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Caspase-8 activation can be triggered by death receptor-mediated formation of the death-inducing 

signaling complex (DISC) and by the inflammasome adaptor ASC. Caspase-8 assembles with 

FADD at the DISC and with ASC at the inflammasome through its tandem death effector domain 

(tDED), which is regulated by the tDED-containing cellular inhibitor cFLIP and the viral inhibitor 

MC159. Here we present the caspase-8 tDED filament structure determined by cryo-electron 

microscopy. Extensive assembly interfaces not predicted by the previously proposed linear DED 

chain model were uncovered, and further confirmed by structure-based mutagenesis in filament 

formation in vitro, and Fas-induced apoptosis and ASC-mediated caspase-8 recruitment in cells. 

Structurally, the two DEDs in caspase-8 use quasi-equivalent contacts to enable assembly. Using 

the tDED filament structure as a template, structural analyses reveal the interaction surfaces 

between FADD and caspase-8, and the distinct mechanisms of regulation by cFLIP and MC159 

through comingling and capping, respectively.

Graphical abstract

Introduction

Apoptosis, a physiological form of cell death, has classically been divided into intrinsic and 

extrinsic pathways. While the intrinsic pathway relies on mitochondrial damage, cytochrome 

c release and apoptosome formation, the extrinsic pathway is mediated by death receptors 

(DRs) in the tumor necrosis factor (TNF) receptor (TNFR) superfamily (Green, 2003; 

Strasser et al., 2009). DRs contain an intracellular death domain (DD) and are composed of 

8 members, Fas (CD95 or APO-1), TNFR1, DR3, DR4, DR5, DR6, EDA-R and NGF-R 

(French and Tschopp, 2003; Wu and Hymowitz, 2009). These receptors are type I 

transmembrane proteins, with an extracellular region composed of three to four cysteine-rich 

domain segments for ligand recognition. DR signaling is critically important for 

maintenance of lymphocyte homeostasis (Locksley et al., 2001). Genetic mutations and 

abnormal expression of DRs, their ligands and signaling proteins have been associated with 
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many human diseases such as the autoimmune lymphoproliferative syndrome, cancer, 

multiple sclerosis, and stroke (French and Tschopp, 2003; Siegel et al., 2004).

Fas is a prototypical member of the DR family (Kischkel et al., 1995). Upon interaction with 

Fas ligand (FasL), its intracellular DD recruits the adaptor FADD through DD/DD 

interactions. FADD also has a death effector domain (DED), which in turn recruits caspase-8 

(Casp-8) and/or Casp-10 via the tandem DEDs (tDEDs) in these caspases (Figure 1A). DDs, 

DEDs, caspase recruitment domains (CARDs) and Pyrin domains (PYDs) all belong to the 

death domain fold superfamily with characteristic six-helix bundle structures (Ferrao and 

Wu, 2012). The ternary complex of Fas or a Fas-like DR, FADD and a caspase constitute the 

DISC. It is presumed that Casp-8 and Casp-10 become activated in the DISC through 

proximity induced dimerization and auto-proteolytic processing (Boatright et al., 2003). 

Active Casp-8/-10 cleave effector caspases to initiate apoptosis. TNFR1 is another 

prototypical DR, which directly recruits the adaptor TRADD via DD/DD interactions upon 

ligand stimulation (Micheau and Tschopp, 2003). Apoptosis induction by TNFR1 or a 

TNFR1-like DR requires formation of secondary complexes including the cytosolic 

TRADD/FADD/Casp-8 complex (Micheau and Tschopp, 2003) and the RIP1/FADD/Casp-8 

complex (Feoktistova et al., 2011; Tenev et al., 2011). Therefore, DED-mediated interaction 

between FADD and Casp-8 is the converging downstream element critical for cell death 

induction (Figure 1A). In addition, recent studies suggested that the inflammasome adaptor 

ASC recruits Casp-8 through a PYD/tDED interaction to induce apoptosis (Sagulenko et al., 

2013; Vajjhala et al., 2015) (Figure 1A).

Tandem DEDs are also present in FLICE/Casp-8-like inhibitory proteins (FLIP) of both 

cellular and viral origin (cFLIP and vFLIP) (Tschopp et al., 1998) (Figure 1A). The long 

form of cFLIP, cFLIPL, has an inactive caspase-like domain and hetero-dimerizes with the 

caspase domain of Casp-8 and cFLIPL has been shown to promote Casp-8 activation (Yu et 

al., 2009). In contrast, the shorter form of cFLIP, cFLIPS, can inhibit Casp-8 activation 

(Hughes et al., 2016). Thus cFLIPL and cFLIPS may play differential roles in modulating 

DR signal transduction. The vFLIP protein MC159 from the Molluscum contagiosum virus 

inhibits Casp-8 activation (Yang et al., 2005). In contrast, the vFLIP protein K13 from the 

Kaposi's sarcoma herpes virus does not engage the DR pathway but interacts with NEMO to 

activate the NF-κB pathway (Bagneris et al., 2008).

It has been shown that ligand binding induces aggregation of DRs and formation of DISC 

clusters on the cell membrane to initiate apoptotic signaling (Kischkel et al., 1995; Siegel et 

al., 2004). These clusters should rely on both DD/DD and DED/DED interactions among the 

DISC component proteins. Structural and biochemical studies on Fas/FADD and RIP1/

FADD DD complexes have implicated helical assembly in DD/DD oligomerization 

(Esposito et al., 2010; Jang et al., 2014; Wang et al., 2010). However, despite structures of 

isolated DEDs, how DEDs oligomerize and interact with each other remained elusive due to 

lack of oligomeric structures (Bagneris et al., 2008; Eberstadt et al., 1998; Shen et al., 2015; 

Yang et al., 2005). Yet, DED/DED interactions are particularly important because of the 

over-abundance of Casp-8 in the DISC (Dickens et al., 2012; Schleich et al., 2012). In the 

absence of direct structural information, a linear DED chain was modeled to account for 
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Casp-8 self-association and interactions with other DED-containing proteins (Dickens et al., 

2012; Schleich et al., 2012).

