
FLIPL induces caspase-8 activity in the absence of interdomain
caspase-8 cleavage and alters substrate specificity

Cristina Pop#1, Andrew Oberst#2, Marcin Drag1,3, Bram J. Van Raam1, Stefan J. Riedl1,
Douglas R. Green2, and Guy S. Salvesen1

1Program in Apoptosis and Cell Death Research, Sanford-Burnham Medical Research Institute,
La Jolla, CA 92037, USA 2Dept. of Immunology, St Jude Children’s Research Hospital, 262
Danny Thomas Pl., Memphis, TN 38105 USA 3Division of Medicinal Chemistry and Microbiology,
Faculty of Chemistry, Wroclaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370
Wroclaw, Poland

# These authors contributed equally to this work.

Abstract

Caspase-8 is an initiator caspase that is activated by death receptors to initiate the extrinsic

pathway of apoptosis. Caspase-8 activation involves dimerization and subsequent interdomain

autoprocessing of caspase-8 zymogens, and recently published work has established that

elimination of the autoprocessing site of caspase-8 abrogates its pro-apoptotic function while

leaving its proliferative function intact. The observation that the developmental abnormalities of

caspase-8 deficient mice are shared by mice lacking the dimerization adapter FADD or the caspase

paralog FLIPL has led to the hypothesis that FADD-dependent formation of heterodimers between

caspase-8 and FLIPL could mediate the developmental role of caspase-8. Using an inducible

dimerization system we demonstrate that cleavage of the catalytic domain of caspase-8 is crucial

for its activity in the context of activation by homodimerization. However, we find that use of

FLIPL as a partner for caspase-8 in dimerization-induced activation rescues the requirement for

intersubunit linker proteolysis in both protomers. Moreover, before processing, caspase-8 in

complex with FLIPL does not generate a fully active enzyme, but an attenuated species able to

process only select natural substrates. Based on these results we propose a mechanism of

caspase-8 activation by dimerization in the presence of FLIPL, as well as a mechanism of

caspase-8 functional divergence in apoptotic and non-apoptotic pathways.
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INTRODUCTION

The caspases are a family of proteases – 11 in humans - that cleave substrate proteins at

aspartic acid-containing motifs (Reviewed in [1-3]). They have diverse biological functions,

with “inflammatory” caspases 1, 4, and 5 playing key roles in cytokine maturation and

inflammation, caspase-14 required for keratinocyte maturation [4], and the remaining

caspases primarily involved in apoptosis, but possibly also involved in proliferative events

[5]. The role of caspases in different cell fate decisions (death or proliferation) is best

exemplified by caspase-8.

Caspase-8 (UniProt I.D. Q14790) initiates apoptosis in response to ligation of the “death

receptors,” a subset of the tumor necrosis factor (TNF) receptor superfamily. Death receptor

ligation leads to receptor clustering and recruitment of a variety of proteins to the receptors’

cytosolic tails to form the death-inducing signaling complex, or DISC [6, 7]. Among

proteins recruited are the FLICE-like inhibitory protein (FLIP – UniProt I.D. O15519) and

the Fas-associated death domain (FADD - UniProt I.D. Q13158) protein, an adapter that in

turn recruits FLIP and caspase-8 via their death effector recruitment domains (DEDs) [8].

Caspase-8 is thought to be activated in the DISC by homodimerization, and subsequently

undergoes a series of internal proteolytic cleavages [9, 10]. The result is a mature dimeric

caspase that signals by cleaving a number of protein substrates, including executioner

caspases and the Bcl-2 family protein Bid, to engage the pathway of apoptosis.

In addition to its role as an inducer of apoptosis, genetic evidence has revealed a

requirement for caspase-8 in normal development and innate immunity. Caspase-8 deficient

mice do not survive to birth due to a defect in cardiac development [11], and creation of

tissue-specific caspase-8 knockout animals revealed that T- and B-cells lacking caspase-8

fail to undergo normal activation when stimulated via their antigen receptors [12-16]. Roles

for non-catalytic caspase-8 in epithelial cell survival have been proposed [17, 18], but we

have recently shown that rescue of caspase-8 deficiency in the hematopoietic compartment

requires the catalytically active form [19].

The homodimerization process outlined above represents a minimalist view of the

mechanism of caspase-8 activation, since other proteins are also present in the DISC, most

importantly FLIP which is expressed as a short and a long isoform - FLIPS and FLIPL

respectively [20]. The short isoform mimics the prodomain of caspase-8 and blocks

caspase-8 activation in a dominant-negative fashion. The long isoform is broadly

homologous to the full-length caspase-8 zymogen in that it contains a prodomain and

regions related to the catalytic domain, as well as interdomain linker regions containing

aspartic acid cleavage sites. However, FLIPL lacks crucial residues responsible for

proteolytic activity, and therefore cannot by itself be a protease – reviewed in [21].
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Thus, in addition to forming a homodimer, the caspase-8 zymogen can form a heterodimeric

complex with FLIP, resulting in an enzyme with only one active site. The influence of

FLIPL on caspase-8 activation has been controversial, with various studies reporting that

FLIPL either inhibits or enhances caspase-8 activation – reviewed in [22]. Later reports have

explained these apparently contradictory findings with the observation that the monomeric

caspase-8 zymogen preferentially binds FLIPL, rather than a second molecule of caspase-8

[23]. Therefore, high FLIPL concentrations at the DISC lead to competition with caspase-8

zymogens for binding to FADD, while at concentrations comparable to caspase-8 zymogen,

FLIPL preferentially forms heterodimers leading to caspase-8 activation. Importantly, FLIPL

can also bind to and activate non-cleavable caspase-8 mutants [9, 23]. Recently, the

structures of the caspase-8 zymogen, as well as the FLIPL-caspase-8 heterodimer have been

solved, revealing that, as predicted [23], binding to non-cleavable caspase-8 by FLIPL

allows rearrangement of the catalytic loops to form an active site in the absence of

autoprocessing [24, 25].

Clues on the role of caspase-8 in normal development come from the finding that the cardiac

defect observed in caspase-8 deficient mice is shared by both FLIPL and FADD deficient

animals [26, 27]. This observation, coupled with the finding that non-cleavable caspase-8

can rescue the developmental but not the apoptotic defects of the caspase-8 deficient animal

[28], has led to the hypothesis that FADD-dependent formation of a heterodimer composed

of non-cleaved caspase-8 and FLIPL could allow limited activation of caspase-8. A recent

report describes that this heterodimer is only able to cleave DISC-proximal substrates [29],

and additional reports have indicated that in the context of immune cell proliferation,

caspase-8 is required to inactivate the recently-described process of programmed necrosis

[15] possibly via cleavage of the DISC-associated receptor interacting protein (RIP) kinases,

RIPK-1 and/or RIPK-3 [30, 31].

Despite significant evidence indicating its importance, the FLIPL-caspase-8 heterodimer has

been difficult to study biochemically. In earlier reports, a high concentrations of the

kosmotropic salt sodium citrate was used to induce dimerization of purified FLIPL and

caspase-8 proteins lacking DED-containing prodomains (termed ΔDED) [23]. While

informative, these studies could not rule out formation of homodimeric besides

heterodimeric species, and when interpreting these results one must also take into account

the very high, non-physiological salt concentrations used. A more recent study used purified

proteins to reconstitute the DISC in vitro [29]. However, the insoluble nature of the

caspase-8 and FLIPL prodomains necessitated use of in vitro transcription and translation to

produce these proteins, confounding precise quantification of the amounts of active protein

present and precluding large-scale activity and substrate studies.

