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Abstract
Pharmacological targeting via small molecule-based chemical probes has recently acquired an emerging importance as a
valuable tool to delineate molecular mechanisms. Induction of apoptosis via CD95/Fas and TRAIL-R1/2 is triggered by the
formation of the death-inducing signaling complex (DISC). Caspase-8 activation at the DISC is largely controlled by c-FLIP
proteins. However molecular mechanisms of this control have just started to be uncovered. In this study we report the first-
in-class chemical probe targeting c-FLIPL in the heterodimer caspase-8/c-FLIPL. This rationally designed small molecule
was aimed to imitate the closed conformation of the caspase-8 L2′ loop and thereby increase caspase-8 activity after initial
processing of the heterodimer. In accordance with in silico predictions, this small molecule enhanced caspase-8 activity at
the DISC, CD95L/TRAIL-induced caspase activation, and subsequent apoptosis. The generated computational model
provided further evidence for the proposed effects of the small molecule on the heterodimer caspase-8/c-FLIPL. In particular,
the model has demonstrated that boosting caspase-8 activity by the small molecule at the early time points after DISC
assembly is crucial for promoting apoptosis induction. Taken together, our study allowed to target the heterodimer caspase-
8/c-FLIPL and get new insights into molecular mechanisms of its activation.

Introduction

Apoptosis is the programme of cell death that is essential for
all multicellular organisms. An apoptotic signal can be
induced by a variety of factors including death receptor (DR)
activation [1]. The apoptotic DR signaling cascade is triggered

by the activation of a corresponding DR, in particular, CD95/
Fas or TRAIL-R1/2 (DR4/DR5), which results in the forma-
tion of a death-inducing signaling complex (DISC). DISC
comprises DR, FADD, procaspases-8, -10, and c-FLIP, ser-
ving a central platform for procaspase-8 activation, which
initiates the subsequent apoptotic response [2]. The molecular
architecture of the DISC is designated by a framework of
strictly defined interactions between death domains and death
effector domains (DEDs). In particular, recently it has been
shown that procaspase-8 at the DISC forms so-called DED
chains or filaments via DED interactions (that we term fila-
ments thereafter), which serve as a platform for dimerization
and subsequent activation of procaspase-8 [3–5].

DED filament assembly is crucial for procaspase-8a/b
dimerization and subsequent activation [3, 6]. In the course
of dimerization, procaspase-8 undergoes a conformational
changes that trigger the rearrangement of the L2 loop in the
zymogen structure [7]. The L2 loop contains the active
cysteine and, accordingly, its rearrangement in the course of
dimerization naturally forms the active center of procas-
pase-8a/b. This is followed by the cleavage of the L2 loop at
Asp374 into the L2 (“processed” L2 fragment) and L2′
parts followed by their subsequent structural rearrangement.
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The cleavage of the L2 loop at Asp374 leads to the gen-
eration of p43/p41 (denoted thereafter as p43) and p12
cleavage products, which are further auto-catalytically
processed via proteolysis at Asp384 and Asp210/216
resulting in the formation of the active caspase-8 hetero-
tetramer p102/p182 [6, 8, 9].

Initiation of caspase-8 activation at the DISC and DED
filaments are largely controlled by c-FLIP proteins [10].
Three c-FLIP isoforms including Long (L), Short (S), and
Raji (R), i.e., c-FLIPL, c-FLIPS, and c-FLIPR and two
cleavage products have been characterized so far [11–13].
All three isoforms possess two DED domains. c-FLIPL also
contains catalytically inactive caspase-like domains (p20
and p12). The short c-FLIP isoforms, c-FLIPS and c-FLIPR,
block DR-induced apoptosis by inhibiting procaspase-8
activation at the DISC upon their high expression [13–15].
Recently, it was reported that short c-FLIP isoforms block
caspase-8 activation by interrupting the chains of
procaspase-8 at the DISC [16]. In contrast, it was also
reported that short c-FLIP isoforms incorporate into DED
chains and block caspase-8 activation by forming inactive
heterodimers [15]. c-FLIPL at the DISC can act both in a
proapoptotic as well as in an antiapoptotic manner [16–18].
The proapoptotic action of c-FLIPL is found to take place
upon its moderate levels of expression, while upon high
expression it acts solely antiapoptotic [10, 14].

The proapoptotic function of c-FLIPL has been suggested
to be mediated by the formation of procaspase-8/c-FLIPL

heterodimers in which the L2 loop of procaspase-8 is sta-
bilized in the active conformation through interactions with
c-FLIPL, as this enhances the catalytic activity of the
caspase-8 enzyme [7, 18–20]. In particular, a unique feature
observed in the structure of procaspase-8/c-FLIPL hetero-
dimer is a so-called “closed” conformation of the unpro-
cessed L2′ fragment (denoted thereafter L2′ loop), which
apparently stabilizes the active center of caspase-8 and
thereby promotes a catalytic activity of the heterodimer [7].
The cleavage of the L2 loop of procaspase-8 at Asp374 was
suggested to lead to the translocation of the L2′ loop from
the heterodimer interface, which accordingly results in a
change from a “closed” to an “open” conformation. This
might lead to destabilization of the active center and sub-
sequently a diminished activity of caspase-8.