By visualizing the structure of the Casp-8tDED filament using cryo-electron microscopy 

(cryo-EM), we here provide a framework for understanding DISC assembly and regulation. 

In contrast to the linear DED chain model, the interactions in the filament structure span 

three directions to form the three types of asymmetric interfaces. Structure-based 

mutagenesis confirmed the importance of these interfacial residues in the Casp-8 filament 

for FADD-mediated apoptotic cell death and ASC-mediated Casp-8 recruitment, 

demonstrating that interactions beyond those predicted by the DED chain are equally 

important. Therefore, the Casp-8tDED filament structure corrected the oversimplification of 

the DED chain model that may misguide the understanding of DISC functions. Moreover, 

the structural information allowed analysis on the interaction of Casp-8 with other DED-

containing proteins FADD, cFLIP and MC159, revealing distinct, unexpected modes of 

regulation in the DISC.

Results

Formation of Filaments, Not Chains, by Casp-8tDED Represents DISC Assembly

Biochemical reconstitution of the DISC has been hampered by the poor solubility of 

Casp-8tDED. Using the monomeric GFP as the fusion partner, we obtained highly soluble 

His-GFP-Casp-8tDED, which eluted from the void position of a Superdex 200 gel filtration 

column (Figure 1B). Visualization by negative staining EM revealed filamentous structures 

with an apparent diameter of ∼20 nm (Figure 1C), which is significantly larger than the ∼3 

nm width of its tDED (Shen et al., 2015) in the proposed DED chain model for FADD and 

Casp-8 oligomerization (Dickens et al., 2012; Schleich et al., 2012).

To assess Casp-8tDED filament formation, we needed a monomeric Casp-8tDED, but WT 

Casp-8tDED aggregated even when tagged at both termini with the solubility tags MBP and 

Sumo, respectively (His-MBP-Casp-8tDED-Sumo) (Figure S1A-B). Searching existing 

mutagenesis data led us to the partially defective Casp-8tDED-Y8A mutant (Majkut et al., 

2014; Yang et al., 2005), which we purified in a monomeric form but still formed filaments 

when the His-MBP tag was removed by the TEV protease (Figure S1C-D). These filaments 

are indistinguishable from the WT Casp-8tDED filaments (Figure 1C).

His-MBP-Casp-8tDED-Y8A-Sumo labeled with the TAMRA fluorophore was used in a 

fluorescence polarization (FP) assay to monitor filament formation. Upon TEV cleavage, the 

rate of polymerization of the Casp-8tDED-Y8A mutant alone was minimal at the 

concentration used (Figure 1D). Upon addition of a substoichiometric amount of FADD, the 

polymerization rate was significantly enhanced (Figure 1D), demonstrating nucleation of 

Casp-8tDED-Y8A by the upstream adaptor. ASC also enhanced Casp-8tDED polymerization. 

In the Fas DISC, it is the ternary complex of Fas, FADD and Casp-8 that results in 

apoptosis. To recapitulate this signaling process, we used the purified complex of FasDD and 

full-length FADD, which together nucleated Casp-8tDED-Y8A filament formation most 

robustly (Figure 1D). Labeling biotinylated FADD by 10 nm streptavidin-gold particles 

showed that the FasDD/FADD complex is localized at one end of the filaments (Figure 1E), 
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supporting that the Fas/FADD complex nucleates directional polymerization of Casp-8. 

Titration of the FasDD/FADD complex into Casp-8tDED gave an apparent KD of 175 ± 1.4 

nM for the interaction (Figure 1F, S1E). FADDDED alone also promoted Casp-8tDED-Y8A 

polymerization, albeit less efficiently, with an apparent KD of 823 ± 1.8 nM (Figure 1G, 

S1F), suggesting that multiple oligomerization domains reinforce each other during DISC 

assembly.

Cryo-EM Structure Determination of the Casp-8tDED Filament

To facilitate cryo-EM structure determination of the Casp-8tDED filament, we first solved the 

crystal structure of a monomeric Casp-8tDED mutant (F122G/L123G), which was nearly 

identical to the structure of another Casp-8tDED mutant (Shen et al., 2015) and highly similar 

to the structures of vFLIP MC159 and K13 (Table 1, Figure 2A-B, S2A-B). We collected 

EM data on both negatively stained and cryo-vitrified His-GFP-Casp-8tDED filament 

samples (Figure 2C). We first determined that the outer region of the filament from His-GFP 

did not contribute significantly to the power spectra (Figure S2C) because His-GFP is likely 

flexibly attached to the core tDED filaments and the Casp-8tDED-Sumo filament gave an 

essentially identical power spectrum (Figure S2D-F). Using a radius of ∼45 Å for the inner 

tDED region of the filament, the main layer lines in the power spectra from the three 

different EM data sets were consistent with point group symmetry of C3 and helical 

symmetry of ∼53° right-h anded rotation and ∼14.0 Å axial rise per subunit (Figure S2D), 

which is similar to that of the ASCPYD filaments (Lu et al., 2014). Because the asymmetric 

unit of the ASCPYD filament structure contains only one domain, C3 symmetry of the 

Casp-8tDED filament would need to be a pseudo-symmetry in which DED1 and DED2 are 

treated as equivalent (Figure 2D).

