of the mass spectrometry experiments. 5 X 10° of SKW6.4 cells were stimulated with 1 ug/ml CD95L or left untreated. CD95-IPs were analyzed
using 1D SDS PAGE and Coomassie staining. Gel slices corresponding to a mass range of 20-60 kDa were digested and subjected to mass spectrometry. FADD
was detected in gel slices corresponding to 25-28 kDa. Procaspase-8a/b, c-FLIP g, and their cleavage products were detected in gel slices corresponding to

a mass range of 38-60 kDa and 20-35 kDa, respectively.

(B and C). Ratios of procaspase-8/procaspase-10 and c-FLIP, and the sum of DED proteins to FADD at the DISC obtained for Orbitrap (B) and QTRAP (C). The

mean + SD of six and three independent experiments, respectively, is shown.

data for the CD95 DISC were obtained from two different mass
spectrometers: an LTQ-Orbitrap (a tandem ion trap mass spec-
trometer) and a QTRAP 5500 operated in the triple-quadrupole
mode (Lange et al., 2008; Olsen et al., 2005). Absolute quantifi-
cation of CD95 DISC proteins using the Orbitrap mass spec-
trometer was performed with a set of AQUA-peptide standards
corresponding to FADD, procaspase-8, procaspase-10, and
c-FLIP (Table S1). QTRAP measurements were carried out with
a set of four AQUA-peptide standards corresponding to procas-
pase-8 and FADD (Table S2).

For MS experiments, CD95-IPs from 5 x 10” SKW6.4 cells
were carried out under conditions similar to those developed
for western blot quantifications, i.e., stimulation with 1 pg/ml

4 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.

CD95L (Figure 1). CD95-IPs were separated on 1D-SDS gels
to reduce sample complexity and thereby increase sensitivity
and selectivity of the MS analysis (Figure 2A). A similar procedure
for absolute MS quantification of proteins in a polyacrylamide
matrix using AQUA peptides has been recently described (Lan-
genfeld et al., 2009). The specificity of DISC-IPs was controlled
by western blot (data not shown). As negative controls, CD95-
IPs were performed from unstimulated cells, which were
analyzed by both western blot and MS analysis. In the negative
control, DISC proteins were detected neither by western blot
nor by MS. CD95 DISC proteins are not highly abundant in the
CD95-IPs. More than 1,000 proteins were detected by MS in
these DISC-IPs (data not shown), though western blot analysis
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shows significant recruitment of procaspase-8, FADD, and c-
FLIP to the DISC. Among DISC-associated proteins, we could
not detect DAXX, FAP-1, FLASH, FAF-1, or Dap3, which were
previously reported to be present at the DISC, possibly due to
their low abundance at the CD95 DISC (Peter and Krammer,
2003).

Orbitrap measurements demonstrated that there were two to
three DED proteins (the sum of procaspase-8, procaspase-10,
and c-FLIP) per FADD (Figure 2B, Table S3). Interestingly, the
amount of both c-FLIP and procaspase-10 at the DISC was
approximately ten times lower compared to procaspase-8 (Fig-
ure 2B). Low numbers of c-FLIP proteins are in accordance
with western blot data (Figure 1B) and as pointed out above
are likely due to their low numbers in the cells. The low abun-
dance of procaspase-10 at the DISC could be an explanation
for its earlier reported inability to initiate apoptosis in the absence
of caspase-8 (Sprick et al., 2002). Therefore, we concluded that
procaspase-8 is a major component of the DISC present in
higher quantities compared to the other DED proteins. To
confirm these results, we repeated the analysis using a QTRAP
mass spectrometer (Figure 2C, Table S4). Procaspase-8 was
also found at the DISC in higher amounts compared to FADD,
with procaspase-8 to FADD ratios similar to those in the Orbitrap
analysis (Figure 2C, Table S4). The lower abundance of FADD at
the DISC corresponded well with the Orbitrap data.

Collectively, quantitative MS of the DISC confirmed the quan-
titative western blot data showing that the ratio between procas-
pase-8 and FADD is not one to one. Though MS and western blot
provided different numbers of procaspase-8 excess over FADD,
both approaches clearly pointed out the challenging feature of
the DISC stoichiometry, namely that procaspase-8 outnumbers
FADD at the CD95 DISC. Therefore, we concluded that we
have to reconsider the former view on CD95 DISC organization.