To validate this hypothesis, we took advantage of the state-
of–the-art methods of in silico biology and constructed a
small molecule-based chemical tool that was designed to
mimic the stabilizing effect of the L2′ loop in a “closed”
conformation. In particular, we rationally designed a small
molecule that binds to c-FLIPL at the interface of the het-
erodimer caspase-8/c-FLIPL, aiming at stabilization of the
active center of caspase-8 in the caspase-8/c-FLIPL hetero-
dimer after processing at Asp374. The optimized chemical
compound enhanced caspase-8 activity at the DISC and

promoted cell death. Moreover, generated computational
model of the DISC further supported the suggested mechan-
ism. Taken together, our study uncovers the potential of tar-
geting the caspase-8/c-FLIPL heterodimer via structure-based
design leading to the development of compounds that can
serve as drugs promoting apoptosis in cancer cells.

Material and methods

Virtual Screening (VS)

VS was carried out using the Glide molecular docking
software [21, 22] from the Schrödinger Small-Molecule
Drug Discovery Suite 2015-1 (Schrödinger, Inc). Molecular
docking was performed in the standard-precision (SP) and
extra-precision (XP) modes. Prior to VS, protein structures
were processed using the “protein preparation wizard
module” in the Schrödinger Suite 2015-1 [23]. Protein
minimization was carried out using “MacroModel” from the
Schrödinger Suite 2015-1 and OPLS_2005 force field.
Restrained energy minimization was done with the con-
vergence of heavy atoms to RMSD value of 0.5 Å. The
details of structural modeling in silico are given in Sup-
plementary Material. VS was performed using the ZINC12
library of commercially available compounds prepared for
molecular docking, which contains more than 16 million
purchasable compounds [24]. At the first step VS was
executed using Glide in the SP mode selecting about
100,000 compounds with the best Glide SP scoring function
values (Supplementary Fig. 1a). The next round of VS was
performed in the XP mode, resulting in a selection of
compounds with the best Glide XP scoring function values
for further visual inspection and selection of final hits for
experimental validation (Supplementary Fig. 1a). In addi-
tion, we applied the same VS pipeline for 3770 active
substances from the PubChem BioAssay database (AID
62435), which contains the results of high-throughput
screening directed on identification of small molecule
compounds sensitizing to TRAIL-induced apoptosis
through caspase-8 pathway. This allowed us to select two
more compounds, FLIPinQ and FLIPinR.

Cell lines

Human cervical cancer HeLa-CD95 cells (CD95-over-
expressing cells) [25] and HeLa-CD95-FL cells (CD95/c-
FLIPL-overexpressing cells) were maintained in DMEM/
Ham’s F-12 media (Merck Millipore, Germany), supple-
mented with 10% heat-inactivated fetal calf serum, 1%
penicillin-streptomycin, and 0.0001% puromycin in 5%
CO2. Human acute myeloid leukemia MV4-11 cells and T
leukemia Jurkat cells were maintained in RPMI 1640
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(Thermo Fisher Scientific Inc., USA), supplemented with
10% heat-inactivated fetal calf serum and 1% penicillin-
streptomycin in 5% CO2.

Antibodies and reagents

The following antibodies were used for western blot ana-
lysis: polyclonal anti-caspase-3 antibody (#9662), poly-
clonal anti-PARP antibody (#9542), monoclonal anti-
RIPK1 XP antibody (#3493) from Cell Signaling Tech-
nology, USA; polyclonal anti-actin antibody (A2103) from
Sigma-Aldrich, Germany; polyclonal anti-CD95 antibody
(sc-715) from Santa Cruz, USA; polyclonal anti-mCherry
antibody (ab183628) from Abcam, UK; monoclonal anti-
caspase-10 antibody (M059-3) from MBL International
Corporation, USA; monoclonal anti-FADD antibody (clone
1C4), monoclonal anti-caspase-8 antibody (clone C15), and
monoclonal c-FLIP antibody (clone NF6). Horseradish
peroxidase-conjugated goat anti-mouse IgG1, -2b, goat anti-
rabbit and rabbit anti-goat were from Santa Cruz, USA.
Recombinant TRAIL (KillerTRAIL™) was from Enzo Life
Sciences, Germany. The monoclonal anti-APO-1 antibody
(mouse-IgG3) was used for immunoprecipitations (IPs). All
chemicals were of analytical grade and purchased from
Merck (Germany) or Sigma (Germany). The anti-APO-1,
C15, NF6, and 1C4 antibodies were kindly provided by
Prof. P. H. Krammer (DKFZ, Heidelberg). Recombinant
LZ-CD95L was produced as described [14].

Analysis of total cell lysates by western blot analysis

The western blot analysis of total cellular lysates was per-
formed in accordance with our previous reports [26]. The
quantification of processing of caspases and their substrates
via semiquantitative western blot was performed using
Image LabBeta 5.1 Software (BioRad). The normalization
was performed to actin signal.

CD95-DISC-IP

The CD95-DISC-IP from 5 × 106 HeLa-CD95 cells were
done as described before using anti-APO-1 antibodies [27].
In addition, DISC-IPs were washed four times with PBS,
which was followed by western blot analysis or caspase-8
activity assays.

Caspase-8 activity assay

1,2 × 104 cells per well were seeded in a 96-well plate 1 day
before experiment. Fifty microliters of the Caspase-Glo® 8
reagent together with MG-132 inhibitor was added to each
well. The luminescence intensity was analyzed by a
microplate reader Infinite M200pro (Tecan, Switzerland).

The measurements were performed according to the man-
ufacturer’s instructions (Caspase-Glo® 8 Assay, Promega,
Germany). Every condition was performed in duplicate.