Cryo-EM reconstruction using the C3 symmetry resulted in a map with recognizable 

secondary structures. However, the use of the C3 symmetry averaged DED1 and DED2 

domains and is likely the reason that the connection helix H7a between DED1 and DED2 

was absent in the map (Figure 2E). In addition, the C3 symmetry failed to account for 

additional layer lines seen in the averaged power spectra (Figure S2D-2F), indicating that it 

could not be the correct symmetry. Fitting of the map with the crystal structure of either 

DED1 or DED2 of Casp-8tDED revealed the location of the type I interface that is supposed 

to connect DED1 and DED2 (Figure 2D). The power spectra suggested helical symmetry 

with 99.4° right-handed rotation and 27.1 Å axial rise per asymmetric unit, without point 

group symmetry. The asymmetric unit contains three Casp-8tDED molecules, which is six 

DEDs (Figure 2D). Reconstruction using the correct symmetry yielded a map that contained 

the connecting helix H7a and fit well with the Casp-8tDED crystal structure (Figure 2E). 

There is no obvious density for the His-GFP region. The resulting filament model (Table 2) 

displayed an outer diameter of ∼90 Å with a central hole of ∼20 Å in diameter (Figure 2F). 

Fourier shell correlation (FSC) curves between independently reconstructed half maps, and 

between the final map and the model are consistent with ∼4.6 Å in resolution (Figure S2G-

H).
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Unique Quasi-Equivalence in the Casp-8tDED Filament

The Casp-8tDED filament structure utilizes the three types of interactions that have been 

described for helical assembly by other members of the DD superfamily (Ferrao and Wu, 

2012; Lu et al., 2014) (Figure 3A). Casp-10tDED may form a similar structure as shown from 

the sequence conservation of the interaction surfaces (Figure S3A). An extensive surface 

area of ∼ 3,150 Å2 is buried for each Casp-8 molecule upon filament formation. The three 

tDED molecules in the asymmetric unit of the filament form three parallel helical strands by 

interacting with adjacent tDED molecules using the type I interface (Figure 3A). This 

interaction is mediated by DED2 of one tDED (type Ib) and DED1 of a neighboring tDED 

(type Ia), mainly composed of H2b and H5b of DED2 and H1a and H4a of DED1 (Figure 

3B). In particular, R118, F122, L123 at H2b of DED2 pack against Y8 at H1a and L42 and 

L44 at H4a of DED1, forming dominant hydrophobic interactions (Figure 3B). In addition, 

E126 at H2b of DED2 may form polar interactions with S4 at H1a of DED1, and Q168 of 

H5b of DED2 interacts with R5 of H1a of DED1 (Figure 3B). Within each tDED, the DED1 

type Ib surface interacts with the DED2 type Ia surface (Figure S3B). The chain of tDED 

molecules linked by the type I interaction provides the structural basis for the proposed DED 

chain model (Dickens et al., 2012; Majkut et al., 2014; Schleich et al., 2012), which 

represents a linear sub-structure of these filaments.

As previous DD superfamily filament structures contain single domains, such as those of 

ASC PYD, MAVS CARD and Casp-1 CARD (Lu et al., 2016; Lu et al., 2014; Wu et al., 

2014), it is intriguing how two DEDs with limited sequence identity of 20-30% can 

assemble into the same filament. The interstrand interactions between the different DED 

chains, which are of type II and type III, display this conundrum, with four possibilities of 

DED1: DED1, DED1: DED2, DED2: DED1 and DED2: DED2 interactions. Within a triple 

strand, the type II interactions are homotypic, DED1: DED1 and DED2: DED2, while the 

type III interactions are heterotypic, DED1: DED2 and DED2: DED1 (Figure 3A, 3C-D). In 

contrast, between adjacent triple strands, the type II interactions are heterotypic and the type 

III interactions are homotypic (Figure 3A, 3C-D). Because tDEDs in the filament use all the 

combinations of interactions, the apparently quasi-equivalent type II and III interactions 

must be critically important for Casp-8 assembly in the DISC.

Examining the different pairs of type II interactions revealed that the IIa surface is invariably 

formed mainly by H4 in DED1 or DED2, while the opposing IIb surface by the H5-H6 

region, involving the conserved charge triad in DEDs (Yang et al., 2005) (Figure 2B, S3C-

D). For type III interactions, the IIIa surface is mainly composed of residues from H3 in 

DED1 or the loop between H2 and H4 in DED2, while the type IIIb by the H1-H2 region 

(Figure 2B, S3D). Unlike the largely hydrophobic nature of the type I interaction, type II and 

III interactions are predominantly hydrophilic and charged (Figure 3C-D). In particular, 

although the interfacial residues are quite different between DED1 and DED2 in these 

interactions, there appeared to be conserved electrostatic complementation between IIa and 

IIb surfaces, and between IIIa and IIIb surfaces (Figure S3D). Examples include the R52: 

D73 and K148: D73 type II interactions (Figure 3C), and the D134: R114 and D15: R33 

type III interactions (Figure 3D). This match of charges may explain how one interface is 
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able to engage two different interfaces to achieve the quasi-equivalence in these interactions, 

and suggests the importance of charge complementarity in Casp-8tDED filament assembly.

Interfacial Residues are Important for Casp-8tDED Filament Formation in Vitro and in Cells

We carried out structure-guided mutagenesis to validate the Casp-8 filament model using the 

MBP-Casp-8tDED-Sumo construct (Figure 4A). Consistent with the results shown earlier 

(Figure S1A, S1C), WT Casp-8tDED eluted from the void fraction of a gel filtration column 

while the Y8A mutant (on type I interface) shifted the elution profile mostly to the 

monomeric fraction (Figure 4A). Additional type I mutants including F122E and F122G/

L123G were almost completely impaired in filament formation, eluting as monomers 

(Figure 4A). The F122G/L123G mutant was used for the crystal structure determination. 