In the current study, we employ an inducible heterodimerization system to specifically

induce the formation of FLIPL-caspase-8 heterodimers. This system takes advantage of the

naturally occurring heterodimer-inducing properties of rapamycin, which binds to the

FK506-binding protein (FKBP) as well as to mTOR with high affinity, effectively joining

the two together [32, 33]. Optimization of both these binding domains through mutation as

well as chemical alteration of rapamycin has produced a technology where proteins of

interest can be induced to heterodimerize with high specificity and affinity, using an
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engineered dimerization domain known as FRB [34]. Using this technology we have created

fusion proteins corresponding to caspase-8 and FLIPL in which the prodomains are replaced

by the heterodimerization domains, while the introduction of a series of specific point

mutations at the interdomain cleavage sites of both proteins allows us to study the relevance

of cleavage of either protein in caspase-8 activation. Armed with these reagents we sought to

test the relationship between inter-domain cleavage, homodimerization and

heterodimerization of caspase-8 as well as substrate specificity on natural proteins.

EXPERIMENTAL

Cloning

Full length caspase-8 isoform a was cloned into pcDNA3 with a C-terminal HA tag and

mutations were carried out by overlapping PCR [35]. FKBP-caspase-8 constructs were

obtained by cloning the region of caspase-8 corresponding to amino acid 206 to the C-

terminus into the SpeI site of the pC4-FV1E vector (Ariad Pharmaceuticals). A 4-glycine

linker was added between the FKBP domain and the caspase domain. Transient expression

studies using FBKP-caspase-8 were carried out using this vector. FRB-FLIPL constructs

were generated by replacing the first 187 amino acids of human FLIPL with the FRB domain

obtained from the pC4-RHE plasmid from Ariad Pharmaceuticals. For in vitro expression

FKBP-Caspase-8 genes were sub-cloned into the pET28b vector and FRB-FLIPL mutants

were sub-cloned into pET29b.

Protein expression and purification

All proteins except mouse BID were based on the human sequences, and BID. FKBP-

caspase-8 mutants were expressed in E coli Bl21DE3 as N-terminal His-constructs in

pET28b. Upon induction with 0.4 mM IPTG, cells were grown at 25 °C for 4 h and proteins

purified by Ni-affinity chromatography, followed by further purification on the mono-Q

anion exchange Sepharose using 50 mM Tris pH 8/NaCl buffer. FRB-FLIPL mutants were

expressed as C-terminal His-tagged proteins in pET29b. Upon induction with 1 mM IPTG,

cells were grown at 25 °C for 16 h and purified on Ni-affinity chromatography. FRB-FLIPL

was stored at 4 °C for up to one month in 50 mM Tris pH 7.6, 0.1 M NaCl, 10% glycerol.

ΔDED caspase-8 (active and catalytic mutant) was purified as described [39]. Full-length

caspase-8 with uncleavable prodomain and solubilization mutants (D210A, D216A, D223A,

L122S, F123Y) was cloned in pET15b with a 8xHis-tag at N-terminus and expressed in E.

coli Bl21DE3 after induction with 0.3 mM IPTG at 18 °C for 16 h. Death effector domains

of caspase-8 DED1+2 (1-189, F122Y,L123S) and DED1 (1-80, F24S,I27S) were cloned in

pET29b with C-terminal His tag and expressed in E. coli after induction with IPTG at 0.4

mM at 20 °C for 5 h. Procaspase-3 (C285A), procaspase-6 (C285A), procaspase-7 (C285A),

BID, and ΔDED-FLIPL were expressed as His-tagged proteins and purified following the

protocol for caspase purification [36]. Full length HDAC-7 [37] and RIPK-1 in pcDNA3 (a

kind gift from Dr. Jurg Tschopp) were transiently expressed for 24 h as FLAG tagged

proteins in HEK293A cells and purified using M2 anti FLAG beads (Sigma) as described

previously [38]. Except for FRB-FLIPL, all proteins were stored at ×80 °C.
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Caspase assays and titration

FKBP-caspase-8 mutants were diluted to 10-50 nM into caspase buffer (10 mM Pipes pH

7.2, 0.1 M NaCl, 1 mM EDTA, 10% sucrose, 0.05% CHAPS, 5 mM DTT), followed by

addition of homodimerizer compound AP20187 in stoichiometric concentrations. For

activation with kosmotropes, assay buffer contained 30 mM Tris/HCl, pH 7.4, 1 M Na-

citrate, 5 mM DTT, 0.05% CHAPS. Mixtures were incubated at 25 °C for 30-45 min, and

the activity was determined at 30 °C by using 100 μ M Ac-IETD-afc. Heterodimerization

experiments were performed as above, except that FRB-FLIPL and the heterodimerization

compound AP21967 were added in 4-5 fold molar excess to FKBP-caspase-8. Titration of

caspase-8 with Benzyl-oxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk) was

previously described [39]. Briefly, upon formation of homo- or hetero-dimer, caspase-8 was

incubated with serially diluted Z-VAD-fmk for 45 min at room temperature and the

remaining activity was determined with Ac-IETD-afc.

Positional scanning libraries

Positional scanning substrate combinatorial libraries (P4, P3 and P2 positions) carrying the

ACC fluorescent group were synthesized by previously published methods [40]. Activated

caspase-8 as homo- or heterodimer was diluted into caspase buffer at 100-200 nM final

concentration and the enzymatic activity was determined against 200 μM total library

compounds. Activity was normalized to the highest activity displayed within the same

combinatorial library.

Cleavage of natural substrates

Purified protein substrates were diluted in caspase buffer at 2-3 μM final concentration

(HDAC-7 and RIPK-1 were at ~ 100 nM) and mixed with serially diluted caspase-8, pre-

activated as specified in the corresponding Figures. A caspase-8 concentration range was

chosen such that the IETD-ase activity was similar for the following three species:

Caspase-8 (Mature) 0.1-100 nM, caspase-8 (Mature/FLIPL) 0.2-200 nM, caspase-8 (Site-1

mutant/FLIPL) 0.4-400 nM. The reaction mixture was incubated for 3 h at 25 °C and then

terminated by the addition of 3x SDS-PAGE loading buffer. Samples were run in 8-18 %

SDS-PAGE and the gels were either stained with Coomassie blue or subjected to transfer on

PVDF membrane for Western blotting (for HDAC-7 and RIPK-1).

Antibodies

Monoclonal anti-human-Caspase-8 (C15) was a kind gift from Dr. Marcus Peter (1:100).

Anti FLAG M2 antibodies were from Sigma (1:5000). The anti RIPK-1 antibody (1:1000)

was from Cell Signaling Technologies and the anti Hsp90 antibody (1:5000) was obtained

from BD Biosciences. High capacity neutravidin beads were from Thermoscientific.

Tissue culture and transfection

NB7 cells (kindly provided by Dwayne Stupack and Jill Lahti) were maintained in

RPMI1640 medium supplemented with 10% heat inactivated FBS, 2 mM glutamine, and

penicillin/streptomycin (Invitrogen). Transient transfection of NB7 cells (60-70% confluent)

was done using Nanojuice (1 μg total DNA plus 0.5 μg Nanojuice core reagent in serum-free
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medium per well of 6-well-dish) following the manufacturer’s instructions (Novagen).

Medium was changed 3 h post-transfection. Efficiency of transfection reached 55-60% as

judged by FACS of GFP transfected cells. For overexpression studies, NB7 cells were

transfected with 0.5 μg caspase-8 plasmid/well in 12-well dishes for 16 h. For low

expression studies, NB7 cells were transfected with 0.05 μg caspase-8 plasmid/well in 12-

well dishes for 16 h, followed by treatment with 100 ng/mL of TNFα and 2 μg/mL of

cycloheximide for an additional 18 h. Cells were harvested by trypsinization, washed with

PBS and stained with propidium iodide for determining the subG1 population by FACS. At

least three independent experiments were performed. HEK293A cells were maintained in

DMEM medium supplemented with 10% heat inactivated FBS, 2 mM glutamine, and

penicillin/streptomycin. TNFα was obtained from PeproTech, cycloheximide was from

Calbiochem, propidium iodide was from Sigma Aldrich and TRAIL was from Alexis

Biochemicals. Streptavidin beads were from Pierce.