Measuring caspase-8 activity at the DISC

Each of the protein A bead samples with CD95-DISC-IPs
was resuspended in 95 µL of CHAPS-Buffer (50 mM
HEPES pH7.2; 50 mM NaCl; 10 mM EDTA; 5% glycerol;
10 mM DTT; 0.1% CHAPS) and transferred into a 96-well
plate. Caspase-8 activity was measured according to the
manufacturer’s instructions (Caspase-Glo® 8 Assay, Pro-
mega, Germany). Every condition was performed in
duplicate. The luminescence intensity was analyzed by the
microplate reader Infinite M200pro (Tecan, Switzerland).

Cell viability quantification by ATP assay

1,2 × 104 cells per well (for adherent cells) were seeded in a
96-well plate 1 day prior stimulation. 2 × 104 cells per well
(for suspension cells) were seeded in a 96-well plate before
experiment. Fifty microliters of the CellTiter-Glo® solution
was added to each well. Measurements were performed
according to the manufacturer’s instructions (CellTiter-Glo®
Luminescent Cell Viability Assay, Promega, Germany).
The luminescence intensity was analyzed by the microplate
reader Infinite M200pro (Tecan, Switzerland). The ATP
amount of nontreated cells was taken as one relative unit
(RU). Every condition was performed in duplicate.

Caspase-3/7 activity assay

1,2 × 104 cells per well (for adherent cells) were seeded in a
96-well plate 1 day prior stimulation. 2 × 104 cells per well
(for suspension cells) were seeded in a 96-well plate before
experiment. Fifty microliters of the Caspase-Glo® 3/7 solu-
tion was added to each well. The luminescence intensity
was analyzed by a microplate reader Infinite M200pro
(Tecan, Switzerland) according to the manufacturer’s
instructions (Caspase-Glo® 3/7 Assay, Promega, Germany).
The caspase activity of nontreated cells was taken as one
RU. Every condition was performed in duplicate.

IncuCyteTM live cell imaging

HeLa-CD95 cells in a 96-well plate (5 × 103 cells/well)
seeded 1 day before stimulation were preincubated with
FLIPinBγ for 2 h. Subsequently, cells were stimulated with
CD95L (50 ng/mL). To monitor the loss of the cell mem-
brane integrity, cells were treated with IncuCyte™ Cytotox
Red Reagent (1:4000) [28]. To monitor caspase activity, the
cells were treated with IncuCyte™ Caspase-3/7 Green
Apoptosis Assay Reagent (1:5000). The cells were imaged
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every hour by IncuCyte® ZOOM (Essen BioScience, USA)
with a 10× objective for a period of 6 h. Every condition
was performed in triplicate. Data were analyzed by the
IncuCyte® ZOOM Software (2016A).

Cell death analysis using imaging flow cytometry

5 × 105 cells per well were seeded 1 day before stimulation
in a 6-well plate. Afterward they were treated with or
without 30 µM FLIPinBγ for 2 h, which was followed by
stimulation with 1667 ng/mL CD95L for 4 h. Quantification
of early and late apoptotic cells was performed using
Annexin-V-FITC/SytoxOrange staining and imaging flow
cytometry via FlowSight® (AMNIS®, Luminex) with sub-
sequent analysis as described previously [29].

Statistical analysis

Graphpad Prism 8 software was used to generate and per-
form one-way ANOVA tests (paired, normal distribution,
multiple comparison test: Dunnett’s test). T-tests were per-
formed for statistical comparison of two different conditions
within one analysis (paired, parametric, two-tailed) using
Graphpad Prism 8 software or using Scipy python library.
Box plots were plotted using the Python matplotlib and
seaborn libraries.

Modeling

Ordinary differential equations (ODEs) were used to model
caspase-8 activation at the DISC with or without FLIPinBγ.
A detailed description of modeling procedures including
parameter fitting is given in Supplementary Material. In
brief, the model was fitted to the data on caspase-3 activity
in the cells and in vitro caspase-8 activity at the DISC. In
vitro caspase-8 activity was estimated from the rate of
caspase-8 substrate cleavage, assuming that the caspase-8
substrate is present in excess. Identifiability analysis of
parameters was carried out by implementing the profile
likelihood method [30]. Profile likelihoods for each para-
meter were evaluated by fixing corresponding parameters in
a wide range of values, while reoptimizing all other para-
meters. The 95% finite sample confidence intervals for the
parameters were estimated.

Results

VS identified the compounds targeting c-FLIP
(FLIPins)

A “closed” conformation of the unprocessed L2′ loop of
procaspase-8 in the procaspase-8/c-FLIPL heterodimer was

suggested to be crucial for its proapoptotic function, due to
its stabilizing effect on the active center of caspase-8
(Fig. 1a). In the “closed” conformation, the side chains of
amino acid residues of the unprocessed L2′ loop occupy a
groove on the c-FLIPL protein located between the β6 and α3
regions (β6/α3 groove) [7]. The switch of the L2′ loop from
a “closed” to an “open” conformation due to the L2 loop
cleavage is expected to abolish the interactions within the β6/
α3 groove of c-FLIPL and subsequently diminish the activity
of the heterodimer (Fig. 1b). In this regard, the L2 loop
cleavage leads to the generation of caspase-8-p43 and p10
cleavage products, resulting in a complex comprising cas-
pase-8-p43/p10 and c-FLIPL (denoted thereafter as p43/p10/
c-FLIPL) (Fig. 1b). Accordingly, we assumed that if the β6/
α3 groove will be occupied with a rationally designed small
molecule mimicking the stabilizing effect of the L2′ loop in a
“closed” conformation, it would rescue the activity of the
p43/p10/c-FLIPL complex (Fig. 1b). In order to identify such
compounds, a VS was performed (Supplementary Fig. 1a).