The S4D mutant was partially defective, but when combined with Y8A, was entirely 

impaired in filament formation. Notably, mutants of the type II and III interfaces, including 

the K148D/R149E and R52E type II interaction mutants and the D15R and C131D type III 

interaction mutants, also caused severe defects in filament formation.

We further tested structure-guided mutants in filament formation by transfecting mCherry-

fused Casp-8tDED constructs into HeLa cells and performing confocal and fluorescence 

microscopy (Figure 4B, S4). Because some mutants were more defective in vitro when 

combined (Figure 4A), we used only two single mutants but mainly double and triple 

mutants. Consistent with the residual filament formation ability, the Y8A mutant alone failed 

to abolish filament formation. The F122E mutant, as well as the double and triple mutants 

tested, disrupted filament formation (Figure 4B). Collectively, these mutational data support 

the Casp-8 filament structure in vitro and in cells. The defective nature of type II and III 

interface mutants demonstrated that Casp-8 self-association is not limited to type I 

interaction-mediated DED chain formation, but require all three types of interactions for 

filament formation.

Casp-8tDED Filament Defective Mutants are Impaired in FasL-Induced Cell Death

We hypothesized that assembly of Casp-8 filaments at the DISC triggers Casp-8 activation 

and cell death. Therefore, filament-defective mutants of Casp-8 should have reduced ability 

to induce cell death at the DISC. To test this hypothesis, we chose Casp-8 mutants that were 

the most defective in filament formation based on the biochemical and cellular 

characterizations (Figure 4), and performed a FasL-induced cell death assay. WT and mutant 

Casp-8 were transfected into the Casp-8 deficient Jurkat cell line I9.2. Transfection of WT 

or mutant Casp-8 led to similar expression levels and did not induce significant cell death 

(Figure S5A). FasL stimulation at increasing concentrations progressively induced enhanced 

cell death (Figure 5A). In comparison with WT Casp-8, the filament-defective mutants 

reduced the number of dead cells, shown either to graded doses of FasL (Figure 5A) or at a 

single FasL concentration (Figure 5B). The F122E and K148D/R149E mutants, which were 

both completely defective in filament assays in vitro and in cells, did not cause any 

significant cell death in comparison with the non-transfected control or the catalytic mutant 

C360S. Other mutants showed reduced FasL-induced cell death despite the similar 

expression levels. The cellular data demonstrated the requirement for Casp-8 filament 

assembly in caspase activation and apoptosis at the DISC.
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Casp-8tDED Filament Defective Mutants are Impaired in Recruitment to ASC Specks

We showed previously that the inflammasome adaptor ASC is able to recruit Casp-8 through 

a PYD/tDED interaction (Vajjhala et al., 2015). Inflammasome activation or ASC expression 

leads to formation of a single speck per cell (Hornung et al., 2009) and ASC interaction 

localizes Casp-8 into these specks. To address if the Casp-8 filament-forming residues are 

important for its interaction with ASC specks, we assessed the effects of Casp-8 mutations 

in ASC-mediated Casp-8 speck formation using flow cytometry (Sester et al., 2015) (Figure 

5C). The C-terminally Myc-tagged WT and mutant Casp-8 were expressed in HEK293 cells 

with or without co-expression of ASC, followed by anti-Myc antibody and anti-ASC 

antibody staining, and analysis of fluorescence pulse shape to indicate protein distribution in 

the cell. The expression levels of WT and mutant Casp-8 were equivalent either in the 

presence or in the absence of ASC (Figure S5B). The expression levels of ASC were also 

equivalent under different conditions (Figure S5C). When the percentages of cells with 

Casp-8 or ASC specks were assessed by flow cytometry, the F122E single mutant and all 

double mutants significantly reduced the level of Casp-8 speck formation (Figure 5D). 

Examination of transfected cells by immunofluorescence microscopy showed that the flow 

cytometric data provided a good indication of the tendency of Casp-8 to colocalize with 

ASC (Figure S5D). These data suggest that recruitment of Casp-8 by ASC and its formation 

of filaments at the ASC speck (Vajjhala et al., 2015) use interfaces similar to its self-

association in the DISC. The conclusion is consistent with the similar helical symmetry 

between the ASCPYD and the Casp-8tDED filaments (Lu and Wu, 2014). The Casp-8 specks 

were completely abolished in the absence of ASC (Figure 5D), indicating that ASC is 

required for Casp-8 clustering in the cell. Interestingly, the frequency of ASC specks was 

reliably increased in the presence of WT Casp-8 suggesting that overexpression of Casp-8 

can reinforce ASC self-association. Mutants that were not recruited to ASC specks (Figure 

5D) were unable to reinforce ASC speck formation (Figure 5E).

FADD-Mediated Unidirectional Casp-8 Polymerization Using Three Types of Interactions

FADDDED is responsible for recruitment of Casp-8 through the DED/tDED interaction. 

Since FADDDED is able to nucleate Casp-8tDED filament assembly, we hypothesized that 

FADDDED adopts a similar helical assembly as Casp-8tDED. We found that recombinant 

GFP-FADDDED showed a filamentous morphology similar to Casp-8tDED (Figure 6A). We 

generated a structure model for the FADDDED filament by superimposing the FADDDED 

structure (Eberstadt et al., 1998) onto DED1 and DED2 in the Casp-8tDED filament 

structure. This exercise produced FADD/FADD interactions that are similar in nature to 

Casp-8/Casp-8 interactions, with type I interactions mainly hydrophobic and type II and III 

interactions largely hydrophilic and electrostatic (Figure S6A-D), suggesting the validity of 

the FADD filament model.