Biotin pull-downs

NB7 cells plated in 6 cm dishes were transfected as described above for the low expression

studies for 16 h and treated with B-VAD-fmk (50 μM) for 1 h prior to addition of the TNFα
(100 ng/mL)/cycloheximide (CHX) (1 μg/mL) for 18 h. HEK293A cells were plated at 80%

confluence in 10 cm dishes (~5×106 cells) and treated with B-VAD-fmk (100 μM) and

MG132 (5 μM) for 1 h. TRAIL (70 ng/mL) was added and incubated with cells for

additional three hours. Cells were harvested by scrapping, washed in PBS and lysed in

mRIPA buffer for 15 min on ice. High capacity neutravidin beads (10-20 μL, 50% slurry)

were added to the lysate prepared from one plate and incubated overnight at 4°C. Beads

were washed three times with mRIPA buffer and one time with PBS and resuspended in

35-50 μL 2xSDS-PAGE buffer per culture dish, boiled and run in 8-18% SDS-PAGE gels.

RESULTS

Construction of regulated dimerization hybrid proteins

Upon expression and purification from E. coli, caspase-8 is produced as a mixture of

monomers and homodimers, the latter of which dissociate to monomers with a half-life in

the region of 30 min [36, 41]. Previous biochemical studies performed by us and others

suggested that dimerization of the caspase-8 zymogen in the absence of intersubunit

cleavage was sufficient to induce pro-apoptotic caspase-8 activity [35, 42]. Catalytic domain

auto-proteolysis that follows dimerization-induced activation stabilizes recombinant ΔDED-

caspase-8, but is dispensable for its activation in vitro [41]. Since this result was based on

studies using recombinant ΔDED-caspase-8 activated by kosmotropic salts, we wanted to

investigate whether this hypothesis is substantiated for caspase-8 activated in conditions

mimicking the physiological settings more closely. To do this we adapted a conditional

dimerization strategy that we and others have previously used by generating hybrids

containing dimerization domains fused to the N-terminus of caspase-8 or FLIPL catalytic

domains [9, 43-45] – see Fig 1. This strategy allows us to enforce homodimerization or

heterodimerization of proteins in vitro and in cells by using small molecules, mimicking the

expected mode of dimerization induced by the natural N-terminal DED domains of

caspase-8 and FLIPL.
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Recent studies from our laboratory [45] and other groups [29] showed that intracellular

cleavage of dimeric caspase-8 is not a neutral consequence of its activation but a critical

requirement of caspase-8 mediated cell death. To further dissect the activation mechanism of

full-length caspase-8 in cells with respect to its cleavage, we generated autocleavage-

prohibitive Asp/Ala mutations in two locations: between the pro-domain and the catalytic

domain, and between the large and small subunits of the catalytic domain, and expressed

these constructs in either mammalian cells or E. coli (Fig 1A). Some mutants contained the

natural tandem DEDs, some contained artificial dimerization domains substituting the

DEDs. Constructs of caspase-8 and FLIPL carrying the dimerization domains FKBP(Fv) or

FRB (Fig1B), were generated and expressed in E. coli (Fig1C). To construct these FKBP/

caspase chimeric proteins we replaced caspase-8 residues 1-206, which contains the tandem

DED domains that drive recruitment to the adaptor molecules of the DISC, with the FKBP

domain, leaving intact the linker between DED2 and the catalytic domain. This inducible-

dimerization system uses two bifunctional small molecules that stoichiometrically bind to

the FKBP or FRB domains, allowing specific and quantitative homodimerization (caspase-8/

caspase-8) or heterodimerization (caspase-8/FLIPL) (Fig1B).

In full-length wild type caspase-8, the linker between the second DED and the catalytic

domain contains Asp residues potentially cleavable by active caspase-8 (Fig 1A, Site-2). To

simulate the spatial relationships as closely as possible we maintained this linker between

the artificial dimerization domains and the catalytic domain. Although our purification

strategy produced no evidence for cleavage at any of these three sites (Fig 1C), we also

generated Asp/Ala mutations for these residues and performed dimerization experiments

with these to control for potential autolytic removal of the dimerization domain. No

substantial differences in the activation and activity of Site-2 mutants versus wild type were

observed (Supplementary Table 1). This indicates that these residues are not likely to be

targeted for cleavage during the course of our experiments. Indeed, upon addition of the

dimerizer compound, the caspase-8 dimerization domain hybrid was able to cleave its pro-

domain at a very slow rate (Fig S1A), showing ~25% cleavage after 4 h, with preservation

of its enzymatic activity up to 6 h (Fig S1B). To avoid complications of pro-domain

removal, most of our experiments were performed within 45-120 min of dimerizer addition.

Almost all of our subsequent autocleavage studies focused on Site-1, which contains the

combined VETD/S and LEMD/L cleavage sites, and the definition of the mutations used to

generate the respective constructs is outlined in Fig 1A. To measure dimerization-driven

activation, the monomeric status of all caspase-8 proteins was ensured by obtaining

monomeric fractions from size exclusion chromatography. As a control for the Site-1

mutant, caspase-8 pre-cleaved in the intersubunit linker during expression in E. coli, referred

to as “Mature” caspase-8, was used.

N-terminal domain-driven homodimerization is insufficient to activate procaspase-8

Caspase-8 deficient mammalian cells reconstituted with a caspase-8 Site-1 mutant do not

undergo apoptosis upon stimulation with anti-Fas [29, 45]. We confirm this and demonstrate

that, in contrast to WT and Site-2 mutant, the caspase-8 Site-1 mutant is incapable of

binding Biotinyl-Val-Ala-Asp-Fluoromethylketone (B-VAD-fmk) when introduced into

caspase-8 null NB7 cells, and stimulated to die via the extrinsic pathway (Fig S2), revealing
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that catalytic activity is not generated in the Site-1 mutant under these transfection

conditions. To explore the mechanism behind this and similar results we designed an

inducible dimerization system using fully purified monomeric components that can

accurately and quantitatively generate caspase-8 and FLIPL homodimers and heterodimers.

We compared activity generated by controlled dimerization with activity generated in 1.0 M

Na-Citrate, which maximally activates caspase-8 by a process that includes dimerization

[35, 41].

Homodimerization fully activated both Mature caspase-8 and the Site-2 mutant, but failed to

activate variants containing non-cleavable mutations at Site-1 (Fig 2A, Supplemental Table

1), despite evidence that this homodimeric compound efficiently induced dimerization of the

purified caspase-8 zymogen (Fig 2B). This enhancement is most likely due to stabilization

of the active dimer against dissociation, since a control hetero-bifunctional dimerizer failed

to activate the caspase (Fig 2D). Importantly, although the Site-1 mutant dimer was inactive

in normal buffer, in the presence of equimolar homodimerization compound AP20187, the

concentration of Na-Citrate required to activate the non-cleavable mutant was substantially

decreased (Fig 2C). This implies that the kinetic barrier to activation is lowered by

dimerization via the engineered N-terminal domain.

Inactivity of the Site-1 mutant homodimer could be due to limitations of the experimental

conditions. However, all scenarios to reconstitute dimerization failed to robustly activate

single-chain caspase-8. For example, we tried to assemble an active Site-1 mutant by

homodimerization with a catalytic caspase-8 (C/A) mutant, which provides a protomer with

a cleavable linker; we varied the concentrations of caspase-8 and/or dimerizer over a broad

range; we varied time of incubation, pH, or the number of dimerization domains added at the

N-terminus. Activity was checked using either peptidic substrates Ac-IETD-afc and Ac-

LEHD-afc, or the natural substrate procaspase-3. Except for Na-Citrate addition, none of the

above conditions successfully resulted in assembling active Site-1 uncleavable species

(Figure S3 and not shown).

We propose that association of uncleaved caspase-8 monomers via their N-terminal

dimerization domains, which simulates the natural model of dimerization mediated by the

caspase-8 DEDs, is not sufficient per se to promote catalytic competence, but that it lowers

the barrier for efficient formation of the final productive dimeric interface within the

activated species.