To carry out the VS, the structure of the p43/p10/c-FLIPL
complex with the L2′ loop in an “open” conformation had
to be computed (Supplementary Material). The structure of
the p43/p10/c-FLIPL complex was derived from two pre-
viously obtained structures: the crystal structure of procas-
pase-8/c-FLIPL heterodimer of [PDB ID 3H11] [7] and the
structure of the p18/p10 subunits of caspase-8 [PDB ID
4PRZ] [31]. The generated 3D structure of the p43/p10/c-
FLIPL complex was used for VS (Fig. 1b).

Structural rearrangements in the course of the transfor-
mation from the “closed” to the “open” conformation of the
L2′ loop might lead to formation of a cavity on the binding
interface of p43/p10/c-FLIPL complex, according to in
silico model (Fig. 1b). Therefore, we expected that VS
would allow to identify compounds binding within this
cavity to c-FLIPL, thereby imitating the stabilizing effect of
the L2′ loop in a “closed” conformation and leading to an
increase in caspase-8 activity (Supplementary Fig. 1a). As a
result of our VS, 5000 compounds with the best scoring
function values were selected for further visual inspection
(Supplementary Fig. 1a). Visual verification was aimed at
filtering of possible docking artifacts, as well as at selection
of compounds able to mimic key interactions observed in
the L2′ loop in the procaspase-8/c-FLIPL heterodimer
structure (Supplementary Fig. 1b, c). Finally, we selected
the 18 best compounds termed FLIPins (FLIP inhibitors) for
in vitro experimental tests (Supplementary Fig. 1d).

FLIPinB/FLIPinBγ enhances CD95L-/TRAIL-mediated
loss of cell viability

Death ligand (DL) stimulation of the sensitive cells leads to
the formation of the DISC and DED filaments followed by
caspase-8 activation and cell death. To perform initial
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experimental screening, the effect of FLIPins was examined
by measuring the viability of Jurkat cells upon stimulation
with FLIPin/CD95L in comparison with CD95L-only
treatment (Supplementary Fig. 2). FLIPins, which showed
significant loss of viability upon their administration to
Jurkat cells, were excluded from further consideration
(Supplementary Fig. 3). Subsequently, only six compounds
were left for further analysis, from which the compound
termed FLIPinB showed the best properties in decreasing
cell viability.

FLIPinB effects on CD95L- or TRAIL-induced cell
viability loss were further exploited in Jurkat, HeLa-CD95
(HeLa cells overexpressing CD95), and HeLa-CD95-FL
(HeLa-CD95 cells overexpressing c-FLIPL) cells (Supple-
mentary Fig. 4). Administration of FLIPinB in Jurkat,
HeLa-CD95 and HeLa-CD95-FL cells enhanced CD95L-
and TRAIL-induced loss of cell viability (Supplementary
Fig. 4a, c–e) and increased caspase-3/7 activity (Supple-
mentary Fig. 4b, f). These data provide the first evidence
that the compound FLIPinB promotes CD95L- and

Fig. 1 Structure of caspase-8/c-FLIPL heterodimer used for VS for
the discovery of FLIPins. a Model of heterodimer structure of
procaspase-8 (shown in dark blue) and c-FLIPL (shown in light blue)
[PDB ID 3H11]. L2′ loop in the “closed” conformation is indicated.
Amino acid residues of L2′ loop are shown in gold color. L2 loop and
cleavage sites are indicated with dashed lines. b Model of heterodimer
structure of c-FLIPL [PDB ID 3H11] and processed caspase-8-p43/p10
[PDB ID 4PRZ] with a FLIPinBγ (shown in green) bound to the
putative small molecule binding site. The molecular surface of c-FLIPL
and caspase-8-p43/p10 binding site regions is shown in brown and

blue colors, respectively. Amino acid residues of L2′ loop in “open”
conformation are shown in gold color. c Predicted interactions of
FLIPinBγ with binding site residues of the heterodimer complex;
amino acid residues of c-FLIPL and caspase-8 are denoted in brown
and blue colors, respectively. The water molecule from the structure
[PDB ID 3H11] at the FLIPinBγ binding interface is indicated.
Residues potentially involved in allosteric stabilization of caspase-8
L2 loop are highlighted with red color. Active site C360 is shown in
CPK representation.
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TRAIL-induced loss of cell viability and increases caspase
activation.

Subsequently, the structural properties of FLIPinB
were further optimized using computer design methods. In
order to construct a water soluble compound and improve
its binding affinity to the caspase-8/c-FLIPL heterodimer,
several optimization steps were introduced (Supplemen-
tary Material). The modification of the FLIPinB structure
led to the small molecule FLIPinBγ (Supplementary
Fig. 5a). The key interactions observed in the predicted
FLIPinBγ/p43/p10/c-FLIPL complex are shown in Fig. 1c.
FLIPinBγ occupies a cavity formed between the β6-sheet
strand and the α3-helix of c-FLIPL. FLIPinBγ forms
hydrogen bonds with the carbonyl oxygen of Ser318 and a
water molecule from the crystallographic structure [PDB
ID 3H11], which was kept for the VS. Importantly, the

same interaction features are observed for the L2′ loop
in the procaspase-8/c-FLIPL complex (Supplementary
Fig. 5b, c). In addition, the sulfonamide group is able
to form hydrogen bonds with the hydroxyl group of
Thr407 of c-FLIPL and caspase-8 carboxyl group of
Glu396 (Fig. 1c).

