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Reverse hierarchical DED assembly in the
cFLIP-procaspase-8 and cFLIP-procaspase-8-
FADD complexes

Chao-Yu Yang1, Yi-Chun Tseng1,2,5, Yi-Fan Tu2,5, Bai-Jiun Kuo2, Li-Chung Hsu3,4,
Chia-I Lien3, You-Sheng Lin3, Yin-Ting Wang1, Yen-Chen Lu2, Tsung-Wei Su1,
Yu-Chih Lo 2 & Su-Chang Lin 1

cFLIP, a master anti-apoptotic regulator, targets the FADD-induced DED
complexes of procaspase-8 in death receptor and ripoptosome signaling
pathways. Several tumor cells maintain relatively high levels of cFLIP in
achieving their immortality. However, understanding the three-dimensional
regulatory mechanism initiated or mediated by elevated levels of cFLIP has
been limited by the absence of the atomic coordinates for cFLIP-induced DED
complexes. Here we report the crystal plus cryo-EM structures to uncover an
unconventional mechanism where cFLIP and procaspase-8 autonomously
formabinary tandemDEDcomplex, independentof FADD. This complex gains
the ability to recruit FADD, thereby allosterically modulating cFLIP assembly
and partially activating caspase-8 for RIPK1 cleavage. Our structure-guided
mutagenesis experiments provide critical insights into these regulatory
mechanisms, elucidating the resistance to apoptosis and necroptosis in
achieving immortality. Finally, this research offers a unified model for the
intricate bidirectional hierarchy-based processes using multiprotein helical
assembly to govern cell fate decisions.

Death receptor (DR)-mediated signaling pathways are pivotal in
determining cell fate, influencing embryogenesis, tissue development,
homeostasis, and immune responses1,2. Two types of DRs initiate
apoptotic complex formation via distinct mechanisms: Fas (CD95),
DR4, or DR5 directly recruit Fas-associated death domain (FADD)
through homotypic interactions between their death domain (DD),
while tumor necrosis factor receptor 1 (TNFR1) recruits TNFR-
associated DD (TRADD) and a DD kinase called receptor-interacting
protein kinase 1 (RIPK1). Notably, RIPK1 participates not only in FADD-
mediated apoptotic cascades but also in cell-survival pathways3,4.

DR-mediated apoptotic signaling complex formation follows a
hierarchical/sequential binding process5. After CD95 binds FADD, FADD
uses its death-effector domain (DED) to bind procaspase-8 (Casp-8) and

then cellular FLICE-inhibitory proteins (cFLIP), forming the death-
inducing signaling complex (DISC) or complex I6,7. DISC would trigger
apoptosis unless cFLIP levels inhibit full Casp-8 activation8–12.

In TNFR1 signaling, TNFR1, TRADD, and RIPK1 form complex I for
NF-κB activation13–18, which then internalizes and releases RIPK1 to
sequentially bind FADD, Casp-8, and cFLIP to form cytosolic complex
IIa19. Complex IIa becomes antiapoptotic due to RIPK1-NF-κB-mediated
upregulation of antiapoptotic proteins, such as cFLIP17,19–25. Cyclohex-
imide (CHX) attenuates cFLIP upregulation, enabling TNF to induce
apoptosis in Jurkat cells26,27. However, the structural basis for the reg-
ulatorymechanismof anti-apoptosis upon cFLIP upregulation remains
inconclusive due to the lack of atomic coordinates to unveil the
complex assembly induced by cFLIP.
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FADD-Casp-8-cFLIP-mediated signaling pathways are intricate and
sometimes controversial. cFLIP was thought to inhibit cell death by
targeting the FADD-Casp-8 subcomplex7,28,29. This resultant FADD-
Casp-8-cFLIP subcomplex was believed to prevent full Casp-8 activa-
tion, inhibiting apoptosis7,30,31. It might also inhibit necroptosis by
cleaving RIPK1 if cFLIP contains a pseudo-caspase domain32. However,
the timing of FADD-Casp-8-cFLIP subcomplex formation in preventing
RIPK1-mediated necroptosis is uncertain.

In TNFR1 signaling, the formationof the FADD-Casp-8 subcomplex
is not only positioned downstream of RIPK1 but also dispensable for
RIPK1-mediated necroptosis33,34, raising questions about cFLIP’s role
when upregulated by TNF-induced RIPK1-mediated NF-κB activation.
Alternatively, an immediate FADD-Casp-8-cFLIP subcomplex upon
cFLIP upregulation might be required to prevent RIPK1-mediated
necroptosis, warranting investigations with cFLIP overexpression.

The significance of FADD-Casp-8-cFLIP-containing complexes in
inhibiting apoptosis and necroptosis is highlighted by embryonic
lethality at E10.5 in mice lacking cFLIP, Casp-8, or FADD35–37. FADD
or Casp-8 deficiency promotes TNF-induced RIPK1-dependent
necroptosis33,34, mediated by a complex known as the necrosome or
complex IIc38. Both deficiencies are rescued by RIPK3 ablation, block-
ing necroptosis32,39,40, whereas embryos lacking cFLIP and
RIPK3 succumb to TNF-induced apoptosis39.

Additionally, a FADD-Casp-8-cFLIP-containg complex that inhibits
TLR/TRIF or interferons (IFN)-initiated necroptosis via RIPK1 is crucial
for postnatal development andmaintaining epithelial homeostasis41,42.
A similar complex also regulates the activation of NLRP3
inflammosome43–45. Moreover, elevated cFLIP expression could sustain
the survival or immortality of some tumor cells7,28,44,46,47, be important
for heart development, correlate with Rheumatoid Arthritis, Multiple
sclerosis, and Diabetes mellitus48, and regulate NLRP1b/NLRC4-
induced apoptosis49, suggesting the presence of a FADD-Casp-8-cFLIP
subcomplex in certain cells, even without DR activation.

Existing models predict DED-driven assembly of FADD, Casp-8,
and cFLIP in DR-mediated signaling5,50–55. Obtaining the atomic coor-
dinates of the ternary complex faces challenges from self-aggregation/
precipitation of overexpressed Casp-8 tandem DED (tDED)51 and sam-
ple heterogeneity as the ratios of the threeproteins to one another vary
in different cells and conditions5,50,52–54. Recently, we usedmutagenesis
to trap a homogeneous ternary complex of full-length (referred to as
FuL) wild-type (WT) FADD, WT cFLIP tDED, and Casp-8 tDED. We pre-
sented the atomic coordinates of the complex, proposing that FADD
and Casp-8 assemble an intermediate complex, essential to the for-
mation of a composite-binding site (CBS) and subsequent targeting by
cFLIP or Casp-8 in regulating apoptosis56.

In this work, we present the atomic coordinates of the binary
cFLIP-Casp-8 tDED complexes and the ternary DED complexes with
Casp-8 activation-defective FADD, uncovering an unexpected assem-
bly process that occurs in reverse order. The structures reveal that
cFLIP tDED could form a homo-double-layer intermediate complex to
recruit Casp-8 tDED, autonomously generating a stable cFLIP-Casp-8
complex. This binary complex then recruits FADD, resulting in a
ternary complex dubbed “the cFLIP-Casp-8-FADD complex.” This dis-
covery suggests a reverse hierarchical DED assembly mechanism,
whichmay confer resistance toDR-mediated orDR-independent death
signaling in tumor cells with elevated cFLIP levels. Furthermore, the
process highlights the intricate, bidirectional nature of hierarchical
assembly mechanisms employed by helical multiprotein DD-fold
complexes in regulating cell fate determination.

Results
cFLIP tDED and Casp-8 tDED form a binary oligomeric complex
Previously, as we sought to understand how DED assembles the com-
plexes involving cFLIP, Casp-8, and FADD in order to govern
signaling56, we encountered a challenge. Casp-8 tDED (Casp-8tDED)

filaments predominated upon overexpression in the absence of FADD,
hindering multiprotein complex reconstitution.

To address this, we recently explored mutations aimed at redu-
cing tDED self-filamentationwhile preservingCasp-8-cFLIP interaction.
Specifically, we introduced mutations Casp-8 F122A (in DED2) and
cFLIP H7G (in DED1), resulting in the mutants Casp-8tDED_F122A (referred
to as C8F122A) and cFLIPtDED_H7G (referred to as CFH7G), respectively.
Overexpressing thesemutants not only generated C8F122A

filaments but
also successfully led to the formation of a smaller, oligomeric complex
C8F122A-CFH7G, independently of FADD56.

In our quest for diffractive crystals and hence atomic coordi-
nates to elucidate how cFLIP and Casp-8 form an oligomeric complex
in the absence of FADD, we introduced double F122G/L123G muta-
tions to further weaken Casp-8 tDED filamentation, reducing sample
heterogeneity. This enabled us to trap and purify homogeneously the
CFH7G-C8FGLG complex for crystallization (Fig. 1a, b). We determined
its crystal structure at 2.1 Å resolution (Supplementary Table 1 and
Supplementary Fig. 1a), which revealed a 6:4 stoichiometry based on
the selenium atom positions (Fig. 1c; where CFf1 denotes DED1 of
cFLIP chain f, please see the figure legend of Fig. 1c for naming
convention) and a helical assembly of the tDED complex (Supple-
mentary Movie 1). Notably, the 2.1 Å atomic coordinates confirmed
that cFLIPtDED closely resembles other DEDs, except for the dis-
orderedH3 helices (Supplementary Fig. 1a; where 2H4 denotes helix 4
of DED2). The sequence identity between any two DEDs is ranging
from 16.2% to 34.1% (Supplementary Fig. 1c).

Significantly, in the binary CFH7G-C8FGLG complex, we observed six
cFLIP tDED molecules (Fig. 1c), exceeding the four cFLIP tDED mole-
cules documented in our previous ternary 3:3:4 FADDFuL-C8FuL_FGLG_CADA-
CF complex (Fig. 1d, PDB: 8YBX56), which was reconstituted using full-
length WT FADD, WT cFLIP tDED, and full-length Casp-8 with both
FGLG mutations to curb self-filamentation and CADA mutations to
prevent self-cleavage56. This conspicuous difference in the count
of cFLIP tDED molecules prompted further inquiry into the binary
CF-C8FGLG complex to unveil the underlying mechanisms of CF-C8
assembly.