Single-Cell Analysis Supports Chain Formation

of Procaspase-8 at the DISC

The formation of chains is fundamental in biology and a driving
factor for many biological processes. We questioned whether
procaspase-8 can form chains at the DISC. Indeed, it was
reported that formation of homodimers of procaspase-8 is
a prerequisite for caspase-8 activation (Fuentes-Prior and Salve-

Figure 3. Procaspase-8 Prodomain Forms
“Spot-like Aggregates” upon CD95L Stimu-
lation

HelLa-CD95 cells were transfected with procas-
pase-8 prodomain-GFP constructs, stimulated
with 1 pg/ml CD95L (top) or left unstimulated
(bottom), and imaged over time. zZVAD-fmk was
added at a concentration of 50 uM to block
apoptosis.

10.0 ym

sen, 2004) and that two procaspase-8
homodimers, e.g., four procaspase-8
molecules, have to be in close proximity
to ensure effective caspase-8 activation
(Chang et al., 2003). It was also shown
that FADD and procaspase-8 DEDs
can form filaments upon overexpression (Siegel et al., 1998). In
our own experiments, we also observed CD95L stimulation-
dependent increased intensity of procaspase-8 or spot-like
structures upon a low level of overexpression of procaspase-
8-prodomain-GFP (Figure 3, Figure S2A). Spot-like structures
of procaspase-8 indicated aggregation of procaspase-8.
However, a clear distinction between filaments, a multitude of
spots, or 2D networks cannot readily be made from these
images. Upon a high level of overexpression of procaspase-8-
GFP, prodomain aggregation was detected without CD95
stimulation, as already reported before by Siegel et al. (1998)
(Figure S2B). In addition, studies with MC159, a viral FLIP con-
taining two DEDs, suggested that DEDs could interact via
a conserved phenylalanine/leucine (FL) motif (Carrington et al.,
2006; Li et al., 2006; Yang et al., 2005). Thus, we hypothesize
that procaspase-8 molecules could form DED chains at the
DISC via interaction of their DEDs.

Mathematical Modeling Supports Chain Formation

of Procaspase-8 at the DISC

To reveal the factors controlling DISC-mediated procaspase-8
chain formation with subsequent activation, we used mathemat-
ical modeling. To construct the topology of the mathematical
model, we undertook the above-mentioned assumption that
procaspase-8 forms chains at the DISC and designed
a biochemical scheme based on this assumption (Figure 4A).
Upon recruitment to the DISC, procaspase-8 binds to FADD,
and subsequently procaspase-8 chains are elongated. We
suggested that other DED proteins, e.g., c-FLIP_r and
procaspase-10, could be incorporated into the chains. The
DED chains could be of variable length and comprise several
molecules associated via their DEDs (Figure 4A). Furthermore,
based on our previous observations and on literature reports,
we assumed that procaspase-8 heterodimers with c-FLIP, are
catalytically active, while dimers of procaspase-8 and c-FLIPg
are inactive (Fricker et al., 2010). Procaspase-8 was assumed
to be processed in these chains, resulting in the release of heter-
otetramers p10,—p18, (Figure 4A). The prodomains would
remain within the DED chain, possibly serving as a platform for
the binding of procaspase-8. The latter is in accordance with
previous reports that the prodomain of procaspase-8 remains
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bound to the DISC (Golks et al., 2006b). This biological informa-
tion (Figure 4A) was translated into a topology of the model of the
DISC with chains of procaspase-8 (Figure 4B). The topology of
the model comprised the same considerations on the stoichiom-
etry of the CD95 DISC as presented in Figure 4A.

We realized that to perform mathematical modeling we could
not use ODEs mostly applied in previous studies for modeling
apoptotic networks. The DISC composed of chains of DED
proteins of variable length was a system much too complex for
ODE modeling (Figure 4B, Supplemental Information). Modeling
the DISC system using ODEs would lead to a large number of
intermediate products, which exponentially increase with the
chain length as demonstrated in Figure 4B. A chain length of
only five molecules would give rise to 363 intermediates in an
ODE model. Furthermore, it was assumed that the prodomain
would remain at the DISC, contributing to the chain length and
adding another layer of complexity at the systems level (Golks
et al., 2006b). In addition, procaspase-8 dimerization and pro-
cessing would further increase the number of differential equa-
tions. Therefore, an ODE approach was inappropriate to model
this stoichiometry of the DISC.