To elucidate how filamentous FADDDED may nucleate Casp-8 filament formation, we took 

into account that the Fas/FADD complex resides on one end of Casp-8 filaments in the 

ternary DISC complex (Figure 1E). Consistently, the type Ia, IIa and IIIa surfaces of FADD 

appear structurally compatible with the Casp-8tDED Ib, IIb and IIIb surfaces respectively 

(Figure 6B-D). While the type I interface is mostly hydrophobic (Figure 6C), the type II and 

III interactions are electrostatically complementary, such as in the interactions of E51 of 
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FADD with R71 of Casp-8DED1 and of K33, R34 and R38 of FADD with E110, E111 and 

E116 of Casp-8DED2 (Figure 6D). These interactions are supported by previous mutagenesis 

studies in which mutations of FADD residues E51, K33 and R38 disrupted interaction with 

Casp-8tDED (Carrington et al., 2006). In contrast, the type IIb surface of FADD and the type 

IIa surface of Casp-8 are both positively charged with electrostatic repulsion, which unlikely 

interact with each other (Figure S6E). Therefore, both the structural data and the gold 

labeling result suggest a unidirectional FADD-mediated Casp-8 polymerization and signal 

propagation using all three types of interactions (Figure 6B).

In contrast to our model, a previous mutagenesis-based study suggested that Casp-8 

preferentially uses its type Ia surface (H1/H4) to interact with FADD type Ib surface 

(H2/H5) to initiate the DED chain (Majkut et al., 2014). However, because mutations on the 

type Ia or type Ib surface also affect FADD or Casp-8 self-association, the disruptive 

phenotypes do not distinguish the FADD/Casp-8 interaction from self-associations. Given 

our model above, we hypothesized that the disruptive phenotype of Casp-8Y8G (Ia) and the 

non-disruptive phenotype of Casp-8F122A (Ib) in the earlier study (Majkut et al., 2014) were 

dependent on the mutant residues rather than mutation sites. We therefore used alternative 

mutant residues: caspase-8Y8A (Ia), which is likely less disruptive than Y8G, and 

caspase-8F122E (Ib), which is likely more defective than F122A. In co-immunoprecipitation 

assays, we found that indeed the F122E mutant was defective and the Y8A mutant intact in 

the interaction with FADD (Figure S6F), further demonstrating the significance of the 

filament structure.

cFLIP Comingles with Casp-8

cFLIP plays an important role in regulating Casp-8 recruitment and activation at the DISC, 

but the molecular mechanism remains unclear. Earlier studies have suggested that cFLIP 

directly interacts with FADD (Majkut et al., 2014) and inhibits Casp-8 activation by 

competing with Casp-8 for recruitment to FADD (Yang et al., 2005). However, recent 

studies showed that cFLIP alone only weakly interacted with FADD but assembled 

effectively into the DISC in a co-operative manner that is dependent on Casp-8, suggesting 

that DISC assembly is a hierarchical process from FADD to Casp-8, then to cFLIP (Hughes 

et al., 2016; Schleich et al., 2016).

We found that recombinant cFLIPtDED is filamentous in vitro (Figure 6E), and therefore 

used a cFLIPtDED polymerization assay to investigate if the Fas/FADD complex could 

directly interact with cFLIPtDED to nucleate its filament formation (Figure 1F). The assay 

used recombinant monomeric MBP-cFLIPtDED-Sumo tagged with the TAMRA fluorophore 

(Figure S6G), which formed filaments upon removal of the N-terminal MBP tag (Figure 

S6H). In agreement with hierarchical assembly (Hughes et al., 2016; Schleich et al., 2016), 

the Fas/FADD complex did not significantly enhance cFLIPtDED polymerization, but 

promoted Casp-8tDED polymerization under similar conditions (Figure 6F), supporting the 

weak interaction between FADD and cFLIP.

We generated a structure model of cFLIPtDED using the MC159 structure as template (Li et 

al., 2006; Yang et al., 2005) on the Swiss-Model server (Biasini et al., 2014). A structural 

analysis revealed that the different interaction surfaces of cFLIPtDED and Casp-8tDED are 
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essentially similar (Figure S6I), suggesting that cFLIP may comingle with Casp-8 (Figure 

6G). Therefore, incorporation of cFLIPS into the Casp-8 filament may reduce the local 

concentration of the Casp-8 caspase domain to inhibit its dimerization and auto-processing. 

For cFLIPL, its caspase-like domain is a preferred heterodimerization partner of the caspase 

domain of Casp-8, which leads to catalytic activation of Casp-8 (Yu et al., 2009). However, 

because the Casp-8/cFLIP heterodimer is not fully active but an attenuated species that 

processes only selected natural substrates (Pop et al., 2011), high cFLIP concentration leads 

to reduced Casp-8 activity. Therefore, the effect of cFLIPL on Casp-8 may be dependent on 

its expression level, with enhancement at a lower expression and inhibition at a higher 

expression.

MC159 Inhibits Casp-8tDED Filament Assembly by a Surprising Capping Mechanism

MC159 is one of the first vFLIPs identified to be involved in inhibiting apoptosis through 

interactions with both FADD and Casp-8 (Yang et al., 2005). In agreement, we found that 

MC159 inhibited the FasDD/FADD-mediated Casp-8tDED filament assembly, with an 

apparent Ki of 48.5 ± 1.4 nM (Figure 7A). We further showed that MC159 also inhibited 

Casp-8 polymerization nucleated by preformed Casp-8 filaments (Figure S7A), indicating 

that MC159 is able to directly interact with Casp-8 to block its filament formation. Previous 

in vitro reconstitution indicated direct interaction between FADD and MC159 (Yang et al., 

2005).