More cFLIPtDED units in the binary than the ternary complex
To ascertain the quantity of wild-type (WT) cFLIPtDED within the binary
complex, we reconstituted and homogeneously purified a (WT)
cFLIPtDED-Casp-8tDED_FGLG complex, referred to as the CF-C8FGLG complex
(Fig. 2a, b). Subsequently, we determined its crystal structure at 3.3 Å
resolution (Supplementary Table 1 and Supplementary Fig. 1b),
unveiling a 9:4 CF-C8FGLG complex composition (Fig. 2c). The 9:4 con-
figuration in theCF-C8FGLG crystal structure agreeswith our small-angle
X-ray scattering (SAXS) results (Fig. 2d and Supplementary Fig. 2 and
Supplementary Table 2), showing the similarity in shape between the
complexes observed in the crystals and those in solution. These find-
ings decisively establish that the binary complex harbors a greater
number of WT cFLIP tDED units compared to the FADD-containing
ternary complex, i.e., the 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF complex.

Notably, the apparent molecular weights of the CF-C8FGLG and
CFH7G-C8FGLG complexes within the crystals exceeded those estimated
by multi-angle light scattering (MALS) conducted at lower protein
concentrations (Figs. 1b and 2b). This discrepancy can be attributed to
the concentration-dependent dissociation of end molecules, resulting
not only in a mixture of smaller DD-fold complexes but also in an
underestimation of the molecular mass, as previously observed in
other studies57,58. Nevertheless, the MALS results (7:4~8:4 or 8:3~9:3, as
shown in Fig. 2b) continue to support the observation that the binary
CF-C8FGLG complex contains a greater quantity of cFLIPtDED than the
ternary FADDFuL-C8FuL_FGLG_CADA-CF complex.

Furthermore, our complex reconstitution results reveal a note-
worthy distinction. UnlikeWTCasp-8tDED,WT cFLIPtDED does not display
a propensity to self-assemble filaments upon overexpression,
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particularly in the presence of Casp-8tDED FGLG mutants. Instead, WT
cFLIPtDED demonstrates a preference for forming an oligomeric com-
plex with C8FGLG in overexpression studies.

The composite binding site in forming the 3rd cFLIP layer
Compared to the 9:4 CF-C8FGLG complex, it is likely that the 6:4 CFH7G-
C8FGLG complex represents a preceding, stable seeding complex. The
atomic coordinates of the 6:4CFH7G-C8FGLG complex (Fig. 3a) reveal that
the complex comprises two cFLIPtDED trimers, referred to as the “1st

cFLIP layer” and “2nd cFLIP layer” (Fig. 3a–g and Supplementary
Movie 2), located at the bottom end of the C8FGLG layer/tetramer. In
contrast, the atomic coordinates of the9:4CF-C8FGLG complex (Fig. 3b),
WT cFLIPtDED assembles into three cFLIPtDED trimers, with the third tri-
mer designated as the “3rd cFLIP layer/trimer” at the bottom end
(Fig. 3c–g). cFLIPtDED in each layer assembles into similar trimers along
the type III connectivity (Fig. 3g) via the type III-II-III composite self-
assembling site (CSS)56,59 (Fig. 3g and Supplementary Fig. 3), com-
prising one type II and two type III interfaces (Supplementary Fig. 3).

The observation of type III-II-III CSS-mediated cFLIPtDED trimers
in Fig. 3c–g aligns with our identification of the type III-II-III CSS-
mediated Casp-8tDED trimer in our previous 3:3:4 FADDFuL-C8FuL_FGLG_CADA-
CF structure (Fig. 3d, PDB: 8YBX56). While the type III-II-III
CSS-mediated Casp-8tDED trimer could be considered the asymmetric

unit of the Casp-8 filaments, the role of the type III-II-III CSS extends
beyond the formation of a transient Casp-8tDED trimer, interacting with
composite binding site (CBS) that governs the assembly of the Casp-8
tDED filament and sequentially appears on the filament56. Therefore,
the 6:4 CF-C8FGLG complex may utilize CBS in governing the assembly
the 3rd cFLIP layer of the 9:4 CF-C8FGLG complex (Fig. 3g).

By comparing the atomic coordinates of the 6:4 CFH7G-C8FGLG

(Fig. 3a) and 9:4 CF-C8FGLG complexes (Fig. 3b), the CBS responsible for
recruiting the first cFLIPtDED (CFo) of the 3rd cFLIP layer could be
identified (Orange lines in Fig. 3e–g and Supplementary Movie 3).
The smaller size of the 6:4 CFH7G-C8FGLG complex could be attributed to
the H7Gmutation altering the type Ia surface of CFH7G DED1 and hence
impairing the CFo-binding CBS (Orange lines in Fig. 3f and
Supplementary Fig. 3c). Therefore, our structures argue that the 6:4
CFH7G-C8FGLG complex could represent a minimal binary tDED complex
trapped by cFLIP H7G and Casp-8 FGLG mutations. Additionally, two
type III-II-III CSS-mediated cFLIP trimers forman intermediate complex
of a cFLIP double layer (Fig. 3g), creating the CBS for recruiting
cFLIPtDED CFo in generating the 3rd cFLIP layer.

cFLIPtDED double-layer intermediate complex binds Casp-8tDED

Sequential CBS formation is a general concept that could also be used
to reasonably explain how a DD, such as MyD88 DD, assembles an

Fig. 1 | CFH7G and C8FGLG form a binary oligomeric complex in solution and
crystals. a, b SEC-MALS analysis of the binary CFH7G-C8FGLG complex, with corre-
sponding SDS-PAGE analysis in (b) for the peak fractions in (a). These results
demonstrate that cFLIPtDED andCasp-8tDED form an oligomeric complex in solution.
The MALS data suggests that the complex is smaller in solution than in crystals,
indicating that the end molecules, likely cFLIPtDED, have high dissociation con-
stants similar to the DD complex58. Est. M.W., estimated molecular weight. The
experiments were repeated twice with similar results. Source data are provided as
a Source Data file. c The pipes-and-planks diagrams illustrate the crystal structure
of the binary CFH7G-C8FGLG complex from different perspectives. In the protein ID
color scheme of Figs. 1–3, Casp-8 and cFLIP are colored in different shades of

green and blue, respectively, while in the chain ID color scheme, the molecules in
Figs. 1–3 are colored as their counterparts in Fig. 3g. Additionally, the C8FGLG layer/
tetramer, the 1st CFH7G layer/trimer, and the 2nd CFH7G layer/trimer are consistently
highlighted by white, dark gray, and gray lines, respectively. C8d1 and C8d2

denote DED1 and DED2 of Casp-8tDED chain d, respectively, while CFf represents
cFLIPtDED chain f. The dashed boxes in the top view indicate the positions of Casp-
8molecules as well as the DED1 andDED2 domains.dDepicts the cryo-EM volume
of our previous ternary 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF complex for comparison
(EMDB: EMD-39126)56. The FADD trimer is highlighted by pink lines, while the
C8FGLG trimer is highlighted by white lines.
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intermediate complex to bind a different DD, such as IRAK4 DD, for
subsequent complex extension60. Presumably, cFLIP preferentially
targets the FADD-Casp-8 complex to form a non-apoptotic ternary
complex7,28,29. Recently, we reported the ternary 3:3:4 FADDFuL-
C8FuL_FGLG_CADA-CF structure (PDB: 8YBX56), suggesting that WT cFLIP
tDED preferentially targets the CBS on the binary 3:3 FADD-Casp-8
intermediate complex, highlighted by orange lines in Fig. 3d,
and subsequently assembles a tetramer in blocking apoptotic
signaling56.

However, due to the absence of FADD, the binary 9:4 CF-C8FGLG

structure lacks the CBS found in the binary 3:3 FADD-Casp-8 inter-
mediate complex. The absence of FADD leaves a space and an
incomplete CBS on the C8FGLG tetramer (Supplementary Movie 4),
which are highlighted, respectively, by a red arrow and orange lines/
dotted lines in Fig. 3b. It is very likely that the incomplete CBS on the
C8FGLG tetramer is unable to recruit the first cFLIPtDED (CFk) of the 1st

cFLIP layer to initiate the formation of the binary complex (Fig. 3g).
Alternatively, to achieve sequential CBS formation for assembling

a binary complex, the presence of a cFLIPtDED double layer in the 6:4
CFH7G-C8FGLG structure argues that cFLIPtDED self-assembles an

intermediate complex of double layer, creating a CBS (red lines in
Fig. 3e–g) for binding the first Casp-8tDED (C8a) (Supplementary
Movie 5). Subsequently, four Casp-8tDED molecules were recruited,
completing the 6:4 binary complex (Fig. 3a–g). It is likely that WT
cFLIPtDED also utilizes the same mechanism to recruit four Casp-8tDED

molecules, resulting in the 9:4 CF-C8FGLG complex (Fig. 3g).
Taken together, the similarities and differences between the

atomic coordinates of the 6:4 CFH7G-C8FGLG and 9:4 CF-C8FGLG com-
plexes suggest that cFLIPtDED could assemble a double-layer inter-
mediate complex possessing two CBS with different specificities. One
located on the top end binds Casp-8tDED (Red lines in Figs. 2c, and 3b,
e–g, and i), while the other, located on the bottom end, binds cFLIPtDED

(Orange lines in Fig. 3e–g and Supplementary Fig. 3c), as described
above. The atomic coordinates of the binary complexes unveil pre-
viously undiscovered characteristics of cFLIP tDED, apparently differ-
ent from the characteristics whereby cFLIP tDED preferentially targets
theCBSof the FADD-Casp-8DED intermediate complex, as unveiled by
the atomic coordinates of our previous ternary 3:3:4 FADDFuL-
C8FuL_FGLG_CADA-CF complex (PDB: 8YBX56), in blocking DR-mediated
apoptotic signaling.