After considering ODEs and other formalisms, we decided to
make use of agent-based modeling (ABM) (see the Supple-
mental Information for more details) (Macal and North, 2009).
In ABM, a system is modeled discretely in space and time as
a collection of agents, which are autonomous decision-making
entities. Here, one DISC was considered as a whole system
and “an agent” corresponded to an individual molecule involved
in DISC formation, i.e., CD95, FADD, procaspase-8, c-FLIP_, and
c-FLIPg. Each agent/molecule could act based on a set of rules,
which were based on its biological functions. These rules were
the following. We did not have a limit to the number of agents
at the DISC, i.e., the length of chains. In ABM we easily imple-
mented generation of procaspase-8 chains and formation of
homodimers and heterodimers with c-FLIP. In addition, procas-
pase-8 cleavage was considered to use intradimer and inter-
dimer mechanisms (Chang et al., 2003), but only within one chain
bound to the same receptor. The position for each individual
agent, i.e., each individual procaspase-8 molecule within the
chain, was defined. It has to be mentioned that all these rules
could only be implemented in ABM, as in an ODE model this
information would be lost.

A drawback of ABM is that reaction kinetics cannot be implied
proportional to the molecule concentrations similar to the way
they are used in ODE modeling. In our model, the recruitment
of molecules to the DISC and processing of procaspase-8
were modeled by stochastic processes. Kinetics for the
recruitment to the DISC were assumed as probabilities. The
values of the recruitment probabilities were indirectly propor-
tional to the distance of the respective molecule to the activated
receptor.

To estimate the recruitment probabilities of molecules to the
DISC, we needed to consider distances within a cell. Hence,
asingle cell was modeled as a three-dimensional grid (Figure 5A).
The size of the grid was calculated from the ratio of the volume of
a single cell compared to the total volume of all other DISC
proteins, i.e., procaspase-8, FADD, c-FLIP,, and c-FLIPg (Fig-
ure S3A, Supplemental Information). The receptors were placed
in one plane representing the membrane. All other molecules
were randomly distributed within the grid representing the
cytosol (Figure 5A). Furthermore, on the basis of previous
work, it was considered that c-FLIP has a higher affinity to the
DISC compared to procaspase-8, which increases the recruit-
ment probability relative to procaspase-8 (Bentele et al., 2004;
Chang et al., 2002; Lavrik et al., 2007). Based on these assump-
tions, the values of the kinetic constants of recruitment probabil-
ities were estimated (Table S5).

On the basis of the interaction rules between DISC proteins
described above and estimated parameters, the mathematical
model was generated (Figure 4B, Figure S3B, Supplemental
Information). The model was calibrated using experimental
data of procaspase-8 processing in SKW6.4 cells upon
1 ng/ml CD95L stimulation (Figures 5B and 5C, Figure S3C, Fig-
ure S4). The model efficiently simulated procaspase-8 (p55/p53)
recruitment and processing (blue lines) for different CD95L
stimulation strength (Figure 5C). However, a difference in the
amount of p18 (red lines) in the cell was observed in simulations
versus experimental data (Figure 5C). We assumed that these
discrepancies were probably due to the much too high degrada-
tion rate of p18 in our current model based on previous work
(Bentele et al., 2004). The model could also describe procas-
pase-8 processing in an independent cell line, i.e., Hela cells,
upon strong CD95 stimulation (Figure S5). Therefore, we
concluded that our model is suitable to describe procaspase-8
processing in chains at the DISC upon strong CD95 stimulation.