N-terminal domain heterodimerization of procaspase-8 with FLIPL is sufficient to activate
procaspase-8

Findings presented here, as well as our previously published data [45] indicate that Site-1

uncleavable caspase-8 cannot be activated by homodimerization, nor can it support

apoptosis. However, genetic studies have suggested that this species is able to carry out the

ill-defined developmental role of caspase-8, indicating that it can still play a role in signaling

in the cell [28]. In an effort to reconcile these findings, we sought to determine the effect of

heterodimerization of Site-1-caspase-8 with FLIPL.
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The inactive caspase-8 paralogue FLIPL is able to activate caspase-8 by heterodimerization

[23]. To generate ordered FLIPL/caspase-8 heterodimers, we replaced the DEDs of FLIPL

with the dimerization domain FRB. In the presence of a hetero-bifunctional small molecule

(AP21967), FKBP hybrid proteins dimerize with FRB hybrids, and we used this principle to

specifically obtain caspase-8/FLIPL heterodimers (Fig 1B). Addition of the hetero-

bifunctional dimerizer in the presence of FLIPL activated Mature caspase-8 and the Site-2

mutant (Fig 2A and Supplemental Table 2) to the same extent as their activation by

homodimerization (Fig 2A and Supplemental Table 1). Importantly, caspase-8 mutants

uncleavable in Site-1 that could not previously be activated by N-terminal

homodimerization, were responsive to heterodimerization with FLIPL and generated robust

enzymatic activity, accounting for ~25% of the enzymatic activity of mature caspase-8 (Fig

2D). This activity was comparable to the activity of the Site-1 homo-dimer mutants

produced by activation in Na-Citrate (Fig 2A). Judging by active site titration experiments

(Fig S4), both cleavable and uncleavable caspase-8 in complex with FLIPL were maximally

activated by heterodimerization, implying that heterodimerization with FLIPL can fully

activate caspase-8 without the need for a kosmotropic salt. Na-Citrate additionally increased

the activity of the caspase-8/FLIPL heterodimers by only 2-3 fold (data not shown),

consistent with active site loop ordering, and not-induced dimerization [41].

FLIPL, similar to caspase-8, carries an Asp residue in the region of its inter subunit linker,

and we determined whether cleavage at this site (LEVD/G) influenced caspase-8 activation.

During heterodimerization of FLIPL with uncleavable Site-1 caspase-8, FLIPL was indeed

cleaved (Fig 2D). We mutated the FLIPL cleavage site to Ala (D/A), which abrogated

cleavage during heterodimerization, but this mutation had no effect on the activation of

caspase-8 (Fig 2D). This indicates that, although it is part of the heterodimer, cleaved FLIPL

is not responsible for improving enzymatic activity. To rule out catalytic differences

between wild-type and uncleavable FLIPL, we co-monitored the kinetics of caspase-8

activation and FLIPL cleavage during heterodimer reconstitution (Fig S5). Interestingly, the

Site-1 mutant of caspase-8 achieved much of its activation before FLIPL was cleaved, and

its activity increased by only ~1.5 fold post FLIPL cleavage (Fig S5). Indeed, when we

quantitatively compared active site-titrated heterodimers containing FLIPL with

heterodimers containing FLIPL(D/A) we found no major differences between their catalytic

parameters measured against four different artificial substrates (Supplementary Table 2).

Consequently, dimerization of caspase-8 with FLIPL is sufficient to generate robust

enzymatic activity in vitro in the absence of intersubunit linker proteolysis of either

protomer.

In cells, uncleavable caspase-8 is activated by dimerization with FLIPL but not with itself

So far, our results suggest that caspase-8 bearing prohibitive mutations at cleavage Site-1 is

unable to self activate or to induce apoptosis, but heterodimerization with FLIPL rescues this

phenotype. To assess the functional significance of the FLIPL activation of caspase-8 we

performed binary co-transfections of HeLa cells with pcDNA3 vectors encoding constructs

containing either the FKBP or FRB hybrids. This heterodimerization strategy allowed us to

dissect the roles of controlled enforced dimerization in a cellular context, with cell death
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determined by annexin V binding. Transfection was followed, after 24 hours, by treatment

with 500 nM heterodimerizer for 6 h to enforce specific caspase-8 or caspase-8/FLIPL

homo- or heterodimers. Enforced homodimerization of caspase-8 WT using this strategy

resulted in an increase of cell death, as determined by annexin V staining. As expected, and

in agreement with the earlier results shown in Fig 2D, no increase in cell death over

background was observed with a Site-1 mutant (Fig 2E). Similar results were previously

observed when homodimeric caspase-8 mutants were generated using a homodimerization

strategy [45].

Caspase-8 WT produced even more pronounced cell death when FLIPL heterodimerization

was enforced, regardless of the FLIPL cleavage status (Fig 2E). Most importantly, when a

caspase-8 Site-1 uncleavable mutant was used instead of the WT for heterodimerization with

FLIPL, robust cell death was generated, at levels similar to that induced by the WT/WT

homodimer (Fig 2E). To a lesser extent but reproducibly consistent, heterodimers of the

uncleavable Site-1 mutant with FLIPL (D/A) were also able to kill cells. Therefore, FLIPL

was indeed able to rescue caspase-8 uncleavable mutant from its inert state and promoted it

as a productive apoptotic initiator inside cells. In contrast, a heterodimer between inactive

caspase-8(C/A) and uncleavable caspase-8 Site-1 was harmless to the cells, supporting the

experimental results using recombinant proteins (Fig S3). Additionally, due to the fact that

the heterodimer between caspase-8 WT and uncleavable caspase-8 Site-1 mutant was almost

as toxic as the WT/WT dimer (Fig 2E), we conclude that cleavage of one protomer is

sufficient for activity, in agreement with recent findings [29].

The active site cleft is restricted in caspase-8/FLIPL heterodimers

It has previously been suggested that cleaved and uncleavable caspase-8 have divergent

substrate specificities [9, 29]. To investigate whether caspase-8 maturation in Site-1 or

caspase-8 heterodimerization with FLIPL would affect the substrate specificity of caspase-8

we employed a positional scanning substrate library to scan the P2, P3 and P4 subsite

preferences, with P1 set at Asp. Because the caspase-8 Site-1 mutant homodimer was mostly

inactive in our hands, we turned instead to the caspase-8 heterodimer with uncleavable

FLIPL. We compared specificities of these heterodimers with homodimers composed of WT

caspase-8 obtained by enforced dimerization (Mature/Mature), obtained as the dimeric

fraction from freshly expressed ΔDED-WT caspase-8, and obtained as the dimeric fraction

from freshly expressed WT full length caspase-8. To produce soluble full length caspase-8

we mutated specific residues in the DEDs, as described under Methods.

Caspase-8 heterodimers with cleavable or uncleavable FLIPL had similar substrate profiles.

Similarly, only very minor differences in substrate profile were detected for the caspase-8

WT homodimer species (Fig 3). However, we noticed a reproducible and substantial

difference between homodimers and heterodimers regarding the tolerance in the P4 position,

and a small preferential difference in the P2 position (Fig 3). The relatively tolerant P4

position was tightened up considerably in FLIPL containing dimers, so that the ability to

cleave tetrapeptides with negatively charged (Asp, Glu) and aromatic or β-branched amino

acids (Thr, Trp, Tyr, Val) at this position was almost completely abrogated in FLIPL

heterodimers compared to caspase-8 homodimers. Interestingly, we could not explain this
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specificity difference when comparing the active site clefts in the crystal structures of

homodimeric caspase-8, PDB 1F9E [46] with caspase-8/FLIPL heterodimer, PDB code

3H11 [24]. Both catalytic clefts are highly superimposable, but each structure is bound to an

inhibitor reflecting a snapshot, probably the ground state binding mode. Given the high

mobility of caspase catalytic clefts during substrate binding [1] we propose that these

structural snapshots do not reflect the dynamic events that occur during substrate hydrolysis,

and therefore are not very useful in interpreting subtle differences in substrate specificity.