Fig. 2 | The binary complex has more WT CF molecules than the ternary com-
plex. a, b SEC-MALS analysis of the binary CF-C8FGLG complex, with corresponding
SDS-PAGE analysis in (b) for the peak fractions in (a). The experiments were
repeated twice with similar results. Source data are provided as a Source Data file.
c The pipes-and-planks and ribbon diagrams illustrate the crystal structure of the
binary CF-C8FGLG complex. The C8FGLG layer/tetramer and the 1st, 2nd, and 3rd WT CF
layers/trimers are highlightedbywhite, darkgray, gray, and cyan lines, respectively,
while the CBS for binding the cFLIPmolecule CFo and the Casp-8molecule C8a are
highlighted by orange and red lines, respectively. The ball-and-ribbon diagram
depicts the spatial relationship of individual DEDs with the type I, II, and III con-
nectivity, represented by ribbons generated by the PyMOL program version 1.8.2.1,

connecting the spatially conserved Cα atoms of every two adjacent DEDs. Each
conserved Cα atom, representing DEDs, is shown as a ball, including those of Casp-
8 residues L62 and L162, and cFLIP residues L55 and L152. A red arrow indicates a
space left by the absence of FADDDED, predicted as a dashed ball. Please note that
all the spatially conserved tDEDs in different representations, including ribbons,
balls, and hexagons, in different Figs., would receive the same chain ID and color.
Please refer to the legend of Fig. 1c for details on themolecular color schemesused.
C8d1 denotes DED1 of Casp-8

tDED chain d, while CFf represents cFLIPtDED chain f.
d The crystal structure of the CF-C8FGLG complex exhibits a size and shape com-
parable to the envelop derived from the SAXS data of the same complex.
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cFLIP self-assembly is crucial to binary complex formation
To identify important residues involved in the formation of minimal
binary tDEDcomplex,we introduced additionalmutations ondifferent
interfacesof theCFH7Gmutant and assessed their ability to interactwith
the C8FGLG mutant through pulldown experiments. Two types of
interface residues were targeted for mutagenesis. One type, referred
to as “type a” surface residues, is solely involved in cFLIPtDED self-
assembly. Themutations include a type Iamutation, R38D, two type IIa
mutations, E46A and K140D, and two type IIIa mutations, D31A and

K124D (Fig. 4a, interfaces 1, 2, 4, 3, and 5, respectively). The other type,
referred to as “type b” surface residues, participates in both cFLIPtDED

self-assembly and CF-C8FGLG interaction. The mutations include a type
Ib mutation, F114A, and two type IIb mutations, K69D and I162A
(Interfaces 6, 7, and 9, respectively, in Fig. 4b and also interfaces 1, 4,
and 2 in Fig. 4a). In addition, the mutations include two type IIIb
mutations, E11A and R70D, on both interface 10 in Fig. 4b and interface
3 in Fig. 4a, as well as two type IIIb mutations, E102A and D105A, on
both interface 8 in Fig. 4b and interface 5 in Fig. 4a. The mutagenesis

Fig. 3 | cFLIPtDED double-layer intermediate complex utilizes different CBS to
recruit Casp-8tDED and cFLIPtDED. a Crystal structure of the binary CF-C8FGLG com-
plex. Please refer to the legend of Fig. 1c for details on themolecular color schemes
used.bDifferentCBS in the binaryCF-C8FGLG complex. Thegreen dashedbox shows
the C8 tetramer portion, while the blue box shows the CF portion. Orange lines
highlight the impairedCBSon theC8FGLG tetramer due to a space, indicated by a red
arrow, createdby the absenceof FADDDED. Red lines indicate the potential CBSon
the WT CF double-layer intermediate complex. The CF and C8FGLG portions are
separated for clarity in visualizing the CBS. c Displays the conserved type III-II-III
CSS-mediated CF and C8FGLG trimers from (b) and (d), respectively. Molecules with
the same chain ID in (b) to (d) are oriented similarly. d The green dashed box
highlights the CBS, represented by orange lines, on the FADD-Casp-8 intermediate
complex of our previous ternary complex in Fig. 1d for comparing with the CBS in

(b). For clarity, the FADD-C8FGLG and CF portions are separated. The CF portion is in
the blue box. e, f Red lines and orange lines highlight the CBS for the Casp-8
molecule C8a and the cFLIPmolecule CFo, respectively, on theWTCF double-layer
intermediate complex in (b), viewed from different angles. g 2D representation of
the binary complexes illustrates distinct CBS, extending the complex along the C8
(top) end and CF (bottom) end. A notable distinction between the CFH7G-C8FGLG and
CF-C8FGLG complexes is the presence of additional cFLIPtDED molecules CFo, CFm,
and CFn in the latter. Each hexagon represents a DED domain, while the dashed
ones represent the adjacent tDEDs from the other layers. As in (b), a red arrow
indicates a space created by the absence of FADD DED. Red lines and orange lines
highlight different CBS described in (e) and (f). Pink and green angled lines are
detailed in Supplementary Fig. 3. C8d1 denotesDED1ofCasp-8

tDED chain d, whileCFf
represents cFLIPtDED chain (f).
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results indicate that additional R38D (type Ia), E46A (type IIa), K140D
(type IIa), K124D (type IIIa), F114A (type Ib), and E102A/D105A (type
IIIb) mutations on the CFH7G mutant could impaired the CFH7G-C8FGLG

interaction (Fig. 4c, d).
Since “type a” surface residues of cFLIPtDED are involved only in

cFLIPtDED self-assembly in the binary 6:4 CFH7G-C8FGLG structures,

impaired CFH7G-C8FGLG interactions by “type a” mutations K124D,
K140D, R38D, and E46A (Fig. 4c, lanes 2, 3, 12, and 13 and columns 1, 2,
11, and 12, respectively) suggest that cFLIPtDED self-assembly is crucial
for CFH7G-C8FGLG interaction in the pulldown experiments. Therefore, a
double-layer intermediate complex observed in the binary 6:4 CFH7G-
C8FGLG structures is probably required for cFLIPtDED to stably bindC8FGLG

Fig. 4 | cFLIPtDED self-assembly is crucial for the formation of the CFH7G-C8FGLG

complex. a Illustration of five representative interfaces involved in the cFLIP-cFLIP
interaction in the CFH7G-C8FGLG complex. Interface residues and the cFLIP mutations
generated in this study are depicted. Thick green lines highlight the type III-II-III
interface, while thick blue lines highlight the representative interfaces between two
type III-II-III CSS-mediated cFLIPtDED trimers. Residuesused inmutagenesis studies are
highlighted with red boxes, while glycine residues are indicated by red dots. ‘Lp’
denotes loop regions. The list in the black box outlines the positions of CFmutations
on the surfaces displayed in (a) and (b). The molecules are colored as their coun-
terparts in Fig. 3g.b Illustration of five interfaces involved in the interaction between
the cFLIP double-layer intermediate complex and Casp-8 within the same complex.
Thick red lines highlight the Casp-8-recruiting CBS on the cFLIP double-layer inter-
mediate complex. Interface residues and the cFLIPmutations generated in this study

are depicted. c Pulldown assay of CFH7G and mutant CFH7G by His-tagged C8FGLG

demonstrating the importance of cFLIPtDED self-assembly in the formation of the
binary complex. Resin-bound fractions are divided into the eluted protein fractions
and the resin after elution fractions, eachanalyzedbySDS-PAGE toassess theamount
of bound CF and His-tagged C8FGLG. Protein bands were quantified using ImageJ
version 1.50i (https://imagej.net/ij/). Thebar chartmade by Excel version 16.54 shows
the quantifiedmutagenesis results of (c) (therefore, n= 1), with the ratios of cFLIP to
Casp-8 plotted as blue and light blue bars for the eluted protein and resin fractions
after elution, respectively. Each ratio is normalized to that of lane 14, with normalized
resultsplottedasorangeandyellowbars, respectively, and the ratio indicatedon top.
“Typea” and “typeb” cFLIPmutations are indicated.dSDS-PAGEanalysis result of the
flow through fractions from (c). The experiments of (c) and (d) were repeated twice
with similar results. Source data are provided as a Source Data file.
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in this setting. Based on the atomic coordinates, these mutagenesis
results support the idea that the type IIIa and IIa surfaces of cFLIPDED2
(Fig. 4a, interfaces 5 and 4, respectively), and the type Ia and IIa sur-
faces of cFLIP DED1 (Fig. 4a, interfaces 1 and 2, respectively) could
directly mediate the formation of the CFH7G double-layer intermediate
complex and hence indirectly regulate CFH7G-C8FGLG interaction.

“Type b” surface mutations of cFLIPtDED could have two different
effects, cFLIPtDED self-assembly and CF-C8FGLG interaction. We found
that introducing E102A, D105A, and F114A to the CFH7G mutant
impaired CFH7G-C8FGLG interaction (Fig. 4c, lanes 7, 8, and 10, and col-
umns 6, 7, and 9, respectively). Notably, cFLIP residue F114, belonging
to the FL motif of DED2, is inserted into a pocket made by cFLIP resi-
dues A3, H7, R38 and D42 in type I cFLIPtDED-cFLIPtDED interaction
(Fig. 4a, interface 1) or a pocket made by Casp-8 residues S4, Y8, L42,
and Q46 in type I CF-C8FGLG interaction (Fig. 4b, interface 6). Since the
H7G mutation on cFLIP tDED attenuates its self-assembly (Fig. 3f),
resulting in a smaller, 6:4 CFH7G-C8FGLG complex, the observation that
F144A mutation (Fig. 4c, lane 10 and column 9) impaired the
CFH7G-C8FGLG interaction more significantly than E102A and D105A
mutations could be attributed to the double F144A andH7Gmutations
affecting both the FL motif and interacting pocket on the type I
interface involved in assembling the CFH7G double-layer intermediate
complex.

Minor Casp-8 tDED self-assembly in binary complex formation
To identify Casp-8tDED residues involved in the formation of minimal
binary tDEDcomplex,we introduced additionalmutations ondifferent
interfaces of the C8FGLG mutant and assessed their ability to interact
with theCFH7Gmutant. Like cFLIP tDED, there are two different types of
Casp-8 tDED surface residues for mutagenesis. However, unlike cFLIP
tDED, the “type a” surface residues Y8, R33, R52, K130, and K148 are
involved in both Casp-8tDED self-assembly and CFH7G interaction (Sup-
plementary Fig. 4a, b), while the “type b” surface residues, including
E12, N70, and E110, are involved only in Casp-8tDED self-assembly
(Supplementary Fig. 4a). The mutagenesis results show that “type a”
surface mutations K148D (type IIa, DED2), R33D (type IIIa, DED1), and
R52D (type IIa, DED1) could impair CFH7G-C8FGLG interaction (Supple-
mentary Fig. 4c, lanes 5, 8, and 9 (columns 4, 7, and 8), respectively).

Casp-8 Y8A, R52E, F122G/L123G and K148D/R149E mutations were
known to impair the formation of apoptotic Casp-8 death effector
filament (DEF)51,53, in which Y8A, R52E, and K148D/R149E belong to
“type a” surface mutations, while F122G/L123G belong to “type b”
mutations. Since F122G/L123G double mutations impaired C8FGLG self-
assembly56, impaired CFH7G-C8FGLG interaction observed in our muta-
genesis results using additional “type a” surfacemutations R33D, R52D,
and K148D could be attributed to reduced Casp-8tDED’s affinity to
cFLIPtDED. In contrast, additional “type b” surfacemutations E12A, N70A,
and E110A still retain CFH7G-C8FGLG interaction (Supplementary Fig. 4c,
lanes 7, 6, and 4 (columns 6, 5, and 3), respectively). Therefore, “type b”
surfaces involved in Casp-8 tDED self-assembly play a less significant
role in the binary tDED complex formation than other surfaces.