Interestingly, the model failed to reproduce experimental data
in SKW6.4 cells for 1 ng/ml CD95L stimulation (Figure 5C).
According to the model, CD95 stimulation with 1 ng/ml CD95L
results in procaspase-8 processing (blue line) and generation
of active p18 (red line) (Figure 5C). This contradicts the previously
reported mechanism of threshold behavior, which was observed
in SKW6.4 cells upon CD95 stimulation with 1 ng/ml, and the
experimental data, as procaspase-8 processing was already
blocked upon even higher concentrations of 10 ng/ml CD95L
(Figure 5C). The threshold mechanism implies inhibition of
procaspase-8 activation upon low CD95 stimulation, as the
low number of active receptors will be blocked by c-FLIP
proteins due to their higher affinity to the DISC (Bentele et al.,
2004; Lavrik et al., 2007). From these observations, we
concluded that we are missing some essential assumptions for
modeling the chain formation and, thus, focused our attention
on the composition of the DED chains and their length.

Figure 4. Topology of the Model

(A) Biochemical scheme of the DISC model. Upon stimulation of CD95, FADD is recruited first to form an active DISC. Subsequently, procaspase-8, c-FLIP,, and
c-FLIPg are recruited and form chains via DED interactions. Procaspase-8 homodimers can be processed to p10,-p18, via the intermediate p43/p41.

(B) Topology of the CD95 DISC model. DED chains are shown in gray. Dimers of DED proteins are highlighted in green. Red arrows indicate catalytic processing of
procaspase-8. The schematic topology shows the combinatorial complexity of the model.

Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc. 7
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(A) We modeled our system in a single cell represented as a three-dimensional grid. CD95 receptors (gray) were placed in one plane, representing the plasma
membrane, while all other molecules, i.e., procaspase-8, FADD, c-FLIP., and c-FLIPg, were randomly placed within the grid, representing the cytosol.
(B) Representative western blot of procaspase-8 processing in SKW6.4 cells used for model calibration. All western blots used for model calibration can be found

in Figure S4.

(C) Time courses of procaspase-8 processing in SKW6.4 cells for different strengths of CD95 stimulation. Simulations are shown as solid lines, and experimental
data are shown as individual dots including standard deviation. The simulation of procaspase-8 processing for 1 ng/ml CD95L is shown in one diagram with
experimental data obtained for 10 ng/ml CD95L and indicates that procaspase-8 processing is already significantly inhibited upon higher CD95 stimulation
strength. Procaspase-8 processing in SKW6.4 cells was repeated seven times for 1 ng/ml CD95L and three times for the other CD95L concentrations.

Modeling and Mass Spectrometry Analysis Revealed

the Optimal Stoichiometry for Procaspase-8 Activation
at the DISC

As pointed out above, the initial model could not describe
procaspase-8 processing upon low CD95 stimulation strength.
In the initial model, we assumed that procaspase-8 chains are
formed without any restriction (Figure 5). However, there has to
be a mechanism of chain length restriction in the cell; otherwise,
apoptosis could be induced upon activation of only few recep-
tors. Furthermore, as the amount of procaspase-8 in the cell
is limited, it is likely that there is a natural restriction of chain
length. Therefore, we added another parameter to the model,
which described the chain restriction and was introduced as
a maximally allowed chain length per receptor. Consequently,
DED proteins could only form chains in silico up to a defined
maximal length.

8 Molecular Cell 47, 1-14, July 27, 2012 ©2012 Elsevier Inc.

Next, we used the model with chain length restriction to study
how different chain lengths, resulting in different stoichiometric
ratios between procaspase-8 and FADD, translate into efficient
caspase-8 activation. We computed a two-dimensional phase
diagram of caspase-8 activation at the DISC depending on the
chain length (Figure 6A). Simulations predicted that chains
from two to four procaspase-8 molecules would result in
active caspase-8 for CD95 stimulations with 200, 500, and
1,000 ng/mI CD95L (Figure 6A, Figure S6). Modeling on the basis
of experimental data of caspase-8 activation in HelLa cells also
suggested that efficient processing of procaspase-8 requires
chains longer than two molecules (Figure S7). Remarkably, as
can be seen from the diagram, the threshold behavior, i.e., inhi-
bition of caspase-8 activation upon CD95 stimulation with 1 ng/
ml, could occur only upon chain lengths lower than eight (Fig-
ure 6A, Figure S8). Therefore, we propose that the optimal
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Figure 6. The Model Predicts Stimulus-Strength-Dependent Chain Lengths and Is Verified by Mass Spectrometry

(A) Two-dimensional diagram demonstrating simulations of the amount of the active caspase-8 depending upon CD95 stimulation strength and the maximum
chain length allowed.