The designed small compound FLIPinBγ efficiently
promoted a loss of cell viability in a dose-dependent manner
induced by CD95L in several cell lines. In particular,
FLIPinBγ enhanced CD95L-induced cell viability loss in
HeLa-CD95 and Jurkat cells (Supplementary Fig. 6a, b) as
well as in acute myeloid leukemia MV4-11 cells (Supple-
mentary Fig. 6c). Furthermore, co-treatment with FLIPinBγ
increased the rate of CD95L-induced apoptotic cell death in
HeLa-CD95-FL cells as was monitored by the elevated
level of annexin-V-positive cells (Fig. 2a). These

Fig. 2 Co-treatment of FLIPinBγ/DL promotes the loss of cell
viability in cancer cell lines. a HeLa-CD95-FL cells were pretreated
with 30 µM FLIPinBγ for 2 h and stimulated with CD95L (1667 ng/
mL) for 4 h. Cell death was measured using Annexin-V-FITC (A) and
SytoxOrange (S)-staining and imaging flow cytometry. Mean and
standard deviation of early and late apoptotic cells of three indepen-
dent experiments are shown, *P < 0.05. Three representative pictures
for each cell condition generated by AMNIS® are included.

Abbreviation: brightfield (bf). b HeLa-CD95 cells were pretreated with
40 µM FLIPinBγ for 2 h and stimulated with TRAIL (100 ng/mL).
Cells were stained with Cytotox Red Reagent. The fluorescence of
cells was detected by the IncuCyte™ live cell analysis system (Essen
Bioscience). At the right part, representative images after 4 h of
TRAIL stimulation are shown (bf brightfield, T= 100 ng/mL TRAIL,
F+ T= 40 µM FLIPinBγ+ 100 ng/mL TRAIL).
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observations were supported by live cell imaging with
IncuCyte technology and measuring the penetration into
the cells of Cytotox Red, a dye which penetrates into
dying cells with a compromised plasma membrane
(Fig. 2b). Importantly, FLIPinBγ enhanced TRAIL-
induced penetration of Cytox Red into the cells, which
was most prominent in the first hours after TRAIL treat-
ment (Fig. 2b). Taken together, these experiments have
demonstrated that the optimized compound FLIPinBγ
promotes CD95L- and TRAIL-mediated loss of cell via-
bility and cell death.

FLIPinBγ enhances CD95L-/TRAIL-mediated caspase
activity

To ensure that FLIPinBγ promotes DL-mediated cell via-
bility loss and cell death via the apoptotic branch of the
pathway, we analyzed its effects on caspase activity. Both
FLIPinBγ/TRAIL and FLIPinBγ/CD95L co-treatment led
to an increase of caspase-3/7 activity in Jurkat cells, com-
pared with DL-treatment only (Supplementary Fig. 6d, e).
This was consistent with the analysis of caspase-3/7 activity
via live cell imaging, which showed an increase in caspase-
3/7 activity in single cells upon FLIPinBγ/CD95L or FLI-
PinBγ/TRAIL coadministration in HeLa-CD95 cells
(Fig. 3a, b). These data were further supported by western
blot analysis, demonstrating that FLIPinBγ increases
CD95L-induced cleavage of procaspase-8 to p30 and p18
[9], as well as RIPK1 and PARP processing (Fig. 3c). In
this regard, a slight increase of RIPK1 cleavage indicated
that FLIPinBγ might act via increasing caspase-8 activity,
as RIPK1 is one of the caspase-8 substrates [6]. Collec-
tively, these data demonstrate that FLIPinBγ enhances
caspase activation induced by DLs and that it acts on the
apoptotic branch of the pathway.

c-FLIP proteins are characterized by a short half-life,
which plays a central role in the regulation of their inhibi-
tory action via fine-tuning of their intracellular concentra-
tion [10]. The binding of FLIPinBγ to c-FLIPL might cause
a conformational change leading to recruitment of a putative
DUB and subsequent c-FLIPL proteosomal degradation. To
check if FLIPinBγ triggers a decrease of the intracellular c-
FLIPL levels and thereby induces apoptosis, we analyzed
whether the addition of FLIPinBγ to HeLa-CD95 cells
changes the level of c-FLIPL (Supplementary Fig. 6f).
Time-dependent analysis of c-FLIPL levels by western blot
demonstrated no influence of FLIPinBγ on c-FLIPL

expression in the first hours after its administration. Fur-
thermore, no impact of FLIPinBγ treatment on the expres-
sion of other core components of the DISC was detected
(Supplementary Fig. 6f). Thus, it was concluded that FLI-
PinBγ does not act via modulating the protein level of c-
FLIPL.