The binary CFH7G-C8FGLG complex could bind FADD
The conventional understanding dictates that FADD initiates the
recruitment of Casp-8, which subsequently leads to cFLIP recruitment,
ultimately forming a ternary complex through a hierarchical binding
process5. However, the purification of both the binary CF-C8FGLG and
CFH7G-C8FGLG complexes, along with mutagenesis results, suggest an
alternative binding mechanism, operating in reverse order. In this
scenario, cFLIPtDED

first assembles a double-layer intermediate com-
plex, utilizing a CBS to subsequently recruit Casp-8tDED. Notably,
examination of the binary complex structures reveals that the absence
of FADD left an empty space (Figs. 2c and 3b, f), which would be
occupied by FADD in the ternary 1:5:4 FADDFuL_H9G-C8FGLG-CFH7G com-
plex (PDB: 8YD856). This observation raises the intriguing possibility of

a pre-assembled CFH7G-C8FGLG complex binding FADD afterward, thus
completing a hierarchical binding process in reverse order, a phe-
nomenon we term the “reverse hierarchical binding process.”

To investigate this possibility, we employed the CFH7G-C8FGLG

complex, purified after the removal of its His-tag, for pulldown
experiments, assessing its interaction with a His-tagged, full-length
FADD (Fig. 5a, b). Notably, the FADD used also contained a F25Y
mutation (FADDFuL_F25Y), known to mitigate FADD aggregation without
affecting Casp-8 interaction61. SDS-PAGE analysis revealed that the
purified CFH7G-C8FGLG complex, lacking the His-tag, indeed interacted
with the FADD F25Y mutant (Fig. 5b, lanes 7 and 6), but not with the
resin alone (Fig. 5b, lanes 4 and 3). Subsequently, the resultant ternary
complex was successfully eluted and purified as a single peak (Fig. 5c,
d). Moreover, electron microscopy imaging of the purified ternary
complex revealed a globular shape, reminiscent of the crystal structure
of the binary complex (Fig. 5e). These results strongly suggest that the
generation of the ternary cFLIP-Casp-8-FADD complex can be done in
reverse order, lending support to the hypothesis of a “reverse hier-
archical binding process”.

cFLIP recruits Casp-8 and then binds FADD in reverse order
We further utilized the FADD F25G mutant, which is known to be
monomeric and inactive in Casp-8 activation61,62, to reconstitute the
ternary complex through co-purification. This approach helped us
sidestep the formation of the complex via a hierarchical binding pro-
cess. This choice was made because overexpressed WT FADD could
trigger the formation of a ternary FADD-Casp-8-cFLIP DED complex56,
while the FADD F25Y mutant, capable of interacting with Casp-8 and
inducing apoptosis61,62, likely behaves similarly to WT FADD. In our co-
purification experiments, we employed the full-length, inactive FADD
F25G mutant (FADDFuL_F25G), a full-length Casp-8 mutant with catalytic
inactivity and processing deficiency (Casp-8FuL_F122G/L123G/C360A/D374A/D384A),
and wild-type cFLIPtDED. This approach successfully yielded the ternary
cFLIPtDED-Casp-8FuL_F122G/L123G/C360A/D374A/D384A-FADDFuL_F25G complex, desig-
nated as the CF-C8FuL_FGLG_CADA-FAFuL_F25G complex (Fig. 5f, g). These
findings confirm that the binary CF-C8FuL_FGLG_CADA complex can indeed
recruit the inactive FADDF25Gmutant (Fig. 5g), further supporting the
concept of a hypothetical “reverse hierarchical binding process”.

To gain structural insight into this process,we treated the purified
ternary complex protein with Bis-sulfosuccinimidyl suberate (BS3)
crosslinker for cryo-EM studies. Subsequently, we solved the cryo-EM
structure of the ternary complex (Supplementary Figs. 5 and 6),
revealing the DED portion while the caspase domain of Casp-8 and the
DDof FADD remained invisible. The structure and the resultant atomic
coordinates of the ternary 5:3:3 CF-C8FuL_FGLG_CADA-FAFuL_F25G DED com-
plex (also named Complex C, Fig. 5h and Supplementary Fig. 7a) were
determined at a 3.7 Å resolution. The structure displayed three FADD
F25G DED molecules arranged similarly to our previous 3:3:4 FADDFuL-
C8FuL_FGLG_CADA-CF complex structure (PDB: 8YBX56, Fig. 1d), rather than
the 1:5:4 FADDFuL_H9G-C8FGLG-CFH7G complex structure (PDB: 8YD856). The
potential locations of the FADDDDweremodeled using the previously
determined full-length structure of FADD (PDB: 2GF563) (Supplemen-
tary Fig. 7c). Notably, since FADD F25 mutation only affects the type I
FADDDED-FADDDED interaction (Fig. 6e and Supplementary Fig. 8b,
interfaces 4 and 7) but not FADDDED-Casp-8tDED and FADDDED-cFLIPtDED

interactions, the atomic coordinates (Fig. 5h, Complex C) confirm that
FADDDED_F25G is indeed recruited to the cFLIP-Casp-8 tDED complex in
reverse order.

Early dissociation of FADD F25G yields binary byproducts
The DED portion of the 5:3:3 CF-C8FuL_FGLG_CADA-FAFuL_F25G complex con-
tains fewer cFLIP DED molecules than its parental 9:4 CF-C8FGLG com-
plex (Fig. 5h vs Fig. 2c), suggesting that the binding of FADD F25G
mutant to the 9:4 CF-C8FGLG complex induces a transition to a ternary
complex product. This product could resemble the 3:3:4 FADDFuL-
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C8FuL_FGLG_CADA-CF complex typically formed through a conventional
hierarchical binding process.

Unexpectedly, from the same cryo-EM data set, we derived four
additional binary tDED core structures with varied compositions
through 3D reconstruction. These structures, termed Complexes D, E,
F, and G, represent the 5:3, 6:3, 8:3 and 4:3 (WT)cFLIPtDED-Casp-8tDED_FGLG

complexes, respectively, (Fig. 5h), solved at 3.6, 3.6, 3.5 and 4.0 Å
resolution (Supplementary Figs. 5–7b). Notably, despite isolating the
ternary complex with His-tagged FADDFul_F25G, approximately 80% of
cryo-EM particles lacked FADDFul_F25G (Supplementary Fig. 5), aligning
with prior observations of the mutant’s weak binding affinity towards

Casp-8 and cFLIP61,62. The appearance of the binary CF-C8FGLG Com-
plexes D to G supports the notion that FLIP and Casp-8 initially form a
9:4 CF-C8FGLG complex before recruiting and hence being pulled down
by His-tagged FADDFuL_F25G. Importantly, the appearance of multiple
structures in a cryo-EM data set also suggests a dynamic process was
involved64.

It is plausible that after the 9:4 cFLIP-Casp-8 binary complex binds
to FADD, the resultant ternary complex undergoes a FADD-dependent
transition. The observed binary CF-C8FGLG Complexes D to G likely
represent byproducts trapped after the early dissociation of FADDF25G

from the ternary complex during the transition to its final product.

Fig. 5 | The binary CFH7G-C8FGLG complex binds FADD to form the ternary com-
plex in reverse order. a Procedure of reconstituting the ternary CFH7G-C8FGLG-
FAFuL_F25Y complex in reverse order, utilizing resin-bound FADDFuL_F25Y to pulldown
tag-removed binary CFH7G-C8FGLG complex, with resin-only serving as a negative
control. b SDS-PAGE analysis of the unbound supernatant fraction (Sup.), eluted
bound protein fraction (E), and resin after elution (R) from (a). c Gel filtration
profile of the ternary CFH7G-C8FGLG-FAFuL_F25Y complex, using the sample from the
eluted bound protein fraction (E) in (a) and (b), analyzed with a Superdex 200
increase (10/300 GL) column. d SDS-PAGE analysis of the peak fractions from (c).
e Negative-stain electron microscopy (EM) analysis of the peak fractions in (c),

demonstrating the globular shape of the ternary CFH7G-C8FGLG-FAFuL_F25Y complex
obtained in reverse order. Scale bar = 50nm. f Gel filtration profile of the CFH7G-
C8FuL_FGLG_CADA-FAFuL_F25G complex obtained in reverse order following the procedure
in (a). g SDS-PAGE analysis of the peak fractions from (f). The experiments of (b),
(d), (e), and (g) were repeated twice with similar results. Source data are provided
as a Source Data file. h Ribbon diagrams illustrating the atomic coordinates of five
cryo-EM structures obtained from the cryo-EM sample of the CFH7G-C8FuL_FGLG_CADA-
FAFuL_F25G complex sample in (f). Blue, green, and red ribbons represent cFLIP,
Casp-8, and FADD, respectively.
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Consequently, the number of cFLIPmolecules in the binary Complexes
D to G is lower than its parental 9:4 CF-C8FGLG complex (Fig. 5h vs
Fig. 2c). Notably, the numbers of CF and especially C8FGLG molecules in
the 5:3 and 4:3 CF-C8FGLG Complexes D and G are approaching
those in the 5:3:3 ternary Complex C and our previous ternary 3:3:4

FADDFuL-C8FuL_FGLG_CADA-CF complex (PDB: 8YBX56, Fig. 1d), the presum-
able final product. Therefore, the gradual reduction in the number of
cFLIP molecules observed in the binary byproducts suggests the pos-
sibility of an additional mechanism regulating the number of cFLIP
molecules in the ternary complex during the FADD-dependent

Fig. 6 | Expressed cFLIP inhibits FADD-induced Casp-8 activation but partially
activates Casp-8. a Illustration of possible reactions in HeLa cell lysate under a
hypothetical reverse hierarchical binding scenario. Overexpression of cFLIPFuL

could trigger reverse binding by forming a binary complex with endogenous
Casp-8, which can then recruit FADD. Possible biochemical reactions, demon-
strated in (c) and (d), include partial Casp-8 activation and RIPK1 cleavage.
b Illustration of possible reactions in HeLa cell lysate under a hypothetical hier-
archical binding scenario. The addition of FADD protein could initiate the forma-
tion of an intermediate complexwith endogenous Casp-8, which could then recruit
either Casp-8 or cFLIP. Added FADD could also bind RIPK1. Possible biochemical
reactions, demonstrated in (c) and (d), include full Casp-8 activation and RIPK1
activation. c Cell-lysate-based mutagenesis results. cFLIP-expressing or control
plasmids were added to HeLa cell lysate for a 16-h incubation, followed by the
addition of FADD protein for another 16-h incubation. Results were analyzed by

western blotting. The western blotting data were repeated twice with similar
results. d Cell-lysate-based mutagenesis results with simultaneous addition of
cFLIP-expressing plasmids and FADD protein to HeLa cell lysate for a 16-h incu-
bation. The effects of FADDmutations were examined by western blotting. Source
data are provided as a Source Data file. e Illustration of seven interfaces between
FADD and the binary CF-C8 sub-complex and two interfaces between adjacent
FADD molecules in the triple-FADD 5:5:3 Complex C. The complex is shown as
molecular surfaces using cryo-EM envelops and as a ball-and-ribbon model. Loca-
tions of various FADDmutations on different interfaces are indicated.Green arrows
point to the CBS, illustrated by red lines, for recruiting Casp-8molecule C8a. White
and gray lines indicate theCasp-8 layer or cFLIP layers. Interface residues are shown
in Supplementary Fig. 8b. The molecules are colored as their counterparts in
Figs. 1d and 3g. C8d1 denotes DED1 of Casp-8

tDED chain d, while CFf represents
cFLIPtDED chain (f).
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transition. One potentialmechanism is that the binding of FADD to the
CF-C8FGLG complex may trigger a change in the CF-C8 assembly, lead-
ing to the release of cFLIP (further discussed below).