(B) Simulations of the length of procaspase-8 chains and the ratio of procaspase-8/FADD depending upon CD95 stimulation strength. The model predicts that
upon weaker CD95 stimulation the average chain length increases.

(C and D) Ratios of DED proteins to FADD in SKW6.4 cells for CD95 stimulation with 20, 100, and 1,000 ng/ml CD95L obtained by Orbitrap-MS. Upon low CD95
stimulation, MS analysis indicates enrichment of c-FLIP at the DISC and an increase of a chain length as predicted by the model. The mean + SD of multiple
experiments is shown.
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procaspase-8 chain length for procaspase-8 activation is
between two to eight molecules of DED proteins per receptor.

The shape of the two-dimensional diagram implied that
procaspase-8 chain length at the DISC is determined by CD95
stimulation strength (Figure 6A). We further analyzed how
CD95 stimulation strength influences procaspase-8 chain
length. Interestingly, the model predicted that the average DED
chain is shorter upon stronger CD95 stimulation (Figure 6B,
Figure S8).
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Figure 7. The Model of the CD95 DISC

(A) Workflow of experimental findings, model
predictions, and experimental validations.

(B) Model of the CD95 DISC. Procaspase-8/pro-
caspase-10 and c-FLIP form a platform at the
DISC, which enables dimerization of procaspase-
8 and efficient activation. The length of chains may
be restricted by the formation of bridges between
neighboring receptors.
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We tested these model predictions
experimentally by performing MS anal-
ysis of the DISC (Figures 6C and 6D,
Table S6, and Table S7). We stimulated
SKW6.4 cells with lower concentrations
of CD95L and performed MS analysis
similar to that described above in Figure 2.
We had to use more cells for the analysis,
as the amount of immunoprecipitated
DISCs significantly decreased upon
lower stimulation. We could show that
upon low CD95 stimulation strength the
DED:FADD ratio increased compared to
high CD95 stimulation strength, indi-
cating longer chains (Figure 6D). Further-
more, c-FLIP amounts at the DISC were
increased upon lower CD95 stimulation
(Figure 6D). This is in accordance with
previous reports on the mechanism of
the inhibitory role of c-FLIP upon low
CD95 stimulation strength that is based
on the higher affinity of c-FLIP to the
DISC compared to procaspase-8 (Ben-
tele et al.,, 2004; Lavrik et al., 2007).
Thus, we concluded that the length of
the chains is strongly dependent on
CD95 stimulation strength.

To explore further mechanisms of DED
chain dynamics, we investigated the
influence of procaspase-8 turnover at
the DISC on the chain length. Simulations

Quantitative
Western Blot

Literature Data
Modeling & WB

Mass Spectrometry

show that less-stable binding of procas-
pase-8 and higher turnover rates led to
activation with shorter chains of procas-

.DD DDED. p18
.pw lp20 [lp12

pase-8 (Figure S9). On the basis of these
simulations, we concluded that turnover
rates of procaspase-8 can directly influ-
ence procaspase-8 chain length and, therefore, caspase-8
activation.

Taken together, the mathematical model well described the
stoichiometry of the DISC with procaspase-8 chains. The biolog-
ical information based on our own experiments and the literature
search has been translated into the model as it is shown in Fig-
ure 7A. The model was supported and validated by western blot
and MS (Figure 7A). Furthermore, this approach did not only
allow us to mechanistically describe procaspase-8 activation
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in DED chains, but also to quantitatively define how the dynamics
of the DED protein chain length influences procaspase-8
activation and, thereby, DR-induced apoptosis.

DISCUSSION

Our findings provide evidence that procaspase-8/procaspase-
10 and c-FLIP form DED platforms at the DISC. These platforms
might be formed with chains of each of these DED proteins
attached to one FADD (Figure 7B). In this way, procaspase-8
can form homodimers and heterodimers with c-FLIP_ leading
to caspase activation. This is a more direct explanation of how
procaspase-8 homodimers and heterodimers can be formed
at the DISC, which is an essential step for initiator caspase
activation (Fuentes-Prior and Salvesen, 2004; Krammer et al.,
2007; Lavrik et al., 2005; Oberst et al., 2010). In addition, our
findings also support the interdimer model of procaspase-8
activation, suggesting activation of one procaspase-8 dimer
by a neighboring procaspase-8 dimer in the chain (Chang
et al., 2003).