FLIPinBγ acts via enhancement of caspase-8 activity
at the DISC

DISC is a central platform for procaspase-8 activation. The
predicted in silico mechanism of the FLIPinBγ effect
involves the increased activity of the procaspase-8/c-FLIPL
heterodimer directly at the DISC. The suggested mechan-
ism of FLIPinBγ action assumes that it binds to the pro-
caspase-8/c-FLIPL complex after initial processing of
procaspase-8 to p43 and p10 (Fig. 4a). We assume that
this leads to the stabilization of the heterodimer and an
increase of caspase-8 activity in the FLIPinBγ/p43/p10/c-
FLIPL complex (Fig. 4a).

To test this hypothesis, caspase-8 activity was tested in
CD95L-stimulated HeLa-CD95 cells with or without pre-
treatment with FLIPinBγ. Co-treatment with FLIPinBγ
increased caspase-8 activity, supporting the proposed
mechanism of FLIPinBγ action (Fig. 4b, Supplementary
Fig. 7a, b). Further, the CD95 DISC was immunoprecipi-
tated from HeLa-CD95 cells with or without pretreatment
with FLIPinBγ using anti-CD95 (anti-APO-1) antibodies.
Subsequently, the caspase-8 activity in the DISC-IPs was
analyzed using Caspase-8-Glo assay (Fig. 4c, Supplemen-
tary Fig. 7c). DISC-IPs contained all core components of
the DISC: CD95, FADD, procaspases-8 and -10 and their
cleavage products (Fig. 4d). Co-treatment with FLIPinBγ
increased caspase-8 activity at the DISC, indicating that
FLIPinBγ acts directly at the DISC by specifically
increasing the caspase-8 activity (Fig. 4c, e, Supplementary
Fig. 7c). This experimental analysis further supports the
computational predictions on the mechanism of FLIPinBγ.

Validation of the cell response to FLIPinBγ
treatment with a computational model

To get detailed quantitative insights into the mechanism of
FLIPinBγ function at the DED filaments and thereby to
understand procaspase-8/c-FLIPL heterodimer action, we
used the cutting edge technology of mathematical modeling
[32, 33]. To this end, a biochemical model of procaspase-8
activation at the DED filament has been created based on
ODEs. The topology of the model included the formation of
the homo- (procaspase-8/procaspase-8) and heterodimers
(procaspase-8/c-FLIPL) at the DED filaments (Fig. 5a). After
homo- and heterodimerization, procaspase-8 undergoes
autocatalytic activation in the DED filament, which is fol-
lowed by intra- and intermolecular processing of the dimers
into p43 and p10 [34]. This is accompanied by the caspase-8-
mediated cleavage of procaspase-3 to caspase-3 and its
subsequent activation, leading to cell death. The initial
binding constants and related parametrization were based on
our previous models of the DISC generated in HeLa-CD95
cells [25]. The ratios between procaspase-8 and c-FLIP at the
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DISC were based on quantitative proteomics analysis per-
formed in our previous work and indicating substoichio-
metric amounts of c-FLIP in the DED filament with a ratio of

1 to 10 (c-FLIP to procaspase-8) [4]. This subsequently
results in the decreased ratios of procaspase-8/c-FLIPL het-
erodimers to procaspase-8/procaspase-8 homodimers and

Fig. 3 FLIPinBγ/DL co-treatment enhances caspase activity. a, b
HeLa-CD95 cells were pretreated with 40 µM FLIPinBγ for 2 h and
stimulated with CD95L (50 ng/mL) or TRAIL (100 ng/mL). Cells
were stained with caspase-3/7 Green Apoptosis Assay Reagent. Cas-
pase activity was visualized with live cell imaging. The fluorescence of
caspase-3/7-positive cells was detected by the IncuCyte™ live cell
analysis system (Essen Bioscience). In the upper part representative
images after 2 h of CD95L stimulation are shown in a (bf brightfield,

C= 50 ng/mL CD95L, F+ C= 40 µM FLIPinBγ+ 50 ng/mL
CD95L). c HeLa-CD95 cells were pretreated with 20 µM FLIPinBγ for
2 h, followed by stimulation with CD95L (60 ng/mL) for 3 h. Total
cellular lysates were analyzed by western blot using the indicated
antibodies. One representative experiment out of three independent
experiments is shown. Protein quantification was carried out using the
normalization to actin.
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rather low contribution of procaspase-8/c-FLIPL hetero-
dimers to enhancement of caspase-8 activity in HeLa-CD95
cells as reported by us previously [14]. The generated model
was trained and validated with experimental data for
caspase-8 activity at the DISC (Fig. 5b), total cellular cas-
pase-3/7 activity (Fig. 5c), and penetration of Cytox Red
into the cells that was used as an indicator of cell death
(Fig. 5d). The simulations generated with selected model

parameters were fitting well to the experimental data
(Fig. 5b–d).

The modeling predicted that FLIPinBγ would stabilize
p43/p10/c-FLIPL complex up to 4 h after CD95L stimula-
tion resulting in its sustained activity over this period of
time (Fig. 6a). In fact, the in silico simulations have shown
that the concentration of the p43/p10/c-FLIPL complex
increases from 1 to 3 nM within the first hours after addition
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of CD95L (Fig. 6a). This in turn results in the subsequent
increase of the concentration of active caspase-8 upon
addition of FLIPinBγ for 4 h after stimulation (Fig. 6a).
This prediction was fitting well to the experimental data on
caspase activation and finally provided an explanation why
the effects of FLIPinBγ on caspase activity are only
detectable in the first hours after DL stimulation.