In conclusion, our X-ray, cryo-EM and mutagenesis results
(Figs. 1–5) provide evidence for a previously unexplored reverse hier-
archical binding process. This process involves cFLIP initially forming a
complex with Casp-8, followed by binding to FADD. Subsequent
recruitment of FADD triggers the release of cFLIP, leading to the for-
mation of a ternary complex akin to those typically generated by the
hierarchical binding process.

Expressed cFLIP induces reactions in the reverse hierarchy
If increased levels of cFLIPL can initiate the reversehierarchical binding
process, it is plausible that the resulting cFLIPL intermediate complex
could engage endogenous procaspase-8, promoting their hetero-
dimerization and subsequent Casp-8 activation (Fig. 6a), given that
heterodimerization between cFLIPL and procaspase-8 is crucial for
cFLIPL-mediated Casp-8 activation5,44,65–67. Upon recruitment of FADD
to thebinary complex, additional reactions suchas RIPK1 cleavagemay
occur. To substantiate our structural discoveries, we expressed wild-
type full-length cFLIPL in HeLa cell lysate and evaluated procaspase-8
activation.

Indeed, after a 16-h incubation, cFLIPL expression in HeLa cell
lysate led to Casp-8 activation and the cleavage of cFLIPL (Fig. 6d, lanes
5 and 15), likely facilitated by enhanced heterodimerization of cFLIPL
and Casp-8 via the resulting CF-C8 binary complex. Importantly, the
observed Casp-8 activation was not attributed to any pre-existing or
spontaneously formed Casp-8-activating intermediate complexes in
the cell lysate, as evidenced by the control experiment (Fig. 6b, lanes 1
and 2), where no Casp-8 activation was observed after a 32-h incuba-
tion. To confirm that the induced Casp-8 activation by expressed
cFLIPL was mediated by its pseudo-caspase domain, we expressed the
tDED of cFLIPL and found no Casp-8 activation after a 16-h incubation
(Supplementary Fig. 8a, lane 3). These results suggest that expressed
cFLIPL can initiate the reverse hierarchical binding process in vitro,
which requires the pseudo-caspase domain of cFLIPL for Casp-8
activation.

After a 32-h incubation, elevated levels of cFLIP also led to the
cleavage of RIPK1 (Fig. 6b, lanes 3 and 15). Given that RIPK1 cleavage in
necroptosis inhibition relies on cFLIP-Casp-8 heterodimers32, and the
reintroduction of FADD into FADD-deficient Jurkat cells suppresses
TNF-induced necrosis34, it is likely that the observed RIPK1 cleavage is
mediated by endogenous FADD. This occurs after FADD is recruited to
the CF-C8 binary complex formed due to elevated levels of cFLIPL.
Notably, endogenous procaspase-8 in cells does not spontaneously
form filaments or complexes with cFLIP or FADD to initiate Casp-8
activation, as demonstrated by the control experiments (Fig. 6b, lanes
1, 2, 13, and 14). Therefore, the observed Casp-8 activation, cleavage of
cFLIPL, and cleavage of RIPK1 following cFLIPL overexpression suggest
that cFLIPL overexpression could indeed trigger the reverse hier-
archical binding process, leading to the observed reactions in the
reverse hierarchy.

Expressed cFLIP inhibits FADD-induced Casp-8 activation
Differences were noted in the reactions induced by added FADD and
expressed cFLIPL in HeLa cell lysate. Adding WT FADD protein to the
cell lysate was known to efficiently trigger Casp-8 activation via a
hierarchical binding process56. In our control experiments, Casp-8
activation by added FADD appeared more efficient than that induced
by expressed cFLIPL after a 16-h incubation (Fig. 6d, lanes 16 vs 15 or 2
vs 5). Moreover, added FADD, but not expressed cFLIPL, induced RIPK1
phosphorylation (Fig. 6d, lanes 16 vs 15 or 2 vs 5). While both added
FADDand expressed cFLIPL could induce RIPK1 cleavage (Fig. 6b, lanes
4 and 16 for added FADD; lanes 3 and 15 for expressed cFLIPL), the
cleavage induced by expressed cFLIPL became more pronounced

following a 32-h incubation compared to a 16-h incubation (Fig. 6d,
lanes 5 and 15).

The hierarchical and reverse hierarchical binding processes both
involve FADD, cFLIP, and Casp-8, suggesting potential crosstalk
between the two processes if both are activated simultaneously. To
investigate this possibility, we supplemented cFLIPL-expressing HeLa
cell lysate with FADD proteins and evaluated procaspase-8 activation,
cFLIP cleavage, and RIPK1 cleavage.

After adding WT FADD protein to the HeLa cell lysate already
expressing cFLIPL for 16 h, followed by an additional 16-h incubation,
we observed consistent patterns of cFLIPL-induced Casp-8 activation,
cFLIPL cleavage, and RIPK1 cleavage (Fig. 6b, lanes 5 and 17 vs lanes 3
and 15). The absence of crosstalk in this context suggests that the
expressed cFLIPL likely depleted endogenous Casp-8, forming com-
plexes to activate Casp-8.

To further investigate the interplay between the two opposing
signaling cascades, we introduced FADDprotein alongwith the cFLIPL-
expressing vector into HeLa cell lysate, followed by a 16-h incubation.
We observed that expressed cFLIPL significantly attenuated the robust
Casp-8 activation induced by added FADD, while RIPK1 phosphoryla-
tion remained unaffected (Fig. 6d, lanes 16 vs 17 or 2 vs 3). Substituting
cFLIPtDED for cFLIPL confirmed that cFLIPtDED alone is capable of halting
added-FADD-induced Casp-8 activation (Supplementary Fig. 8a, lanes
7 and 8 vs 6). These findings collectively suggest that expressed cFLIP
suppresses added-FADD-induced Casp-8 activation without affecting
RIPK1 activation. Moreover, the observed Casp-8 activation in Fig. 6d,
lane 3 or 17, is likely attributed to expressed cFLIPL rather than
added FADD.

Expressed-cFLIP-induced Casp-8 activation requires FADD
We further investigated the role of FADD surfaces in the expressed-
cFLIP-induced binding process. We employed FADD mutants (F25R,
K33E, E37A, E51R, and D74A) known to be defective in added-FADD-
induced Casp-8 activation56, and examined their impact on expressed-
cFLIP-induced reactions. Residues K33, E37 (Fig. 6e and Supplemen-
tary Fig. 8b, interfaces 3, 6, and 9) and E51 (Fig. 6e and Supplementary
Fig. 8b, interfaces 2, 5, and 8) are located on the “type a” surfaces of
FADD DED, interacting with the “type b” surfaces of Casp-8tDED and
cFLIPtDED in the triple-FADD 5:3:3 CF-C8FuL_FGLG_CADA-FAFuL_F25G complex.
Meanwhile, residue F25 is located on the type Ib surface crucial for
FADDDED-FADDDED interaction (Fig. 6e and Supplementary Fig. 8b,
interfaces 4 and7).Notably, residueD74belongs to the type IIb surface
used only in the 1:5:4 FADDFuL_H9G-C8FGLG-CFH7G complex (PDB: 8YD856),
which is not involved in the assembly of triple-FADD 5:3:3 CF-
C8FuL_FGLG_CADA-FAFuL_F25G complex. As an additional positive control, we
included the FADD R34A mutant, which retains the ability to induce
Casp-8 activation.

In the presence of WT FADD or the WT-mimicking R34A mutant,
expressed cFLIP inhibits added-FADD-induced Casp-8 activation in
HeLa cell lysate, while itself triggering limited Casp-8 activation
(Fig. 6d, lanes 3 vs 2, and lanes 11 vs 10, respectively), as previously
mentioned. As expected, adding Casp-8 activation-defective FADD
mutants K33E and E51R to HeLa cell lysate failed to activate Casp-8
(Fig. 6d, lanes 8 and 20, respectively), yet these mutants also inhibited
cFLIPL-expression-induced Casp-8 activation (Fig. 6d, lanes 9 and 21,
respectively). These findings suggest that cFLIPL-expression-induced
Casp-8 activation necessitates the presence of FADD, as well as FADD
residues K33 and E51.

Importantly, while Casp-8 activation-defective FADD mutants
F25R, E37A, and D74A lost the ability to induce Casp-8 activation
(Fig. 6d, lanes 6, 18, and 22, respectively), these mutants permitted
cFLIPL-expression-induced Casp-8 activation (Fig. 6d, lanes 7, 19, and
23, respectively). Since the binary cFLIP-Casp-8 complex could recruit
the inactive FADD F25G mutant (Fig. 5f), it is highly likely that the
binary complex formed upon cFLIPL expression could also recruit
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Casp-8 activation-defective FADD mutants F25R, E37A, and D74A to
locally activate Casp-8. We further conducted a pulldown assay and
confirmed that the purified binary complex could bind the His-tagged
FADD D74A mutant (Supplementary Fig. 8c, lane 6). Taken together,
these mutagenesis results not only underscore the distinct FADD
surface requirements between hierarchical and reverse hierarchical
binding processes but also emphasize the critical role of FADD in
cFLIPL-expression-induced Casp-8 activation. FADD residues K33 and
E51 are indispensable for Casp-8 activation in both hierarchical and
reverse hierarchical binding processes.