Different methods provided various estimations of the length
of the DED chains at the DISC. Quantitative MS experiments
with several sets of AQUA peptides and two different mass spec-
trometers, QTRAP and Orbitrap, have shown that there are two
to three DED proteins per FADD at the DISC. Quantitative
western blot demonstrated five DED proteins per FADD. Quanti-
tative western blot and MS values are not exactly comparable,
but overall the results point to a higher amount of procaspase-
8 compared to FADD in the DISC. Interestingly, in the study by
Dickens et al. (2012; in this issue of Molecular Cell), the authors
obtained even longer procaspase-8 chains than we did. Dickens
et al. isolated the DISCs via sucrose gradients and collected only
the high molecular weight fraction with high molecular weight
DISC aggregates. In our study, we immunoprecipitated all
activated CD95, which naturally results in the pull-down of DISCs
with longer chains and “smaller” DISCs, which might even have
only FADD bound. Therefore, we measured procaspase-8
chains at the DISC averaged over the DISCs with long and short
chains. This might have led to the fact that we came up with
shorter procaspase-8 chains than did Dickens et al. Further-
more, Dickens et al. analyzed the TRAIL DISC composition, while
we concentrated on the CD95 DISC, which might have led to
the differences.

Although we applied quantitative experimental methods in our
study, we only obtained an average stoichiometry of the DISC,
and we needed mathematical modeling to gain more insight
into dynamics of the procaspase-8 chains (Figure 7A). We found
that the length of procaspase-8 chains is variable and depends
on several factors, such as CD95 stimulation strength, concen-
tration of procaspase-8 in the cell, and affinity of procaspase-8
to the DISC. The stimulation strength is one of the most impor-
tant factors defining the length of the chains. We have shown
experimentally and in silico that low CD95 stimulation results in
longer chains. Longer chains should create more sites for
procaspase-8 activation and compensate for the low number
of activated receptors. Dynamic control of the length of procas-
pase-8 chains could play an important role in the regulation of
procaspase-8 activation.

Another important outcome of our study is the restriction of
the procaspase-8 chain length at the DISC. This can result
from the fact that the average chain length is defined by the
strength of stimulation and by the ratio between the number
of stimulated receptors and cellular levels of procaspase-8.
Given that there is a limited number of procaspase-8 in the
cell, which slightly exceeds the number of receptors, the proba-
bility of procaspase-8 chains longer than ten is very low. The
model found a restriction of the length of the chains up to eight.
This is also obvious from the biological point of view, as a nonli-
mited size of DED chains would imply induction of apoptosis
upon stimulation of only a few receptors. As the cell should
develop protection mechanisms from spontaneous apoptosis,
this scenario should obviously be excluded. Possible mecha-
nisms of chain restriction could include the interaction of
DISC-bound procaspase-8 attached to different receptors to
form DED bridges between neighboring receptors, limited
concentration of procaspase-8 in the cell, and turnover of
procaspase-8 at the DISC.

Recently, a number of X-ray structures of CD95 interacting
with FADD have been obtained (Scott et al., 2009; Wang et al.,
2010). Wang et al. proposed the core DISC structure to be
composed of five to seven CD95 DD and five FADD DD, while
Scott et al. proposed that the core DISC structure has a tetra-
meric configuration of four CD95 DD and four FADD DD. In our
work we considered interactions of caspase-8 with FADD and
did not focus on the events upstream of FADD.

Several insights into CD95 signaling are supported by our
model. Chains of procaspase-8 at the DISC should also provide
ideal platforms for polyubiquitination and aggregation of
procaspase-8 at the DISC, as recently reported (Jin et al.,
2009). We and others have shown the generation of complex Il
upon CD95 stimulation (Geserick et al., 2009; Lavrik et al.,
2008). Complex Il comprises DED-proteins, i.e., procaspase-8,
FADD, and c-FLIP, but does not contain CD95. The mechanism
of complex Il formation remains unclear, but it might be
connected to the aggregation of caspase-8 and c-FLIP in DED
platforms. It is likely that when DED platforms reach a certain
size, they might dissociate into the cytosol. The presence of
DED platforms in the cytosol might facilitate apoptosis by
cleavage of cytosolic substrates of caspase-8 such as Bid and
caspase-3/caspase-7.