In addition to disclosing differences in the substrate specificity between heterodimers and

homodimers, this positional scanning analysis demonstrates that the artificial dimerization

domain and the natural DEDs do not interfere with caspase-8 specificity. To confirm this

result, we isolated soluble recombinant mutants of DEDs and added them in trans to the

active ΔDED-Mature-caspase-8. Caspase-8 activity did not change even in the presence of

60-fold excess of DEDs (data not shown). Together these data reveal that the DEDs do not

affect the activity or specificity of caspase-8, at least when measured on small peptidyl

substrates.

A limitation of substrate library screens is the inability to predict realistic substrate

specificities in the context of residues scoring 100 percent tolerance in the mix. Similarly,

excluded residues (0% acceptance in the library) may improve their tolerance in a good

substrate due to the influence of preferred nearby or distal residues, as demonstrated in

recent structure/sequence based analyses of protease substrate specificity [47, 48].

The non-cleavable caspase-8/FLIPL heterodimer has attenuated activity on most apoptotic
substrates but high activity on HDAC-7

Given the limitations of small substrate libraries, we next sought to explore the activity of

caspase-8 and caspase-8/FLIPL on natural substrates. We intended to determine which

substrates caspase-8/FLIPL could cleave before processing its own inter-subunit linker, an

event that controls its transition from attenuated to high activity. In this manner, we might

determine the substrates that get cleaved at “low” (non-apoptotic) caspase-8 activity versus

“high” (apoptotic) caspase-8 activity.

To do this, we expressed and purified eleven known caspase-8 substrates and subjected them

to in vitro limited-proteolysis (Table 1) – sample data with two of these substrates are shown

in (Fig 4). Using a previously described enzymatic assay [49], we serially diluted active-site

titrated caspase-8 in assay buffer, such that the activities on the artificial substrate Ac-IETD-

afc were comparable among all three species (Fig 4, bottom). The proteolytic substrate of

interest was added in a constant amount and incubated with caspase-8 over a fixed period of

time. The apparent catalytic efficiency parameter, kcat/KM(app), was estimated based on the

enzyme concentration needed to cleave half the substrate [49], indicated by an arrow in Fig

4. To ensure that FLIPL was not cleaved during the assay, nor could compete with the

natural substrates, non-cleavable FLIPL (D/A) mutant was used in all conditions.

A few salient features are apparent from this analysis. Caspase-8 in trans was not a good

substrate for itself, unless it was dimerized prior to exposure to active caspase-8 (Table 1), a

result that supports a previous observation [9]. Dimerization of caspase-8 as a substrate
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increased the kcat/KM by ~7 fold, suggesting repositioning of the linker to a more exposed

environment, as previously predicted [25]. Monomeric caspase-8 or caspase-10 as well as

RIPK-1 were equally poor substrates for caspase-8 (Table 1). Interestingly, caspase-8

cleaved procaspase-6 only in the prodomain site at TETD/A, but not at a similar site

TEVD/A situated between small and large subunit. By far the highest catalytic efficiency of

caspase-8 was shown toward HDAC-7, complementing our previous finding [37].

Finally, as we reported above, the uncleavable Site-1 caspase-8 mutant in a hetero-complex

with FLIPL has a decreased activity on the peptidyl reporter substrate Ac-IETD-afc, about

15% compared to Mature homodimers or Mature caspase-8/FLIPL heterodimers. This lower

activity is recapitulated, for the most part (with some exceptions), on protein substrates

(Table 1). Overall these data confirm the restricted specificity of heterodimers versus

homodimers, implying that FLIPL narrows the specificity of caspase-8. Perhaps more

importantly from a functional viewpoint is the observation that the highest activity of Site-1

mutant caspase-8/FLIPL relative to Mature homodimers was seen for RIPK-1, accounting

for more than 25% of the maximum rate, and the high specificity for HDAC-7 was

recapitulated in the Site-1 mutant caspase-8/FLIPL heterodimer.

DISCUSSION

Hughes et al. elegantly demonstrated that reconstitution of a functional DISC using purified

Fas, FADD, and procaspase-8 yielded active caspase-8 with a restricted substrate repertoire,

and that cleavage of caspase-8 at Site-1 is required for full activation [29, 45]. However, the

nature of their reconstitution system precludes testing ordered homodimers of caspase-8 and

ordered heterodimers of caspase-8 with FLIPL, and to overcome this limitation we employed

the regulatable homo/heterodimerization strategy. Using this strategy we confirm that there

was no activation of a non-cleavable caspase-8 species by enforced homodimerization via

N-terminal dimerization domains in vitro, consistent with recent reports [29, 45]. Since

dimerization is a required step for activity of caspases there are three scenarios that could

explain caspase-8 activation in vivo: 1) caspase-8 is somehow cleaved before dimerization,

2) other factors stabilize the uncleaved dimer, 3) an early event in caspase-8 activation is

heterodimerization with FLIPL. Scenario 1 is unlikely given that the earliest forms of

caspase-8 that can be detected by B-VAD-fmk correspond to full-length, uncleaved

caspase-8 (Fig S2) and reference [19], indicating that cleavage is not necessary for activity

in vivo. Scenario 2 is consistent with additional forces that promote a ‘zipper effect’ for

stabilization of the uncleaved dimer – without the need for FLIPL - (Fig 5), and indeed

Cullin3-mediated ubiquitination of caspase-8 has been reported to stabilize nascent dimers

[50]. Heterodimerization with FLIPL fulfills the third scenario because it rescues the ability

to activate uncleaved caspase-8 without the need for additional factors.

Our results suggest that, at least in some circumstances, FLIPL is needed to ignite the lag

phase of caspase-8 activation in vivo. This hypothesis is supported because caspase-8 has a

higher affinity for FLIPL than for itself. Thus, it has previously been shown that the Kd for

dissociation of FLIPL/caspase-8(Site-1 mutant) dimer is smaller than the Kd for dissociation

of the Mature/Mature dimer [23, 42] due to increased hydrogen bonding at the interface

visible in the caspase-8/FLIPL structure [24]. Consequently, assuming similar affinities of
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caspase-8 and FLIPL to the DISC, heterodimerization would tend to predominate in the

early part of caspase-8 activation. Naturally this would depend on the absolute

concentrations of caspase-8 and FLIPL, such that only at FLIPL concentrations lower or

equivalent to caspase-8 would heterodimerization be quantitative in vivo; high FLIPL levels

would tend to obliterate caspase activation because the DISC would become saturated with

FLIPL [51].

Although FLIPL activates caspase-8(Site-1) mutant by heterodimerization, it produces only

about 20% of the activity of Mature caspase-8. This may be due to differences in the

primary structures of the inter subunit linker of FLIPL and caspase-8, and subsequently due

to a different energy of interaction of the linker with the surrounding residues, as suggested

by the crystal structure of single-chain caspase-8 in complex with two-chain FLIPL [24].

However, it is still not known how the inter subunit linker in the uncleaved FLIPL is

positioned so that it enables caspase-8 activation at all. It had previously been suggested that

processing of FLIPL dramatically increased the activity of the caspase-8/FLIPL heterodimer

[24], but our studies disagree with this result (Fig 2D, Fig S5) and we believe that the

authors have recorded an increase in the generation of new heterodimers after FLIPL

cleavage, rather than an increase in the activity of pre-formed heterodimers. Possibly by

using a large excess of ΔDED-FLIPL over ΔDED-caspase-8 to enforce formation of an

unknown fraction of heterodimer, the authors missed the fact that, once cleaved, FLIPL

increases its affinity for caspase-8 [23]. Therefore, accumulated free, cleaved FLIPL

incorporated more unbound caspase-8, generating additional heterodimers and skewing the

concentration of the total active sites. Our system, ensuring efficient hetero-dimerization and

using active-site titrated enzymes, has shown that cleavage of FLIPL increased the activity

of pre-formed heterodimers by only ~1.5 fold (Fig 2D, Fig S5). The fact that wild-type

FLIPL was slightly more efficient in killing cells than the non-cleavable FLIPL(D/A) during

co-expression experiments with caspase-8 (Fig 2D) is thus likely due to its more facile

association with caspase-8.