Although both cFLIP and MC159 can inhibit apoptosis, the biochemical behaviors of these 

two proteins are very different; cFLIP forms filament while MC159 is monomeric (Yang et 

al., 2005). Analysis of the MC159 surface in comparison with Casp-8tDED revealed that only 

the type IIb and type IIIb surfaces of both DED1 and DED2 are preserved for their 

interaction with Casp-8 and FADD (Figure 7B). Hence, MC159 is only likely to interact 

with filamentous FADD (Figure 7C) and Casp-8 (Figure 7D) via these interfaces. Because of 

the defective type IIa and IIIa interfaces (Figure 7B), the bound MC159 is unable to further 

recruit Casp-8, capping these filaments to inhibit polymerization and signaling (Figure 7E). 

Consistent with our model, mapping of previous mutational data on MC159 showed that the 

disruptive mutation sites are localized at the type IIb and IIIb surfaces, including E18, E19, 

D21 and R69, which disrupted recruitment to FADD when mutated to alanines (Yang et al., 

2005) (Figure 7C-D, 2B). The unique mechanism of capping allows MC159 to inhibit 

FADD and Casp-8 polymerization at the DISC at a low stoichiometric ratio (Figure 7A).

Discussion

Quasi-Equivalence in DD Superfamily Assemblies

Almost a decade ago the first oligomeric structure in the DD superfamily, the PIDD/RAIDD 

DD complex, was determined by X-ray crystallography (Park et al., 2007). Since then, 

helical assembly in oligomerization of the DD superfamily complexes has been established 

from a plethora of crystallographic and EM studies on DD, CARD and PYD (Lin et al., 

2010; Lu et al., 2016; Lu et al., 2014; Qiao et al., 2013; Wu et al., 2014). However, no 

structural information on DED assembly was available. With the Casp-8tDED structure 
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presented here, oligomeric structures of all four types of domains in the DD superfamily are 

now represented, demonstrating the conserved helical assembly mechanism.

A striking feature of the Casp-8tDED filament structure is that its DED1 and DED2 domains 

are equivalent in the type II and III interactions despite the low sequence identity. Because 

DED1 and DED2 are rigidly linked to each other via the type Ia (DED2): type Ib (DED1) 

interaction, only one type I interaction, Ia (DED1): Ib (DED2), is available for the 

interaction between Casp-8tDED molecules. The quasi-equivalence of type II and III 

interactions is different from homotypic filament structures assembled from single DD 

superfamily domains, in which each of the three types of asymmetric interactions only has 

one interaction partner. Our structural analysis revealed that the ability for Casp-8tDED to 

accommodate different partners in the filament is at least partly due to the conservation of 

the electrostatic properties of the interfaces (Figure 2B, S3C).

The quasi-equivalence is also manifested in the interaction of Casp-8 with its binding 

partners of limited sequence identity, including FADDDED, ASCPYD, cFLIPtDED and 

MC159. In these cases, it appears that the nature of the interactions is largely preserved, but 

not the amino acid residues. This mechanism of preserving an interaction is frequently 

observed in protein/protein interactions. A classical example is represented by the 

interaction of human growth hormone (hGH) with both the hGH receptor and the human 

prolactin receptor, together with conformational adaptability (Somers et al., 1994). At the 

modest resolution of the Casp-8tDED filament structure, we do not yet know the precise local 

structural changes that may also be essential for achieving the quasi-equivalence. However, 

we may argue that the large interaction surfaces in these filamentous structures may tolerate 

amino acid changes more readily, enabling evolution of homo- and hetero-oligomerization. 

We predict that other tandem DD superfamily domains such as the tandem CARD in Nod2 

may also use quasi-equivalence for its assembly (Fridh and Rittinger, 2012).

Activation and Inhibition of Casp-8 Filament Formation at the DISC

The studies presented here reveal a filamentous molecular template for understanding 

Casp-8 recruitment, oligomerization, activation and regulation at the DISC formed by the 

Fas receptor directly or by the cytoplasmic proteins RIP1 and TRADD (Figure S7B). 

Consistently, cytoplasmic filaments were observed upon overexpression of FADDDED and 

Casp-8tDED in cells (Siegel et al., 1998). The Casp-8 filament structure corrects the DED 

chain model proposed previously, which exclusively relies on the type I interaction, by 

illustrating the importance of type II and III interactions in FasL-induced apoptosis and in 

recruitment to ASC specks. The filamentous model is consistent with previous studies, in 

which both DED domains of Casp-8 were shown to be required for FADD recruitment and 

Casp-8 self-association (Siegel et al., 1998; Tsukumo and Yonehara, 1999). Similar to the 

DED chain model, the filamentous DED interactions explain the unequal and variable 

stoichiometry among the component proteins in the DISC, in particular with Casp-8 

overstoichiometric to FADD (Dickens et al., 2012; Schleich et al., 2012). However, in 

contrast to the linear chain model, the filamentous structures also predict a cooperative 

assembly process that leads to a threshold response in death receptor activation.

Fu et al. Page 11

Mol Cell. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The current data show that the DED filamentous scaffold is a versatile platform not only for 

self-association, but also for recruitment and regulation through interactions with other 

DEDs. Upon ligand-induced receptor activation, the upstream adaptor FADD nucleates 

Casp-8 filament via the interaction between DED and tDED, both in filamentous forms 

(Figure S7B). In this recruitment, an interaction surface of FADD that directly contacts 

Casp-8 is also required for self-association, which may have led to contradictory conclusions 

(Majkut et al., 2014). Our structural analysis is consistent with the observed hierarchy in 

DED interactions in which FADD first recruits Casp-8, and Casp-8 further recruits cFLIP 

(Hughes et al., 2016; Schleich et al., 2016). The predicted comingling of Casp-8 and cFLIPL 

in the same filament may facilitate the heterodimerization of their caspase domains to 

promote caspase activation when cFLIPL concentration is relatively low (Figure S7B). 