Another interesting aspect of our model is that it may explain
how different forms of ligand influence the DISC stoichiometry.
It was convincingly shown by O’Reilly and coworkers that the
membrane-bound CD95 ligand, but not the soluble one, is
critical for apoptosis (O’Reilly et al., 2009). An independent line
of evidence indicates that the binding of the ligand leads to
a conformational change in the DD of CD95, allowing FADD
recruitment (Scott et al., 2009). We assume that the binding of
the membrane-bound ligand results in a more stable receptor/
ligand complex compared to the one formed by a soluble ligand,
possibly via stabilization of the conformational change of the
CD95 DD and facilitation of FADD recruitment. This complex
may provide a more stable platform for the elongation of procas-
pase-8 chains.

There are several mutations in the DED proteins, which
support our model of the DISC. The FADD-DN mutants,
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described to have a severe effect on apoptosis, should prevent
formation of a functional DED chain (Newton et al., 1998).
Furthermore, caspase-8 is mutated in numerous carcinomas
(Kim et al., 2003; Soung et al., 2005a, 2005b). These mutations
also reside within the DEDs of procaspase-8. Even though these
mutants still interact with FADD, they might interfere with chain
formation, thus interfering with procaspase-8 activation. Further-
more, caspase-8 mutations can lead to defective activation of
lymphocytes and immunodeficiency (Chun et al., 2002).

Taken together, our data provide an unexpected view on
CD95 DISC organization as well as procaspase-8 activation at
the DISC and initiation of apoptosis. The powerful methodology
might be applied to the analysis of other cell death-inducing
complexes such as the ripoptosome or necrosome and for
complexes derived from diseases with defects in cell death
pathways (Feoktistova et al., 2011; Haas et al., 2009; Tenev
et al., 2011).

EXPERIMENTAL PROCEDURES

Cell Lines

SKW6.4 cells were maintained in RPMI (Life Technologies, Germany), 10 mM
HEPES (Life Technologies, Germany), 50 ng/ml gentamycin (Life Technolo-
gies, Germany), and 10% fetal calf serum (Life Technologies, Germany) in
5% CO,. HeLa-CD95 cells (Neumann et al., 2010) were generated by selection
with 20 ng/ml puromycin according to standard protocols and maintained in
DMEM (Life Technologies, Germany), 10 mM HEPES (Life Technologies,
Germany), 50 ng/ml gentamycin (Life Technologies, Germany), and 10% fetal
calf serum (Life Technologies, Germany) in 5% CO.. Transfections were done
using Lipofectamine 2000 (Invitrogen, Germany).

Antibodies and Reagents
Anti-caspase-8 monoclonal antibody C15 (mouse IgG2b) recognizes the p18
subunit of caspase-8 (Scaffidi et al., 1997). Anti-FLIP monoclonal antibody
NF6 (mouse IgG1) recognizes the N-terminal part of c-FLIP (Scaffidi et al.,
1999). Anti-FADD monoclonal antibody 1C4 (mouse IgG1) recognizes the
C-terminal part of FADD (Scaffidi et al., 2000). Anti-APO-1 (anti-CD95) is an
agonistic monoclonal antibody (IgG3) recognizing an epitope at the extracel-
lular part of CD95 (Trauth et al., 1989). Horseradish peroxidase-conjugated
goat anti-mouse IgG1, 1gG2a, and IgG2b were obtained from Southern
Biotech. The coding sequence of LZ-CD95L (Walczak et al., 1999) was cloned
into a pIRESpuro3 plasmid (Takara Bio Inc.). Recombinant LZ-CD95L was
produced using 293T cells stably transfected with this vector. All chemicals
used were of analytical grade and purchased from Merck or Sigma-Aldrich.
A full description of experimental procedures can be found in the Supple-
mental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes nine figures and seven tables can be
found with this article online at doi:10.1016/j.molcel.2012.05.006.
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