Based on the results shown in this study, we propose distinct mechanisms for caspase-8

activation that depend on FLIPL (Fig 5). Our data predict that FLIPL heterodimers with

procaspase-8 would provide the first active protease in the DISC. Certainly FLIPL is not

required for apoptosis, since it is dispensable for apoptosis induction via the extrinsic

pathway as demonstrated by ablation of the gene in mice [26]. However FLIPL, like

caspase-8, is required to overcome the developmental block that leads to death at embryonic

day 10.5, leading to the suggestion that both are involved in regulating the same

proliferation and differentiation events [5]. Therefore caspase-8 is required for both

apoptotic and proliferative/differentiation events, whereas FLIPL is required only for the

proliferative/differentiation ones. We suggest the possibility that it is the heterodimer that is

primarily responsible for driving these proliferative/differentiation events.

The mildly restricted specificity caspase-8/ FLIPL heterodimer compared to the caspase-8

homodimer on tetrapeptides cannot explain the substantial alterations seen with natural

protein substrates for cleavage. Intriguingly, the FLIPL/caspase-8 heterodimer, which

displayed attenuated activity toward the Ac-IETD-afc substrate, cleaved HDAC-7 much

more efficiently than it cleaved well-known apoptotic substrates such as Bid, caspase-3 or
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FLIPL, and RIPK1 was cleaved equally well by homodimers and heterodimers (Table 1).

These two substrates stand out as potentially non-apoptotic targets of caspase-8, since

RIPK1 has previously been suggested to be involved in the proliferative function of

caspase-8 [52] and, although we cannot classify HDAC-7 as a genuine non-apoptotic

substrate, previous studies have shown that HDAC-7 is processed at concentrations of active

caspase-8 that were inherently non-toxic/non-apoptotic to the cell [37]. However, it is not

the purpose of the present study to quantitatively define “non-apoptotic” caspase-8 activity.

For example, the construct that generated the weakest enzymatic activity in vitro, namely

caspase-8(Site-1 mutant)/FLIPL(D/A) heterodimer, was actually mildly apoptotic when

introduced into cells (Fig 2E) and it also cleaved Bid in vitro (Table 1). Therefore, we

cannot set a threshold of non-apoptotic events to the activity of this mutant, although under

certain cellular conditions (fast FLIPL degradation, for example, or transient DISC

formation), the heterodimer could be a good candidate for initiating brief spikes of

enzymatic activity that would in principle support a non-apoptotic role for caspase-8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ac-IETD-afc N-Acetyl-Ile-Glu-Thr-Asp-7-Amino-4-trifluoromethylcoumarin

BVAD-fmk Biotinylated-Val-Ala-Asp-fluorofethylketone

CHX Cycloheximide

DED Death Effector Domain

DISC Death Inducing Signaling Complex

FADD Fas-Associated Death Domain

FKBP FK506 Binding Protein

FLIP FLICE-Like Inhibitory Protein

FRB FKB12 Rapamycin Binding

HDAC-7 Histone DeACetylase-7

RIPK Receptor Interacting Protein Kinase

TNFα Tumor Necrosis Factor α
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WT Wild Type

Z-VAD-fmk Benzyl-oxycarbonyl-Val-Ala-Asp-fluoromethylketone

REFERENCES

1. Fuentes-Prior P, Salvesen GS. The protein structures that shape caspase activity, specificity,
activation and inhibition. Biochem. J. 2004; 384:201–232. [PubMed: 15450003]

2. Pop C, Salvesen GS. Human caspases: activation, specificity, and regulation. J. Biol. Chem. 2009;
284:21777–21781. [PubMed: 19473994]

3. Riedl SJ, Shi Y. Molecular mechanisms of caspase regulation during apoptosis. Nat. Rev. Mol. Cell
Biol. 2004; 5:897–907. [PubMed: 15520809]

4. Denecker G, Ovaere P, Vandenabeele P, Declercq W. Caspase-14 reveals its secrets. J. Cell Biol.
2008; 180:451–458. [PubMed: 18250198]

5. Lamkanfi M, Festjens N, Declercq W, Vanden Berghe T, Vandenabeele P. Caspases in cell survival,
proliferation and differentiation. Cell Death Differ. 2007; 14:44–55. [PubMed: 17053807]

6. Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH, Peter ME.
Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing signaling
complex (DISC) with the receptor. EMBO J. 1995; 14:5579–5588. [PubMed: 8521815]

7. Muzio M, Chinnaiyan AM, Kischkel FC, O’Rourke K, Shevchenko A, Ni J, Scaffidi C, Bretz JD,
Zhang M, Gentz R, Mann M, Krammer PH, Peter ME, Dixit VM. FLICE, a novel FADD-
homologous ICE/CED-3-like protease, is recruited to the CD95 (Fas/APO-1) death-inducing
signaling complex. Cell. 1996; 85:817–827. [PubMed: 8681377]

8. Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM. FADD, a novel death domain-containing
protein, interacts with the death domain of Fas and initiates apoptosis. Cell. 1995; 81:505–512.
[PubMed: 7538907]

9. Chang DW, Xing Z, Capacio VL, Peter ME, Yang X. Inter-dimer processing mechanism of
procaspase-8 activation. EMBO J. 2003; 22:4132–4142. [PubMed: 12912912]

10. Boucher D, Blais V, Drag M, Denault JB. Molecular determinants involved in activation of
caspase 7. Biosci. Rep. 2010 epub ahead of print.

11. Varfolomeev EE, Schuchmann M, Luria V, Chiannilkulchai N, Beckmann JS, Mett IL, Rebrikov
D, Brodianski VM, Kemper OC, Kollet O, Lapidot T, Soffer D, Sobe T, Avraham KB, Goncharov
T, Holtmann H, Lonai P, Wallach D. Targeted disruption of the mouse Caspase 8 gene ablates cell
death induction by the TNF receptors, Fas/Apo1, and DR3 and is lethal prenatally. Immunity.
1998; 9:267–276. [PubMed: 9729047]

12. Salmena L, Lemmers B, Hakem A, Matysiak-Zablocki E, Murakami K, Au PY, Berry DM,
Tamblyn L, Shehabeldin A, Migon E, Wakeham A, Bouchard D, Yeh WC, McGlade JC, Ohashi
PS, Hakem R. Essential role for caspase 8 in T-cell homeostasis and T-cell-mediated immunity.
Genes Dev. 2003; 17:883–895. [PubMed: 12654726]

13. Kang TB, Ben-Moshe T, Varfolomeev EE, Pewzner-Jung Y, Yogev N, Jurewicz A, Waisman A,
Brenner O, Haffner R, Gustafsson E, Ramakrishnan P, Lapidot T, Wallach D. Caspase-8 serves
both apoptotic and nonapoptotic roles. J. Immunol. 2004; 173:2976–2984. [PubMed: 15322156]

14. Su H, Bidere N, Zheng L, Cubre A, Sakai K, Dale J, Salmena L, Hakem R, Straus S, Lenardo M.
Requirement for caspase-8 in NF-kappaB activation by antigen receptor. Science. 2005;
307:1465–1468. [PubMed: 15746428]

15. Ch’en IL, Beisner DR, Degterev A, Lynch C, Yuan J, Hoffmann A, Hedrick SM. Antigen-
mediated T cell expansion regulated by parallel pathways of death. Proc. Natl. Acad. Sci. U S A.
2008; 105:17463–17468. [PubMed: 18981423]

16. Bell BD, Leverrier S, Weist BM, Newton RH, Arechiga AF, Luhrs KA, Morrissette NS, Walsh
CM. FADD and caspase-8 control the outcome of autophagic signaling in proliferating T cells.
Proc. Natl. Acad. Sci. U S A. 2008; 105:16677–16682. [PubMed: 18946037]

17. Finlay D, Howes A, Vuori K. Critical role for caspase-8 in epidermal growth factor signaling.
Cancer Res. 2009; 69:5023–5029. [PubMed: 19470771]

Pop et al. Page 15

Biochem J. Author manuscript; available in PMC 2014 May 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



18. Mielgo A, Torres VA, Schmid MC, Graf R, Zeitlin SG, Lee P, Shields DJ, Barbero S, Jamora C,
Stupack DG. The death effector domains of caspase-8 induce terminal differentiation. PLoS One.
2009; 4:e7879. [PubMed: 19924290]

19. Leverrier S, Salvesen GS, Walsh CM. Enzymatically active single chain caspase-8 maintains T-
cell survival during clonal expansion. Cell Death Differ. 2010 epub ahead of print.

20. Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, Bodmer J-L, Schroter M,
Burns K, Mattmann C, Rimoldi D, French LE, Tschopp J. Inhibition of death receptors signals by
cellular FLIP. Nature. 1997; 388:190–195. [PubMed: 9217161]

21. Budd RC, Yeh WC, Tschopp J. cFLIP regulation of lymphocyte activation and development. Nat.
Rev. Immunol. 2006; 6:196–204. [PubMed: 16498450]

22. Thome M, Tschopp J. Regulation of lymphocyte proliferation and death by FLIP. Nat. Rev.
Immunol. 2001; 1:50–58. [PubMed: 11905814]

23. Boatright KM, Deis C, Denault JB, Sutherlin DP, Salvesen GS. Activation of caspases 8 and 10 by
FLIP L. Biochem. J. 2004; 382:651–657. [PubMed: 15209560]

24. Yu JW, Jeffrey PD, Shi Y. Mechanism of procaspase-8 activation by c-FLIPL. Proc. Natl. Acad.
Sci. U S A. 2009; 106:8169–8174. [PubMed: 19416807]

25. Keller N, Mares J, Zerbe O, Grutter MG. Structural and biochemical studies on procaspase-8: new
insights on initiator caspase activation. Structure. 2009; 17:438–448. [PubMed: 19278658]

26. Yeh WC, Itie A, Elia AJ, Ng M, Shu HB, Wakeham A, Mirtsos C, Suzuki N, Bonnard M, Goeddel
DV, Mak TW. Requirement for Casper (c-FLIP) in regulation of death receptor-induced apoptosis
and embryonic development. Immunity. 2000; 12:633–642. [PubMed: 10894163]

27. Yeh WC, Pompa JL, McCurrach ME, Shu HB, Elia AJ, Shahinian A, Ng M, Wakeham A, Khoo
W, Mitchell K, El-Deiry WS, Lowe SW, Goeddel DV, Mak TW. FADD: essential for embryo
development and signaling from some, but not all, inducers of apoptosis. Science. 1998;
279:1954–1958. [PubMed: 9506948]

28. Kang TB, Oh GS, Scandella E, Bolinger B, Ludewig B, Kovalenko A, Wallach D. Mutation of a
self-processing site in caspase-8 compromises its apoptotic but not its nonapoptotic functions in
bacterial artificial chromosome-transgenic mice. J. Immunol. 2008; 181:2522–2532. [PubMed:
18684943]

29. Hughes MA, Harper N, Butterworth M, Cain K, Cohen GM, MacFarlane M. Reconstitution of the
death-inducing signaling complex reveals a substrate switch that determines CD95-mediated death
or survival. Mol. Cell. 2009; 35:265–279. [PubMed: 19683492]

30. Feng S, Yang Y, Mei Y, Ma L, Zhu DE, Hoti N, Castanares M, Wu M. Cleavage of RIP3
inactivates its caspase-independent apoptosis pathway by removal of kinase domain. Cell Signal.
2007; 19:2056–2067. [PubMed: 17644308]

31. Rebe C, Cathelin S, Launay S, Filomenko R, Prevotat L, L’Ollivier C, Gyan E, Micheau O, Grant
S, Dubart-Kupperschmitt A, Fontenay M, Solary E. Caspase-8 prevents sustained activation of
NF-kappaB in monocytes undergoing macrophagic differentiation. Blood. 2007; 109:1442–1450.
[PubMed: 17047155]

32. Spencer DM, Belshaw PJ, Chen L, Ho SN, Randazzo F, Crabtree GR, Schreiber SL. Functional
analysis of Fas signaling in vivo using synthetic inducers of dimerization. Curr. Biol. 1996; 6:839–
847. [PubMed: 8805308]

33. Crabtree JE, Spencer J. Immunologic aspects of Helicobacter pylori infection and malignant
transformation of B cells. Semin. Gastrointest. Dis. 1996; 7:30–40. [PubMed: 8903577]

34. Clackson T, Yang W, Rozamus LW, Hatada M, Amara JF, Rollins CT, Stevenson LF, Magari SR,
Wood SA, Courage NL, Lu X, Cerasoli F Jr. Gilman M, Holt DA. Redesigning an FKBP-ligand
interface to generate chemical dimerizers with novel specificity. Proc. Natl. Acad. Sci. U S A.
1998; 95:10437–10442. [PubMed: 9724721]

35. Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM, Ricci JE, Edris WA,
Sutherlin DP, Green DR, Salvesen GS. A unified model for apical caspase activation. Mol. Cell.
2003; 11:529–541. [PubMed: 12620239]

36. Stennicke HR, Salvesen GS. Biochemical characteristics of caspases-3, -6, -7, and -8. J. Biol.
Chem. 1997; 272:25719–25723. [PubMed: 9325297]

Pop et al. Page 16

Biochem J. Author manuscript; available in PMC 2014 May 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



37. Scott FL, Fuchs GJ, Boyd SE, Denault JB, Hawkins CJ, Dequiedt F, Salvesen GS. Caspase-8
cleaves histone deacetylase 7 and abolishes its transcription repressor function. J. Biol. Chem.
2008; 283:19499–19510. [PubMed: 18458084]

38. Scott FL, Denault JB, Riedl SJ, Shin H, Renatus M, Salvesen GS. XIAP inhibits caspase-3 and -7
using two binding sites: evolutionarily conserved mechanism of IAPs. EMBO J. 2005; 24:645–
655. [PubMed: 15650747]

39. Pop C, Salvesen GS, Scott FL. Caspase assays: identifying caspase activity and substrates in vitro
and in vivo. Methods Enzymol. 2008; 446:351–367. [PubMed: 18603133]

40. Walters J, Pop C, Scott FL, Drag M, Swartz P, Mattos C, Salvesen GS, Clark AC. A constitutively
active and uninhibitable caspase-3 zymogen efficiently induces apoptosis. Biochem. J. 2009;
424:335–345. [PubMed: 19788411]

41. Pop C, Fitzgerald P, Green DR, Salvesen GS. Role of proteolysis in caspase-8 activation and
stabilization. Biochemistry. 2007; 46:4398–4407. [PubMed: 17371051]

42. Donepudi M, Mac Sweeney A, Briand C, Gruetter MG. Insights into the regulatory mechanism for
caspase-8 activation. Mol. Cell. 2003; 11:543–549. [PubMed: 12620240]

43. Muzio M, Stockwell BR, Stennicke HR, Salvesen GS, Dixit VM. An induced proximity model for
caspase-8 activation. J. Biol. Chem. 1998; 273:2926–2930. [PubMed: 9446604]

44. Mikolajczyk J, Scott FL, Krajewski S, Sutherlin DP, Salvesen GS. Activation and Substrate
Specificity of Caspase-14. Biochemistry. 2004; 43:10560–10569. [PubMed: 15301553]

45. Oberst A, Pop C, Tremblay AG, Blais V, Denault JB, Salvesen GS, Green DR. Inducible
dimerization and inducible cleavage reveal a requirement for both processes in caspase-8
activation. J. Biol. Chem. 2010; 285:16632–16642. [PubMed: 20308068]