Because of the reduced and more restricted activity of the Casp-8/cFLIPL heterodimer (Pop 

et al., 2011), higher concentration of cFLIPL may suppress Casp-8 activation (Figure S7B). 

In contrast, cFLIPS is always inhibitory by decreasing the local concentration of the caspase 

domain of Casp-8 for dimerization and activation (Figure S7B).

Unlike cFLIP, which can form filaments, the vFLIP MC159 was shown to be a monomer (Li 

et al., 2006; Yang et al., 2005), and to interfere with Casp-8 polymerization. Our structural 

analysis indicated that MC159 uses its type IIb and IIIb surfaces to cap a FADD or Casp-8 

filament, leading to robust inhibition of DISC assembly (Figure S7B). We predict that 

capping may be a general mechanism for interfering with filament formation at 

substoichiometric ratios by endogenous inhibitors in diverse immune pathways.

In the Casp-8tDED filament structure, the C-terminus of DED2 protrudes from the filament 

core, allowing the attached caspase domain to decorate the central filament and to be 

brought into proximity for dimerization and catalytic activation (Figure S7B). The local 

concentration of the caspase domain is calculated to be ∼1.5 mM given an extended linker 

size of ∼40 residues in Casp-8 between its tandem DED and the caspase domain. In cells, 

the lengths of the filaments are likely limited by the availability of the components. 

Additionally, crosslinking between multiple oligomerization domains, including the DDs of 

Fas, RIP1 and FADD, may coalesce the DISC into discrete puncta visible under light 

microscopy (Siegel et al., 2004). Fas-induced apoptosis may be triggered by as few as two 

trimers of FasL (Holler et al., 2003). The Casp-8 filament provides an elegant molecular 

platform that may ‘lock in’ the oligomerization state of Fas and initiate the apoptotic 

cascade at relatively low concentration or oligomerization state of the ligand.

Experimental Procedures

Casp-8tDED Filament, FADDDED Filament, and cFLIPtDED Filament Preparation

Casp-8tDED and FADDDED were expressed as His-GFP fusions and purified using Ni-NTA 

affinity and gel filtration chromatography. The void fractions contained the respective 

filament samples. cFLIPtDED was expressed as a His-MBP fusion and similarly purified. 

cFLIPtDED filaments were generated upon removal of His-MBP by the TEV protease.

Fu et al. Page 12

Mol Cell. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cryo-EM Data Collection and Image Processing

Cryo-EM data collection was performed on a Tecnai F20 electron microscope (FEI) 

operated at an acceleration voltage of 200 kV using a K2 Summit direct electron detection 

camera (Gatan) operated in super-resolution mode with dose-fractionation. A total of 388 

images were used for analysis and processing. Helical averaging was performed using the 

iterative helical real space reconstruction (IHRSR) algorithm (Egelman, 2010).

Fluorescence Polarization Assay

His-MBP-Casp-8tDED-Sumo (Y8A) or His-MBP-cFLIP-Sumo was purified as a monomer 

and labeled with TAMRA through a sortase reaction. FP readings were taken on a 

SpectraMax M5e (Molecular Devices) using excitation and emission wavelengths of 561 nm 

and 585 nm.

Cell Death Assay Induced by Fas Ligand

Casp-8 deficient Jurkat cells were transfected with wild type and mutant Casp-8 constructs 

in the pcDNA3.1-YFP vector. YFP+ cells were treated with FasL fused to an isoleucine 

zipper (FasL-LZ) and analyzed for cell death via Annexin V and Live/Dead staining 

(Invitrogen).

Recruitment of Caspase-8 to ASC Specks

Co-expressed Casp-8 and ASC were immunostained and speck formation was assessed 

using changes in the ratio of fluorescence peak height to area.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Fas/FADD Complex, FADDDED and ASCPYD Promote Casp-8tDED Filament 
Formation
(A) Domain composition and interaction hierarchy of Casp-8 activation in the death receptor 

pathway and the inflammasome pathway.

(B) A gel filtration profile of GFP-Casp-8tDED purification. An SDS-PAGE of the major 

peaks is shown. Peak 1 at the void position contained the target protein.

(C) An electron micrograph of GFP-Casp-8tDED filaments.

(D) Fluorescence polarization (FP) assay of FasDD/FADD, FADD and ASCPYD nucleated 

Casp-8tDED filament formation.

(E) Streptavidin-gold labeling of the FasDD/FADD-biotin/Casp-8tDED filaments, showing the 

end localization of the FasDD/FADD-biotin complex.

(F, G) Nucleation of Casp-8tDED filament formation by the FasDD/FADD complex (F) and 

FADDDED (G). Calculated apparent dissociation constants (Kapp), with fitting errors, are 

shown above the plots.

See also Figure S1.
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Figure 2. Crystal Structure of MBP-Casp-8tDED-F122G/L123G and Cryo-EM Reconstruction of 
the GFP-Casp-8tDED Filament
(A) A ribbon diagram of the Casp-8tDED (F122G/L123G) crystal structure labeled with 

secondary structures, and locations of the mutations.

(B) Sequence alignment among Casp-8, cFLIP, MC159 and FADD. Secondary structures are 

labeled on the top. Key residues involved in filament assembly are highlighted with type Ia 

in red, type Ib in green, type IIa in magenta, type IIb in cyan, type IIIa in yellow and type 

IIIb in blue.

(C) A cryo-electron micrograph of GFP-Casp-8 tDED filaments.

(D) Helical net plots showing the asymmetric units of the filament in C3 symmetry (top) and 

without point group symmetry (bottom), and the direction of the type I interaction that 

connects DED1 and DED2 in tDED.

(E) One subunit of the Casp-8tDED model fitted into cryo-EM densities reconstructed in C3 

symmetry (left) and without point group symmetry (right). The density for H7a is absent in 

the C3 map.