To test how the model would compute the timing of cell
death upon the addition of FLIPinBγ the simulations for
apoptosis induction with 60 ng/mL of CD95L with or without
FLIPinBγ were performed. The model has predicted the
increase of the cell death within the first four hours after
stimulation, which disappeared at later time points (Fig. 6b).
Modeling predictions were validated by measuring CD95L-
induced penetration of Cytox Red into the cells that was used
as an indicator of cell death in HeLa-CD95 cells via live cell
imaging using the IncuCyte technology as described pre-
viously (Fig. 6c). In accordance with in silico predictions,
FLIPinBγ enhanced CD95L-induced penetration of Cytox
Red into the cells in vitro in the first hours after CD95L/
FLIPinBγ co-treatment (Fig. 6c).

HeLa-CD95 cells that were used for the modeling are
characterized by relatively low c-FLIP expression with ~1
to 10 (c-FLIP to procaspase-8) ratio at the DED filaments
(Fig. 6d). The model simulations show the enhancement of
cell death (Fig. 6d) and caspase-8 activity (Fig. 6e) up to

several fold upon a moderate increase of c-FLIPL level.
Hence, predictions in silico have demonstrated that a
moderate increase of c-FLIPL level improves the effects of
FLIPinBγ. This emerges from the increased number of
caspase-8/c-FLIPL heterodimers in the DED filament sub-
sequently resulting in the enhanced amount of active
caspase-8 that in turn promotes apoptosis (Fig. 6e). In
particular, the highest sensitization effects of FLIPinBγ on
cell death were observed at approximately one to two ratio
of c-FLIPL to procaspase-8 (Fig. 6d). Hence, according to
the model predictions upon the increase of c-FLIPL levels,
FLIPinBγ has much higher potential to accelerate caspase-8
activation and apoptosis.

Taken together, our modeling approach fully supported the
predicted mechanism of FLIPinBγ action manifesting in the
FLIPinBγ-mediated increase of the stability of heterodimer
and thereby prolonging its “catalytic life” at the DED filament.

Discussion

In this study, we used advanced methods of in silico com-
putational biology to design a small molecule targeting the
heterodimer caspase-8/c-FLIPL, which plays a key role in
apoptosis regulation. The design strategy of the small
molecule was to mimick the stabilizing effect on the L2′
loop in a “closed” conformation, which should in turn lead
to the increase of caspase-8 activity at the DISC and more
efficient apoptosis induction. The latter is based on the
hypothesis that the switch of the L2′ loop from a “closed” to
an “open” conformation, as induced by L2 loop processing,
might lead to the destabilization of the p43/p10/c-FLIPL
complex. The experimental data that were obtained with the
small molecule FLIPinBγ support the predicted in silico
mechanism. Our data strongly indicate that the stabilization
of the active center of caspase-8 in the heterodimer pro-
caspase-8/c-FLIPL is required for its activation. Moreover,
our results support the hypothesis of L2′ loop translocation
as the key event in the deactivation of this heterodimer.
Furthermore, co-treatment with FLIPinBγ and DL caused
enhanced apoptotic cell death and caspase-8 activity at the
DISC providing evidence for the mechanism suggested for
FLIPinBγ action in silico.

The suggested molecular mechanism of FLIPinBγ might
involve allosteric regulation, which has been also reported
for other caspases, as well as a stabilizing role for hetero-
dimer complex formation. Caspases are known to have an
allosteric site in their intersubunit homodimerization
interface [35, 36]. In particular, such allosteric sites of
caspase-1, caspase-7, and caspase-8 have been recently
targeted by small molecules. Allosteric inhibitors of
caspase-7 and caspase-1 were shown to lock the inactive
zymogen conformation [35, 36]. Accordingly, we suggest

Fig. 4 FLIPinBγ increases caspase-8 activity at the DISC. a
Scheme presenting the proposed mechanism of FLIPinBγ action:
FLIPinBγ binds to the caspase-8/c-FLIPL complex after initial pro-
cessing of procaspase-8 to p43 and p10, which leads to the enhance-
ment of caspase-8 activity in the FLIPinBγ/p43/p10/c-FLIPL complex.
The procaspase-8 is shown in red, procaspase-8 cleavage products p43
and p10 are shown in dark blue, FLIPinBγ is shown in green, and c-
FLIPL is shown in light blue. b HeLa-CD95 cells were pretreated with
or without 30 µM FLIPinBγ for 2 h and afterward stimulated with 60
ng/mL CD95L for 3 h. Caspase-8 activity was measured using Cas-
pase-Glo®-8 Assay after 90 min of incubation. The experimental data
points are shown as small circles. Variation of caspase-8 activity
within three independent experiments is shown with box plot depicting
median, 25/75% boundaries and whiskers indicating maximum and
minimum values. Stars indicate statistical significance (*P; 0.05)
according to two-tailed Student’s t-test. c HeLa-CD95 cells were
preincubated with or without 20 µM FLIPinBγ for 2 h, followed by
stimulation with 60 ng/mL CD95L for 3 h. CD95-DISC-IPs were
performed and subsequently analyzed by Caspase-Glo®-8 Assay.
Variation of average caspase-8 activity within three independent
experiments at 0, 30, 90, and 150 min of incubation is shown with box
plot depicting median, 25/75% boundaries and whiskers indicating
maximum and minimum values. Stars indicate statistical significance
(*P; 0.05) according to two-tailed Student’s t-test. d To control DISC
formation CD95-DISC-IPs were analyzed by western blot and probed
for the indicated proteins. Actin was used as loading control. One
representative experiment out of three is shown. (BC= control IP
without antibody). e Kinetics of caspase-8 activation for CD95L-
stimulated (blue) and CD95L/FLIPinBγ co-stimulated (red) CD95-
DISC-IPs for each individual experiment. Confidence intervals were
calculated for technical replicates (n= 2) of each experiment and
shown as error bands.
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an existence of previously undescribed allosteric site of
caspase-8 activation within the interface of the heterodimer
caspase-8/c-FLIPL. A small molecule targeting the inter-
face of caspase-8 homodimer was shown to enhance
TRAIL-induced apoptosis but at high compound con-
centration [37]. Therefore, we assumed that targeting the
heterodimerization interface of the caspase-8/c-FLIPL