Added-FADD-induce RIPK1 activation is not inhibited by cFLIP
The addition of WT FADD, FADD mutants R34A, or D74A to HeLa cell
lysate was previously shown to induce RIPK1 phosphorylation or acti-
vation, regardless of their ability to activate Casp-856, as evidenced in
Fig. 6d, lanes 2, 10, and 22, respectively. This RIPK1 activation is likely
facilitated by a distinct triple-FADD-Casp-8 complex, separate from the
concurrently induced Casp-8-activating complex56. Notably, cFLIPL
expression minimally affected RIPK1 phosphorylation induced by the
addition ofWT FADDor its mutants R34A and D74A (Fig. 6d, lanes 3 vs
2, 11 vs 10, and 23 vs 22, respectively), despite significantly reducing the
Casp-8 activation induced by added-FADD (WT FADD and FADD
R34A). Hence, the observed inconsistency in mutagenesis results
supports the notion that added-FADD prompts the formation of two
distinct complexes: aRIPK1-activating complex and aCasp-8-activating
complex, with the latter susceptible to inhibition by cFLIP.

Furthermore, considering the earlier observation wherein
increased cFLIP levels led toRIPK1 cleavage (Fig. 6b, lanes 3 and 15), it is
evident that the ternary complex induced by cFLIP expression,
resulting in RIPK1 cleavage and Casp-8 activation, differs from the
RIPK1-activating complex prompted by added-FADD.

Since the regulation of caspase activation and RIPK1 cleavage is
vital for controlling apoptosis and necroptosis, the findings presented
in Fig. 6 highlight a significant connection between the reverse hier-
archical binding process and these key regulatory pathways. The ability
of tandem DED to orchestrate the assembly of a helical multiprotein
DED complex in reverse order introduces an additional dimension of
complexity to the intricate formationof thismultiproteinDEDcomplex
(Fig. 7), ultimately influencing cell survival and fate. It is speculated that
high levels of cFLIP in tumor cells could potentially overcome not only
DR-induced death signaling but also stress-induced death signaling,
thereby enhancing cell survival under adverse conditions.

Discussion
In summary, we investigate the tDED assembly of cFLIP in recruiting
Casp-8. We present the atomic coordinates of the binary 6:4 CFH7G-
C8FGLG and 9:4 CF-C8FGLG complexes at 2.1 Å and 3.3 Å resolution,
respectively (Figs. 1 and 2), unveiling the autonomous assembly of
tDEDbetweencFLIP andCasp-8 in the absenceof FADD (Fig. 3).Wealso
present the atomic coordinates of the ternaryCF-C8FuL_FGLG_CADA-FAFuL_F25G

complexes at 3.7 Å resolution (Fig. 5). Notably, these atomic coordi-
nates reveal specific interactions within the cFLIP double-layer inter-
mediate complex, which precedes the interaction with Casp-8 (Fig. 4
and Supplementary Fig. 4). In addition, they provide structural insights
into specific binding of binary cFLIP-Casp-8 tDED complex to FADD,
even the inactive FADD F25G mutant, leading to the release of cFLIP,
Casp-8 activation, and RIPK1 cleavage (Figs. 5–7 and Supplementary
Fig. 8). These findings suggest that the widely accepted hierarchical
binding process5 could occur in reverse order in vitro. Importantly,
these structural revelations are pivotal for comprehending the role of
cFLIP, particularly when its levels are elevated, in maintaining cell via-
bility and influencing cellular immortality47.

The appeal of this study lies in the discovery of a reverse hier-
archical DED assembly, which contrasts both in hierarchy and direc-
tionality with the previously established unidirectional behavior of DD-

fold proteins in filamentous complex assembly68–72. Unlike the uni-
directionalmultiproteinDD-fold assemblies that alignwith downstream
signalinghierarchies, ourfindings reveal that the FADD-Caspase-8-cFLIP
DED assembly can occur in reverse order, forming a cFLIP-Caspase-8-
FADD DED assembly. Additionally, we found that CBS formation could
control the directionality of multiprotein DD-fold assembly. When the
“type a” CBS appears on the oligomeric FADD-Caspase-8 intermediate
complex, the subsequent DED assembly proceeds downstream by
recruiting cFLIP. Conversely, when the “type b” CBS appears on the
oligomeric cFLIP intermediate complex (Supplementary Fig. 3c), the
DED assembly could proceed in reverse, binding first to Caspase-8 and
then to FADD. The CBS on the cFLIP double layer for recruiting addi-
tional cFLIP is also composed of “type a” surfaces. This discrepancy in
CBS composition and specificity dictates the directionality of complex
elongation, contributing to the unidirectional nature of the assembly
process. It is tempting to speculate that the co-occurrence of this
reverse assembly of the cFLIP-Caspase-8-FADD complex under certain
conditions may contribute to different models proposed in previous
studies in this field and impact cell fate determination.

Notably, the recruitment of FADD to the binary cFLIP-Casp-8
complex, essential for expressed-cFLIP-induced Casp-8 activation in
HeLa cell lysate (Fig. 6), leads to the displacement of cFLIP (Fig. 5),
hinting at their interdependent assembly-function relationship. Com-
paring to the parental 9:4 CF-C8FGLG complex, FADD recruitment
reduces the number of cFLIP molecules to five in the 5:3:3
CF-C8FuL_FGLG_CADA-FAFuL_F25G complex (Fig. 5), approaching the four cFLIP
molecules in the 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF structure (PDB:
8YBX56), which likely represent the final product in the hierarchical
binding process. Previously, our model predicted that the hetero-
dimerization between procaspase-8 and the fourth cFLIPL molecule in
the 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF structure would result in partial
Casp-8 activation56 (Fig. 7). Thus, in the reverse hierarchical binding
process, the reduction in cFLIP molecules upon transitioning to the
ternary cFLIP-Casp-8-FADD complex may trigger partial Casp-8 acti-
vation. A possible outcome is that the release of cFLIP eliminates the
interference from neighboring pseudo-caspase domains or cFLIP,
facilitating partial Casp-8 activation. However, the detailedmechanism
requires future investigations.

The structural mechanism underlying the release of cFLIP upon
FADDbinding to the CF-C8FGLG complex could be investigated through
structural comparison. By superimposing Casp-8 molecule C8c, a
comparison between the ternary 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF (PDB:
8YBX56) and corresponding binary 9:4 CF-C8FGLG structures reveals that
the bottom end WT cFLIP molecule CFh of the former shifts approxi-
mately 5 Å upon FADD joining the binary complex (Supplementary
Fig. 9a). Similarly, a ~ 5 Å shift of the correspondingCFH7Gmolecule CFh
is also observed when comparing the ternary 1:5:4 FADDFuL_H9G-C8FGLG-
CFH7G (PDB: 8YD856) with corresponding binary 6:4 CFH7G-C8FGLG struc-
tures (Supplementary Fig. 9b). Therefore, the release of cFLIP mole-
cules during the transition to the ternary complex in the reverse
hierarchical binding process is likely attributed to FADD-binding-
induced structural jamming (Supplementary Movies 6 and 7).

In contrast, the FADD F25G mutation has minimal impact on the
CF-C8FGLG assemblywhen comparing the ternary 5:3:3 CF-C8FuL_FGLG_CADA-
FAF25G Complex C with the corresponding binary 8:3 CF-C8FuL_FGLG_CADA

Complex F (Supplementary Fig. 9c). Consequently, the ineffective
jamming observed in the FADD F25Gmutant likely explains its inability
to efficiently generate a C8-CF hetero-double layer, as seen with WT
FADD in the ternary 3:3:4 FADDFuL-C8FuL_FGLG_CADA-CF complex (PDB:
8YBX56). Notably, since FADD residue F25 does not reside on the FADD-
cFLIP and FADD-Casp-8 interfaces, theremay be a correlation between
the ineffective jamming caused by the FADD F25Gmutant and its weak
binding affinity toward Casp-8 and cFLIP61,62. This could result in the
mutant’s early dissociation from approximately 80% cryo-EM particles
of the ternary complex, leading to the formation of various binary 8:3,
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6:3, 5:3, and 4:3 complexes as byproducts. Future investigation is
needed to elucidate themechanical implications of the F25Gmutation
and the ineffectual jammingmechanically on the weak binding affinity
of the FADD F25Gmutant. It should also be noted that the byproducts
of the binary complexes observed here may be absent in cells withWT
FADD due to the completion of the transition.

Our structural studies do have certain limitations. Using Casp-8
FGLG and cFLIP H7G mutations, along with overexpression of cFLIP
tDED, was intended to enhance sample homogeneity for structural
studies56. The FADD F25G mutation was employed to bypass the
hierarchical binding process and study the complex assembled in

reverse order. Consequently, our structures may not fully represent
the diverse native complexes found in cells. Additionally, the bypro-
ducts observed with the FADD F25G mutation are unlikely to be pre-
sent in cells with WT FADD. Furthermore, the levels of cFLIP induced
by cFLIP overexpression in our experiments may not mirror those
induced by cell-type-specific TNF-induced RIPK1-mediated NF-κB
activation17,19–25, or TLR49, or by various transcription factors28,44, or in
many tumor cells7,28,44,73. Depending on the levels of cFLIP and the
equilibrium constant, it is conceivable that in these cells only a fraction
of cFLIP could autonomously form the binary cFLIP-Casp-8 complex,
which could then bind FADD to execute functions such as RIPK1

Fig. 7 | Proposed bidirectional DED assembly mechanisms in forming the
ternary complex of cFLIP, FADD, and procaspase-8 in determining cell fate.
a Proposed DED assembly mechanism in the reverse hierarchical binding process.
When cFLIP levels are elevated, some cFLIP molecules could initiate the formation
of a transient cFLIP double-layer intermediate complex. This intermediate complex
recruits endogenous Casp-8 and cFLIP to form a stable binary complex. The
resultant cFLIP-Casp-8 binary complex subsequently utilizes the CBS to recruit
endogenous FADD and loses excess cFLIP molecule, resulting in a ternary cFLIP-
Casp-8-FADD complex. This complex, similar to the one formed through the hier-
archical binding process, provides resistance to apoptosis and necroptosis.

Together with the hierarchical binding process shown in (b), the reverse hier-
archical binding process completes the bidirectional DED assembly mechanism.
b Proposed DED assembly mechanism in the hierarchical binding process56. Upon
high levels of FADD or a high local concentration of FADD, FADD initiates the
formation of a transient binary intermediate complex with endogenous Casp-8.
cFLIP targets the CBS of this intermediate complex to block apoptotic signaling,
resulting in a ternary FADD-Casp-8-cFLIP complex. When cFLIP is depleted, the
intermediate complex could recruit endogenous procaspase-8 to initiate apopto-
sis. Blue and green ribbons represent cFLIP and Casp-8, respectively. FADD mole-
cules are colored as their counterparts in Fig. 1d.
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cleavage for maintaining cell viability32,39 or even regulating
autophagy74 and the functions of inflammasomes45,49. These possibi-
lities merit further investigations.