46. Blanchard H, Donepudi M, Tschopp M, Kodandapani L, Wu JC, Grutter MG. Caspase-8
specificity probed at subsite S(4): crystal structure of the caspase-8-Z-DEVD-cho complex. J. Mol.
Biol. 2000; 302:9–16. [PubMed: 10964557]

47. Timmer JC, Salvesen GS. Caspase substrates. Cell Death Differ. 2007; 14:66–72. [PubMed:
17082814]

48. Timmer JC, Zhu W, Pop C, Regan T, Snipas SJ, Eroshkin AM, Riedl SJ, Salvesen GS. Structural
and kinetic determinants of protease substrates. Nat. Struct. Mol. Biol. 2009; 16:1101–1108.
[PubMed: 19767749]

49. Stennicke HR, Salvesen GS. Caspase assays. Methods Enzymol. 2000; 322:91–100. [PubMed:
10914007]

50. Jin Z, Li Y, Pitti R, Lawrence D, Pham VC, Lill JR, Ashkenazi A. Cullin3-based
polyubiquitination and p62-dependent aggregation of caspase-8 mediate extrinsic apoptosis
signaling. Cell. 2009; 137:721–735. [PubMed: 19427028]

51. Chang DW, Xing Z, Pan Y, Algeciras-Schimnich A, Barnhart BC, Yaish-Ohad S, Peter ME, Yang
X. c-FLIP(L) is a dual function regulator for caspase-8 activation and CD95-mediated apoptosis.
EMBO J. 2002; 21:3704–3714. [PubMed: 12110583]

52. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, Bodmer JL, Schneider P, Seed B,
Tschopp J. Fas triggers an alternative, caspase-8-independent cell death pathway using the kinase
RIP as effector molecule. Nat. Immunol. 2000; 1:489–495. [PubMed: 11101870]

Pop et al. Page 17

Biochem J. Author manuscript; available in PMC 2014 May 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Caspase-8 mutants and activation scheme
(A) Cleavage mutants designed in the context of full-length caspase-8 used for cellular

expression, or in the context of chimeric caspase-8 used for in vitro activation studies.

Mutations are shown in bold. Chimeric caspase-8 consists of the catalytic domain fused with

the artificial dimerization domain FKBP (~14 kDa) [34]. Note that upon expression in E.

coli, chimeric caspase-8 underwent proteolysis at Site-1 producing a two-chain species that

we refer to as “Mature” throughout the manuscript. We refer to caspase-8 as wild-type (WT)

only in the case of caspase-8 expressed in mammalian cells. (B) Diagram of homo- and

hetero-dimerization between caspase-8 and FLIPL in the presence of the specified

dimerization compounds (AP20187 and AP21967, respectively). FRB is fused to FLIPL to

provide a specific heterodimerization with FKBP of capase-8 fusions [34]. (C) Coomassie

stained SDS-PAGE gel showing purified FKBP-caspase-8 and FRB-FLIPL mutants

expressed in vitro. Two-chain species underwent autoprocessing during expression, whereas

one-chain species displayed no autoproteolytic activity.
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Figure 2. Caspase-8 uncleavable at Site-1 can only be activated by hetero-dimerization with
FLIPL
(A) Homo- and hetero-dimerization activity assays of FKBP-caspase-8. For

homodimerization, FKBP-caspase-8 mutants (25 nM) were dissolved in the assay buffer

containing either the homodimerizer compound AP20187 (25 nM) or the activator

kosmotrope Na-citrate. For heterodimerization, FKBP -caspase-8 mutants (25 nM) were

incubated with FRB-FLIP (125 nM) and heterodimerization compound AP21967 (125 nM).

Samples were incubated at 25°C for 30 min to permit complete activation. Relative activity

was determined at 30°C with the fluorescent substrate Ac-IETF-afc. Data represent the mean

of three independent experiments (±SEM); (B) Size exclusion separation of FKBP-Site-1

mutant (3 μM) in the presence and absence of homo-dimerizer (3 μM). The caspase-8

mutant (100 μL) was pre-activated in the assay buffer as described above and applied to a

Superdex200 size exclusion column. Calculation of apparent molecular weight was based on

column pre-calibration with protein standards; (C) FKBP-Site-1 mutant caspase-8 (50 nM)

activation in the presence of Na-citrate and homodimerizer (500 nM). Caspase-8 was added

to a mixture of homodimerizer and Na-citrate dissolved in assay buffer, to reach the

indicated concentration of kosmotrope. The mixture was incubated for 30 min at 25°C and

activity was monitored using Ac-IETD-afc as described above; (D) Cleavage of FRB-FLIPL

at LEVD/G is not required for FKBP-Site-1 mutant caspase-8 activation during

heterodimerization. FKBP-casp8(Site-1 mutant) (0.7μM) was activated in the presence of

the heterodimerizer AP21967 and FRB-FLIPL(wt) or FRB-FLIPL(D/A) as detailed above.

The mixture was split and subjected to IETD-ase activity testing or electrophoresis

separation in 4-20% SDS-PAGE gels, followed by Coomassie staining; (E) FRB-FLIPL

rescues the inactive FKBP-Site-1 mutant caspase-8 during co-expression in HeLa cells,
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inducing cell death. The depicted caspase mutants were transiently transfected in HeLa cells

with pcDNA3 vectors encoding the FKBP and FRB hybrids, as indicated. Transfection was

followed, after 24 hours, by treatment with 500 nM heterodimerization compound.

Apoptotic cell death was quantified after an additional 24 hours by Annexin V staining

(average ±SEM of three independent experiments). In all panels, IETD-ase is expressed as

RFU/min.
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Figure 3. Substrate specificity of caspase-8 dimers
Specificity was tested for P2-P4 positions of a tetra-peptide on a substrate library with fixed

P1 position (Asp) and an ACC group in P1’. Mutants of caspase-8 dimers used in the

analysis are specified on the side. FKBP-caspase-8 mutants (100-400 nM) were activated

either by homodimerization (in the case of Mature/Mature) or heterodimerization (in the

case of Mature/FLIPL and Site-1 mutant/FLIPL) prior to library screening. Full-length

caspase-8 containing uncleavable pro-domain and mutations for increased solubility

(D210A,D216A,D223A,L122S,F123Y) (0.5 μM), as well as the ΔDED-caspase-8 mutant

(50 nM) did not require artificial-induced activation, as they displayed spontaneous

enzymatic activity in the assay buffer under the same conditions. The concentration of

assembled dimers was chosen based on similar amounts of activity on Ac-IETD-afc prior to

library testing.
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Figure 4. Cleavage of natural substrates by caspase-8 homo/heterodimers
Caspase-8 dimers were pre-activated for 45 min following addition of the appropriate

dimerization compound and/or FRB-FLIPL. Protein substrates (~0.1-3 μM final

concentration) were added to serially diluted caspase-8. Final caspase concentrations were

100 nM (Mature/Mature), 100-200 nM (Mature/FLIPL) or 400 nM (Site-1 mutant/FLIPL), as

indicated. The protein mix was incubated at 25°C for 3 h and reactions were stopped by the

addition of 3× SDS buffer. Cleavage was analyzed by either staining the gels with

Coomassie or by Western blotting (HDAC-7). Caspase-3 used as a caspase-8 substrate

harbored the catalytically inactive mutation C285A (caspase-1 nomenclature). The lower

panels compare IETD-ase activity (RFU/min) generated by the same caspase-8 dilutions as

in the protein cleavage assays. Arrows point to the enzyme concentration producing 50%

substrate cleavage. * FKBP-Caspase-8(Mature) runs at the same size as caspase-3 zymogen.
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Figure 5. Hypothetical model for caspase-8 dimerization
Homodimerization primes the active state of caspase-8, but additional stabilization or

interaction, such as cleavage or perhaps C-terminal ubiquitination, is required. In contrast,

heterodimerization with FLIPL primes the active state via interface recruitment, and

activates without a requirement of further stabilization. On the other hand, kosmotropes

promote the activation by uniformly priming the entire caspase surface for association.
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