(F) Top and side views of the GFP-Casp-8tDED filament structure superimposed with the 

final cryo-EM density.

See also Figure S2.
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Figure 3. Quasi-Equivalent Interactions in the Casp-8tDED Filament
(A) Ribbon and schematic diagram of Casp-8tDED helical assembly. Each DED is shown as 

a hexagon and the three tDED molecules in the asymmetric unit are encircled in blue lines.

(B) The type I interface in the Casp-8tDED filament, with residues involved shown as stick 

models. DED1 is colored in magenta or orange and DED2 is colored in cyan or green.

(C, D) The four quasi-equivalent type II (C) and type III (D) interactions, with residues 

involved shown as stick models. The specifically contacts are illustrated by the schematics 

above.

See also Figure S3.
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Figure 4. Structure-Based Mutants Disrupt Casp-8tDED Filament Formation in Vitro and in 
Cells
(A) Gel filtration profiles of WT and mutant Casp-8tDED showing the filamentous, void 

fraction and the monomeric fraction from a Superdex 200 column.

(B) Morphology of transfected mCherry-fused WT and mutant Casp-8tDED visualized by 

fluorescence microscopy. Hoechst was used to stain nuclei.

See also Figure S4.
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Figure 5. Filament Formation-Defective Mutants of Casp-8 Compromised Death Receptor- and 
Inflammasome-Mediated Signaling
(A) Cell death in Casp-8 deficient Jurkat cell line I9.2C reconstituted with WT and mutant 

Casp-8 induced by isoleucine zipper-fused FasL (FasL-LZ).

(B) Histogram of cell death in I9.2C reconstituted with WT and mutant Casp-8 in the 

presence of 50 ng/ml Fas-LZ.

(C) Analysis of ASC-mediated Casp-8 speck formation using flow cytometry. All Casp-8-

Myc constructs contain the C360S mutation in addition to the stated mutations. WT refers to 

Casp-8 C360S without any mutation in the tDED. Cells were stained with Myc and ASC 

antibodies and analyzed by flow cytometry. Cells with an elevated peak height to area ratio 
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for Casp-8 show concentration of Casp-8 on the ASC speck (Sester et al., 2015) and are 

boxed.

(D) Casp-8 speck formation in cells transfected with the indicated Casp-8 plasmids, with or 

without ASC. Mean and range of duplicate transfections in a representative experiment are 

shown.

(E) ASC speck formation in cells transfected with ASC and the indicated Casp-8 plasmids. 

Mean and range of duplicate transfections in a representative experiment are shown.

See also Figure S5.
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Figure 6. Insights into DED/DED interactions among FADDDED, Casp-8tDED and cFLIPtDED

(A) An electron micrograph of GFP-FADDDED filament.

(B) Schematic diagram of FADDDED-nucleated Casp-8tDED filament formation.

(C) Predicted type I interface of the FADDDED/Casp-8tDED interaction, showing the 

essentially hydrophobic surfaces.

(D) Predicted type II and type III interfaces between FADDDED and Casp-8tDED, showing 

the charge complementarity.

(E) An electron micrograph of cFLIPtDED filament.

(F) The FasDD/FADD complex potentiated Casp-8tDED, but not cFLIP polymerization.

(G) Schematic diagram for the predicted comingling of cFLIP with Casp-8 in the 

FADDDED/Casp-8tDED complex.

See also Figure S6.
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Figure 7. Capping as the Inhibition Mechanism of Casp-8tDED Filament Formation by MC159
(A) Inhibition of FasDD/FADD-mediated Casp-8tDED polymerization by MC159. The 

apparent inhibitory constant (Ki), with fitting error, is shown.

(B) Comparison of Casp-8tDED surface with MC159. Type IIb and type IIIb interfaces of 

Casp-8tDED are similar to those of MC159, while type IIa and type IIIa interfaces of 

Casp-8tDED are dissimilar from those of MC159.

(C) Predicted type II and type III interfaces between FADDDED and MC159.

(D) Predicted type II and type III interfaces between Casp-8tDED and MC159.

(E) Schematic diagram illustrating the capping mechanism of MC159 for inhibition of 

FADDDED-mediated Casp-8tDED filament assembly.

See also Figure S7.

Fu et al. Page 24

Mol Cell. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fu et al. Page 25

Table 1
Crystallographic Statistics

Data collection

Beam line 24ID-E, Advanced Photon Source

Wavelength (Å) 0.9768

Space group P64

Cell dimensions (Å) 131.2, 131.2, 67.5

Resolution (Å) 50 - 3.1

Rmerge (%) 6.5 (74.9)*

l/σl 21.6 (1.8)*

Completeness (%) 99.2 (99.7)*

Refinement

Resolution (Å) 43 - 3.1

No. reflections 11,891

Rwork / Rfree (%) 21.6 / 27.1

No. atoms 4,328

Average B-factors (Å2) 61.5

R.M.S. Deviations Bond lengths (Å) / angles (°) 0.007 / 1.032

Ramachandran plot Most favored / allowed (%) 93.9 / 100.0

*
Numbers in parentheses are for the highest resolution shell.
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Table 2

Casp-8tDED Filament Structure Statistics

Cryo-EM data collection

Voltage (kV) 200

Defocus range (μm) 1.1 - 2.6

Number of images 388

Number of particles 33,969

Final model (containing 9 subunits)

Resolution (°) 4.6

Number of protein residues 1,629

Number of atoms 27,414

Bad bonds (%) 0

Bad angles (%) 0

Ramachandran statistics

 Favored regions (%) 99.16

 Allowed regions (%) 0.65

 Disallowed regions (%) 0.19

Rotamer outliers (%) 0.06

MolProbity score 1.56

Clash score 6.49
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