Additionally, it is possible that native binary complexes obtained
fromcellsmayexhibit heterogeneity, potentially containingmore than
one type III-II-III CSS-mediated Casp-8 trimer at the top end, each
potentially serving distinct functions. Another scenario could involve
the binary complex displaying a preference for binding endogenous
FADD, resulting in the formation of heterogeneous ternary complexes.
Consequently, the atomic coordinates of our binary complexesmerely
suggest potential interactions between cFLIPtDED-cFLIPtDED and
cFLIPtDED-Casp-8tDED in the absence of FADD or before its recruitment.
Furthermore, the atomic coordinates of the ternary complex, assem-
bled in reverse order using the well-known inactive FADD F25G
mutant, could provide insights into FADD’s role in modulating the
number of cFLIP molecules and its involvement in partial Casp-8
activation. Proposed ternary complex intermediates with WT FADD
during the transition to the representative 3:3:4 FADD-C8-CF complex
(PDB: 8YBX56) could be inferred from the structures detailed in our
study (Fig. 7). These possibilities underscore the potential hetero-
geneity and intermediate states that require further exploration.

The structural insights from this study reveal previously unex-
plored FADD-independent assembly of the cFLIPtDED-Casp-8tDED com-
plex and the subsequent recruitment of the FADD F25G mutant to
form the ternary cFLIPtDED-Casp-8tDED-FADDDED complex. These findings
contribute another crucial piece to comprehensively understanding
the intricate helical assembly of multiprotein DED/tDED complexes in
three dimensions75. By revealing that elevated levels of cFLIPtDED could
potentially assemble a triple-layer helical complex via type III-II-III CSS-
mediated trimer to initiate a reverse hierarchical binding process (as
illustrated in Fig. 7a, with detailed steps in Supplementary Fig. 10),
these findings provide a plausible explanation for previously con-
troversial observations involving elevated levels of cFLIP in this field29.
In conjunction with the hierarchical binding process in 3D56, these
results lay the structural foundation for the bidirectional, i.e., hier-
archical and reverse hierarchical, DED assembly mechanisms in 3D,
shedding light on the intricate signaling regulation by the helical
FADD-Casp-8-cFLIP complexes of higher-order-assemblies (Fig. 7a, b).
This work advances our understanding of the potential transitions
leading to different higher-order DED/tDED complexes (detailed in
Supplementary Fig. 10), which may play diverse signaling roles in
cells76 and contribute to the formation of punctate spots in tumor
cells47. These findings underscore the need for further research to
explore the functional implications embedded in these intricate
structural discoveries. Future investigations should determine whe-
ther other helical multiprotein DD-fold complexes exhibit similar
bidirectional assembly mechanisms.

This study’s findings hold significant potential for advancing drug
development aimed at treating cancers and inflammatory diseases. The
atomic coordinates presented here could serve as crucial foundations
for designing therapeutic strategies. For instance, a recent study
highlighted theuseof a peptidemimicking ahelix ofCaspase-8DED2 to
disrupt type IDED-DED interactions, successfully inhibiting apoptosis77.
Similarly, another study used a homology-modeled cFLIP DED2 in in
silico screening to identify inhibitors that could restore apoptosis in
TRAIL-resistant cancer cells78. In this context, our structural data pro-
vide critical insights for the rational design of peptides or drugs that
selectively target apoptotic complexes, such as the FADD-Caspase-8
intermediate complex56, while avoiding anti-apoptotic complexes.
Additionally, our structures presented here could inform drug
screening efforts or guide the design of molecules that selectively tar-
get complexes assembled in reverse order, focusing on the DED-DED
interactions used only in cFLIP double-layer formation or the Caspase-
8-recruiting CBS of the cFLIP complex. This approach could selectively
inhibit cFLIP self-oligomerization or its recruitment of Caspase-8,

offering a promising strategy for treating cancers with elevated cFLIP
levels, while preserving the integrity of apoptotic complexes. More-
over, targeting the FADD-recruiting CBS of the cFLIP-Caspase-8 com-
plex presents another viable therapeutic avenue for such cancers.

Methods
Reconstitution and purification of the binary complex
To reconstitute the binary tDED complexes, wild-type or mutant
cFLIPtDED (1-181) proteins fusedwith anN-terminal 6xHis-tag (N-tag) and
Casp-8tDED_FGLG (1-185) mutant were individually expressed in Escher-
ichia coli (BL21-CodonPlus, Agilent). The binary complexes were co-
purified using Ni-nitrilotriacetic acid affinity resin followed by size-
exclusion chromatography (SEC) employing a Superdex-200 (10/300)
gel-filtration column (Cytiva) equilibrated with Buffer A (80mM NaCl
and 20mM Tris, pH 8.0). The selenomethionine (SeMet, Carbosynth
FS09881)-substituted protein complex was expressed and co-purified
using the same method. The cloning primers are listed in Supple-
mentary Data 1.

Crystallization of the binary complex
To crystallize the binary tDED complexes, the purified protein com-
plexes underwent thrombin digestion to remove the N-terminal His-
tag. Subsequently, theywere concentrated and further purified using a
Superdex-200 (10/300) gel-filtration column equilibrated with Buffer
A. The native and SeMet-substituted CFH7G-C8FGLG complexes were
concentrated to 20mg/mL and crystallized using the hanging-drop
vapor-diffusion method at 20 °C with a condition comprising 100mM
MES at pH 6.5, 200mMKSCN, 80mMNaCl, 10% PEG4000, and 10mM
TCEP at pH7.3.Meanwhile, theCF-C8FGLG complexwas concentrated to
16mg/mL and crystallized under conditions of 100mM HEPES at
pH 7.5, 100mM LiCl, 100mM TBG at pH 9.0, and 20% PEG400.

Reconstitution and purification of the ternary complex
To reconstitute the ternary DED complexes, wild-type cFLIPtDED pro-
tein, full-length Casp-8FGLG_CADA mutant, and full-length FADD F25G
mutant fused with a His-tag were individually expressed in Escherichia
coli. Ternary complexes were co-purified by using Ni-nitrilotriacetic
acid affinity resin followed by size-exclusion chromatography (SEC)
using a Superdex-200 (10/300) gel-filtration column equilibrated with
Buffer A. The purified complex protein was then subject to cross-
linking, as described in the corresponding section below.

The generation of the ternary DED complex with FADD F25Y
mutant is depicted in Fig. 5a. In this process, theHis-tag-removed, SEC-
purified binary CFH7G-C8FGLG complex was added to FADDFul_F25Y-loaded
resin at 4 °C for 1 h. The eluted protein was then subject to SEC using a
Superdex-200 (10/300) gel-filtration column equilibrated with Buffer
A. Subsequently, the purified complex protein underwent negative
stain EM studies described in the corresponding section below.

Crystal structure determination and molecular graphics
Anomalous and native diffraction data were collected X-ray by the
program Blu-Ice 5.0 at the TLS BL13B1 beamline at NSRRC, using the
wavelengths of 0.97942 and 1.00000Å, respectively, at 110 K. The
data sets underwent processing using the HKL-3000 program. The
CFH7G-C8FGLG structure was determined at 2.34 Å using the single-
wavelength anomalous diffraction (SAD) phasing in the Phenix soft-
ware (version 1.14-3260), with Se atoms serving as anomalous scat-
terers. Within the asymmetric unit, there was one 6:4 CFH7G-C8FGLG

complex, with a solvent content of 55%. The CF-C8FGLG structure was
determined using the molecular replacement (MR) method, utilizing
the CFH7G-C8FGLG structure as a search model and the Phaser-MR GUI
in Phenix version 1.14-3260. Within the asymmetric unit, there was
one 9:4 CF-C8FGLG complex, with a solvent content of 65%. The
identification of Casp-8 and cFLIP was based on the selenium atom
positions. Consistent with our previous findings56, there are electron
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densities for helix H7 of Casp-8 and cFLIP tDEDs, while cFLIP has
disordered helix H3 in DED1 and sometimes DED2 (Supplementary
Fig. 1a, b).

All models underwent iteratively building and refinement pro-
cesses using the programs Coot version 0.8.9.1 EL/WinCoot version
0.8.2 and Phenix version 1.14-3260, respectively. In both structures, all
residues fell within the Ramachandran favored and allowed regions,
with no outliers. Data collection and refinement statistics are sum-
marized in Supplementary Table 1. The structures were analyzed using
the qtPISA program in CCP4i2 version 7.0.060, MUSTANG version
3.2.3, and Mol-Probity (http://kinemage.biochem.duke.edu). Interface
residues and areas were identified and estimated, respectively, by
PISA. Figures were prepared using the PyMOL version 1.8.2.1 and UCSF
Chimera programs version 1.16-42360. Movies were prepared using
UCSF Chimera programs version 1.16-42360 and UCSF ChimeraX ver-
sion 1.6.dev202303040240.

The ball-and-ribbon diagram
In Fig. 2c, the ball-and-ribbon diagram on the right-hand side illustrates
the spatial relationship of individual DEDswithin theCF-C8FGLG complex.
Lines connect the spatially conserved Cα atoms of every two adjacent
DEDs, forming ribbons that represent the assemblies via the type I, II,
and III interfaces, respectively. Blue, green, and cyan ribbons denote
assemblies through the type I interface (referred to as the type I con-
nectivity), while gray ribbons indicate assemblies via the type II interface
(the type II connectivity). Red, yellow, and pink ribbons represent
assemblies through the type III interface (the type III connectivity). The
balls represent the Cα atoms of spatially conserved leucine residues of
DEDs56, including Casp-8 L62 and L162, and cFLIP L55 and L152. This
diagram was made by using the PyMOL program version 1.8.2.1

Multi-angle light scattering (MALS)
In the SEC-MALS experiments, binary and ternaryDEDcomplexeswere
injected into a Superdex 200 (5/150) size-exclusion column and a
Wyatt protein SEC column with a pore size of 300Å, respectively. All
columns were equilibrated with 20mM Tris (pH 8.0) and 80mMNaCl
at room temperature, using a fast protein liquid chromatography
system (Äkta purifier 10) coupled with a three-angle light-scattering
detector (mini-DAWN TREOS) and a refractive index detector (Optilab
T-rEX, Wyatt Technology). Data analysis was carried out using the
program ASTRA ver 6.0.5.3.