complex could be a promising strategy for further design of
CD95L and TRAIL potentiating compounds.

Cellular signal transmission that regulates apoptosis
represents an ideal system to go into quantitative studies using
methods of the emerging field of systems biology [32, 33].
The computational modeling of the apoptotic pathway
dynamics is very advanced, and detailed experimentally

Fig. 5 Modeling caspase-8 activation at the DISC/DED filament
upon action of FLIPinBγ. a The topology of ODE model describing
the activation of caspase-8 in the DED filament. kd—dimerization rate
for procaspase-8/procaspase-8 and procaspase-8/caspase-8 dimers;
γ·kd—dimerization rate for c-FLIPL/procaspase-8 and caspase-8/cas-
pase-8 dimers; kp—processing rate; kcd and kcd_c3 rates for cell death
substrate cleavage by caspase-8 and caspase-3, respectively. kp3, kp3_c3
rates of procaspase-3 cleavage by caspase-8 and caspase-3

respectively. b–d Simulations of the model and experimental data used
for the model training. The diagrammes show caspase-8 activity at the
DISC (b), caspase-3/7 activity (c), and the penetration of Cytox Red
into the cells that was used as an indicator of cell death (d). Lanes
present model simulations, while points experimentally measured
values. Treatment with CD95L is indicated in blue, while the co-
treatment CD95L/FLIPinBγ is shown in red.
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validated models focusing on multiple aspects are available
[32]. In this study we have generated a link between in silico
methods to modeling the apoptotic signaling pathways and
cancer therapy by extending the model of the DISC and

apoptosis signaling with the effect of the specific small
molecule FLIPinBγ that increases the activity of the caspase-
8/c-FLIPL heterodimer and thereby promoting apoptosis.
Importantly, the generated model can describe the

2128 L. K. Hillert et al.



biochemical reaction kinetics of FLIPinBγ action at the DISC,
predict an increase in heterodimer concentration leading to the
increase of caspase-8 activity, and, most importantly, pre-
cisely predict the response of cancer cell population to the
addition of FLIPinBγ. Moreover, the model allows to predict
the action of FLIPinBγ depending on the c-FLIPL expression.
This is a crucial step for therapies that might use the possi-
bilities of modeling of interactions of drugs specific for cell
death pathways. Interestingly, for growth factor related path-
ways, the model based drug design has already made the step
to clinical studies [38].

The constructed model has shown that boosting of
procaspase-8 processing at initial time points after CD95L/
TRAIL stimulation promotes apoptosis induction. The latter
might be explained by a high degradation rate of the DISC
complex as well as by the rate limiting process of caspase-8
oligomerization to form catalytically active subunits. Indeed,
a half-life of the DISC was estimated to be only 1 h [34],
while according to our model it requires significantly more
time to activate all procaspase-8 molecules at the DISC.
Moreover, we can conclude that enhancing procaspase-8
processing rate at the first hours after DL stimulation is the
general strategy to achieve higher cell death rates. This is in
line with the previous reports on the contribution of the rate of
procaspase-8 activation to the cell death [34, 39]. In this
regard, our approach showed that extending the time of het-
erodimer activity via stabilizing effects of small molecules
might serve as a promising strategy in the future research.

The moderate proapoptotic activity of the designed
compound FLIPinBγ might be explained by several factors.
A short half-life of the caspase-8/c-FLIPL complex might
require a high concentration of FLIPinBγ compound to
achieve a stabilizing effect. The moderate activity of FLI-
PinBγ might be due to the low abundance of c-FLIPL in the

DED filaments. Indeed, a quantitative proteomics analysis
of DED filaments demonstrated that c-FLIP is present in a
ten times lower concentration in the filaments as compared
with procaspase-8 [4]. Therefore, there is only a limited
number of procaspase-8/c-FLIPL heterodimers present in
each chain limiting the effects of FLIPinBγ. Furthermore,
according to prediction of the kinetic model FLIPinBγ
activity can be enhanced up to several times upon increase
of c-FLIPL/procaspase-8 ratio (Fig. 6d). In this regard,
consideration that a number of cancer cells have a high level
of c-FLIPL allows to suggest that the development of
compounds based on FLIPinBγ in general has an extremely
high therapeutic potential.

In contrast to the major regulators of the intrinsic apoptosis
pathway, to which specific small molecule-based inhibitors
have already been successfully developed and are currently in
clinical trials, the extrinsic pathway is only starting to be
addressed [40]. Taken together, this work provides a basis for
the development of new therapies against cancer via specific
enhancement of the activity of the key enzyme of the extrinsic
apoptosis-caspase-8 and paving new avenues for specifically
targeting DR-induced apoptosis.
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