Small-angle X-ray scattering
In the SEC-SAXS experiments, SAXS data were collected using the
program Albula (Dectris, Baden-Dättwil, Switzerland) at the SWAXS
beamline BL23A1 at NSRRC using an online size-exclusion high-per-
formance liquid chromatographic system (Agilent chromatographic
system 1260 series). Each protein sample was injected into an Agilent
Bio SEC-5 HPLC column with a flow rate of 0.35mL/min. Upon elution
of the complex, the solutionpassed through a quartz capillary (2.0mm
diameter) with a flow rate decreased to 0.03mL/min for the SAXS data
collected with 30 s per frame using a Pilatus 1M-F area detector. All
buffer solutions were measured under the same conditions for back-
ground scattering subtraction. The SAXS data were analyzed using
BioXTAS RAW 2.2.2 and the ATSAS program suite version 2.7 to 3.2.1.
Data collection and structural parameters are summarized in Supple-
mentary Table 2.

Negative staining TEM
Fourμl of the sample solutionwas applied onto the carbon-coated side
of a TEM carbon type-B grid (Ted Pella, 01814-F) for 30 s, followed by
the removal of excess liquid from the edge of grid using a filter paper
(Whatman). Subsequently, 4μl of 1% uranyl acetate or uranyl formate
was applied to the grid for 30 s and then removed with a filter paper.
The grid was then placed into an electronic dry cabinet to air dry

before imaging using a FEI Tecnai G2 F20 S-TWIN at ICOB, Academia
Sinica. Uncropped data are included in a Source Data file.

Protein sample cross-linking
Before cross-linking, purified protein complexes were dialyzed against
a HEPES buffer and then concentrated to 1mg/mL. For Bis-
sulfosuccinimidyl suberate (BS3) cross-linking, 12.5mM BS3 was
added to 1mL of purified protein to achieve a final BS3 concentration
of 2.5mM, and the mixture was allowed to react at room temperature
for anhour. Subsequently, the reactionmixturewas then loadedonto a
size-exclusion chromatography column (Superdex 200 increase
10/300), and equilibrated in a TRIS buffer, to remove excess BS3. The
peak fractions were collected and stored at 4 °C. The concentration of
the cross-linked complex was measured using a spectrophotometer
(NanoDrop ND-1000, Thermo Scientific) prior to grid preparation.

Cryo-EM grids preparation and data acquisition
The BS3 cross-linked protein samples (approximately 250μg/mL of
the complexes C to G) were applied to glow-discharged holey carbon
grids (Quantifoil Cu, R1.2/1.3, 300mesh). Each gridwas blotted for 3 to
4 s and then flash-plunged into liquid ethane pre-cooled in liquid
nitrogen using an FEI Vitrobot mark IV operated at 4 °C and 100%
humidity. Cryo-EM data were acquired on a Titan Krios (FEI) operated
at 300 kV, equipped with a Gatan K2 Summit detector at ASCEM,
Academia Sinica. The EPU 2.2.0.65REL software was utilized for auto-
mated data collection. Movies were collected at a nominal magnifica-
tionof 165,000× incountingmode resulting in a calibratedpixel size of
0.84 Å/pixel, with a defocus range of approximately –1.0 to –1.6μm.
Eighty frames were recorded over 6 s of exposure at a dose rate of 0.9
electrons per Å2 per frame. Data collection, refinement, and validation
statistics are summarized in Supplementary Table 3.

Cryo-EM image processing and model refinement
All datasets underwent processing using the CryoSparc V2.8.0 to
V2.11.0 software package installed onour own computers.Movie frames
were aligned by executing the Full-frame motion correction job. The
contrast transfer functionparameters for each alignedmicrographwere
estimated using CTF estimation (CTFFIND4). Particle templates were
created from the manually picked particles from 15 ~ 20 micrographs.
Subsequently, particles were automatically picked using the Template
picker tool. All particleswere locally alignedandextractedbyemploying
Localmotion correction, followedbymultiple cycles of 2D classification
to remove junkparticles. Ab initio 3D classificationwas conducted using
the Ab-initio Reconstruction module. After discarding junk particles,
subsequent procedures including heterogeneous refinement, homo-
geneous-refinement, and non-uniform refinement were carried out. All
map structures were sharpened, and the resolutionwas estimated using
the Fourier shell correlation (FSC) = 0.143 cutoff criterion.

The crystal structures of FADDDED, cFLIPtDED, and C8tDED were fitted
into theCryo-EMenvelops usingUCSFChimera version 1.16-42360 and
refined in real space using the Phenix version 1.14-3260. The identifi-
cation of Casp-8 and cFLIP was facilitated by the presence of envelops
for helix H7 of tDED, with further confirmation of cFLIP identity
through the observation of disordered helix H3 in cFLIP DED1 and
sometimes DED256. Maps for each helix with structural model are
shown in Supplementary Figs. 11–15. Notably, given that tDED but not
FADDDED possesses helix H7, the absence of an envelope for helix H7
of tDEDdistinctly indicates the presence of three FADDDEDmolecules
in Complex C (Supplementary Fig. 7a vs b, and Supplementary Fig. 11).
Notably, the Casp-8’s caspase domain and FADDDDwere not visible in
the Cryo-EM envelopes.

Mutagenesis and pulldown assays
All gene mutations were introduced using the KOD Plus Mutagenesis
Kit (TOYOBO) or the In-Fusion HD Cloning Plus kit (TaKaRa). The
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primers used in mutagenesis are listed in Supplementary Data 1. The
His-tagged proteins were expressed and immobilized on resin (Qia-
gen). Excess proteins and impurities were removed by three washes
with 40mM imidazole. The resin was then incubated with non-tagged
protein lysates at room temperature for 1 h, followed by three washes
with 40mM imidazole. Finally, the proteins were eluted with 1M imi-
dazole. All samples underwent SDS-PAGEanalysis with Coomassie blue
staining. The representative images from two independent experi-
ments are shown. Bar charts in Fig. 4c and Supplementary Fig. 4c were
made by Excel version 16.54. Uncropped data are included in a Source
Data file.

In vitro mutagenesis study of FADD-mediated signaling
In vitro mutagenesis experiments were performed using a HeLa cell
lysate-based protein expression system (1-Step Human Coupled IVT
kit, Thermo). The full-length cFLIP and cFLIPtDED cDNA sequences were
cloned into the pT7CFE1-CHis expression vector for human cell-free
protein expression. Full-length wild type and mutant FADD proteins
were expressed using the PURExpress in vitro protein synthesis kit
(NEB) with the pET-26 vector. For cFLIP protein expression, the cFLIP
construct was mixed with the reaction component of the IVT kit and
incubated at 30 °C for 16 or 32 h. Different FADD proteins were added
at the time point 0 h or 16 h to a final concentration of approximately
4μM (measured by UV absorbance), which is higher than the endo-
genous FADD concentration of approximately 0.33 μM79. The in vitro
reactionproductwas subsequently analyzedby SDS-PAGEandwestern
blotting. Mutants were created using KOD-based site-directed muta-
genesis and the primers listed in Supplementary Data 1. Uncropped
data are included in a Source Data file.

Western blotting
Cell lysates containing 20μg of protein were subjected to SDS-PAGE
analysis and subsequently transferred to a PVDF membrane (Milli-
pore). The membrane was then blocked with a Tris-buffered saline
containing 0.1% Tween-20 (TBST), supplemented with either 5% (wt/
vol) skimmilk or 1% BSA, for one hour at room temperature. Following
blocking, themembrane was washed three times with TBST to remove
excess blocking reagent. Next, the blot was incubated with the indi-
cated primary antibodies at 4 °C overnight, followed by another three
washes with TBST. Afterward, the membrane was incubated with HRP-
conjugated secondary antibodies for one hour at room temperature.
To visualize the protein bands, the blot was washed four times with
TBST and then treated with the ECL solution (Pierce) following the
manufacturer’s instructions. Representative images of two indepen-
dent experiments are presented. Uncropped data are included in a
Source Data file.

Antibodies used in the cell-lysate based experiments
FLIP (D5J1E) (Cell Signaling, #56343, 1:2000); Caspase 8(D35G2) (Cell
Signaling, #4790, 1:4000); Caspase-3 antibody (Cell Signaling, #9662,
1:4000); Cleaved caspase-3 (Asp175) (5A1E) (Cell Signaling, #9664,
1:2000); Human FADD (Cell Signaling, #2782, 1:2000); PARP (46D11)
(Cell Signaling, #9532,1:2000); RIP (Cell Signaling, #4926, 1:2000);
Phospho-RIP (Ser166) (D1L3S) (Cell Signaling, #65746, 1:2000); GAPDH
(14C10) (HRP Conjugate) (Cell Signaling, #3683, 1:4000); Goat Anti-
Rabbit IgG H&L (HRP) (Abcam, #ab6721, 1:10000)

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates and reflection files for the crystal structures
generated in this study have been deposited in the Worldwide Protein
Data Bank (wwPDB) under accession codes 8YM4 (The SeMet

derivative of the CFH7G-C8FGLG complex), 8YM5 (Native CFH7G-C8FGLG

complex), and 8YM6 (Native CF-C8FGLG complex). The cryo-EM struc-
tures and the corresponding atomic coordinates generated in this
study have been deposited in the Electron Microscopy Data Bank
(EMDB) and wwPDB, respectively, under accession codes EMD-39424
and 8YNI (The 5:3:3 CF-C8FuL_FGLG_CADA-FAFuL_F25G DED Complex C), EMD-
39425 and 8YNK (The 5:3 CF-C8FGLG Complex D), EMD-39426 and 8YNL
(The 6:3 CF-C8FGLG Complex E), EMD-39427 and 8YNM (The 8:3 CF-
C8FGLG Complex F), and EMD-39428 and 8YNN (The 4:3 CF-C8FGLG

Complex G). The cryo-EM structure used in this study are available in
the EMDBunder accession codes EMD-39126 (The triple-FADD-Casp-8-
cFLIP DED Complex B)56. The atomic coordinates for the cryo-EM
structure used in this study are available in thewwPDBunder accession
codes 8YBX (The triple-FADD-Casp-8-cFLIP DED complex B)56, and
8YD8 (Native single-FADD-Casp-8-cFLIP DED complex)56. The atomic
coordinates for the NMR structure used in this study are available in
thewwPDBunder accession codes 2GF5 (Full-length FADD)63. The SDS-
PAGE data, western blot data, representative micrographs, and other
source data generated in this study are provided in the Supplementary
Information or in a Source Data file. Source data are provided as a
Source Data file. Source data are provided with this paper.
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