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Electric dipole moment drives the dynamics 
of the TNFR1 complex I signalosome

Jianping Liu1,4 ✉, Jing Zhao1,2,4, Jiayang Gao1,2,4, Kun Zhao1,2, Yaoyao Han1,2, Jing Yang1,3, 
Zefei Li1,2, Jianyu Ye1,2, Ziyu Sun1,2, Fengyi Wang1,2, Xinyi Liu1,2, Zekai Li1,2, Siyu Ji1,2, Bo Liu1, 
Cong Liu1, Yixiao Zhang1, Junying Yuan1 ✉ & James J. Chou1,3 ✉

Dynamic assembly of the complex I signalosome mediated by three death domain 
(DD)-containing proteins—TNFR1, TRADD and RIPK1—is key for transmitting 
extracellular TNF stimuli to intracellular NF-κB signalling in controlling ‘live or die’  
cell fate1. This signalling hub features the rapid recruitment of TRADD and RIPK1 after 
engagement of TNFR1 by TNF for the formation of complex I, followed by timed 
disassembly for transition into downstream signalling complexes2,3, but the mechanism 
driving the dynamic reversibility of complex I remains unclear. Here we captured the 
assembly core of complex I and determined its cryo-electron microscopy structure, 
showing a pentameric fibre comprising 31 DDs, with a single layer of a TRADD-DD 
pentamer sandwiched between multiple layers of TNFR1-DD and RIPK1-DD 
homopentamers. Structural analysis revealed a strong opposing electric dipole 
moment (EDM) generated by RIPK1-DD oligomerization relative to that of TNFR1-DD 
and TRADD-DD. Structure-guided mutagenesis in TNFR1–TRADD–RIPK1 pentameric 
fibres altering the EDM without affecting DD oligomerization demonstrated the role 
and mechanism of EDM in driving the dynamic reversibility mediating the rapid 
assembly and disassembly of complex I. Our study demonstrates a role for long-range 
interactions mediated by protein EDMs in driving the assembly and disassembly of 
super-signalling complex I for promoting NF-κB signalling.

TNF is a pivotal proinflammatory cytokine involved in a multitude of 
human diseases4. This is underscored by the considerable success of 
anti-TNF therapy in treating a wide range of inflammatory diseases5. 
TNFR1, the primary receptor of TNF, is highly expressed by cells of 
myeloid lineage, such as microglia and macrophages, which are the pri-
mary mediators of inflammation. Engagement of TNFR1 by extracellular 
TNF promotes the rapid formation of a transient intracellular signalo-
some, known as complex I. The core scaffold of complex I is formed by 
direct interaction of TNFR1 intracellular DD with two DD-containing 
proteins: the adaptor protein TRADD and the receptor-interacting 
protein kinase RIPK13,6–9. In complex I, TRADD is critical for the recruit-
ment of multiple ubiquitin ligases and ubiquitin modification proteins, 
including Lys63 ubiquitin ligases (TRAF2/5, cIAP1/2), the M1 ubiquitin 
ligase complex LUBAC, the editing enzyme A20 and ubiquitin-binding 
proteins like NEMO, leading to robust RIPK1 ubiquitination with Lys63 
and Met1 chains that recruit TAK1 and IKK complexes for mediating 
pro-survival NF-κB signalling10–13. Complex I is a key signalling hub 
regulating the cell’s live-or-die decision; its importance is manifested by 
diverse human inflammatory and neurodegenerative diseases associ-
ated with genetic mutations in the genes encoding the components of 
complex I14. However, the core architecture and principle that controls 
the dynamic formation and disassembly of complex I are unclear. It is 
also puzzling why and how complex I exhibits dynamic reversibility in 

its rapid disassembly shortly after its formation to promote NF-κB acti-
vation in the nucleus and, alternatively, release RIPK1 into the cytosol 
where it may form complex IIa with FADD and caspase-8 to promote 
apoptosis, or complex IIb with RIPK3 and MLKL to promote necropto-
sis2,3. Structural studies of TNF-triggered complex I have been impeded 
by the propensity of DDs to aggregate. In fact, all reported DD struc-
tures of TNFR1 or TRADD are either of mutants, or were determined 
under acidic conditions (pH of around 4–5) or with arginine-linked 
GlcNAcylation to block aggregation15–17.

Here we investigated the structural principle governing the dynamic 
assembly and disassembly of TNF-induced complex I. We reveal that the 
core of complex I signalosome formed by wild-type (WT) TNFR1-DD, 
TRADD-DD and RIPK1-DD is a superhelical fibre in which a single layer 
of TRADD-DD pentamer is sandwiched between multilayer pentameric 
assemblies of TNFR1-DD and RIPK1-DD. Notably, EDMs of the three 
DDs (TNFR1-DD, TRADD-DD and RIPK1-DD) were found to be critical 
in driving the dynamic reversibility of complex I for promoting NF-κB 
signalling. Our study discovered a critical role of EDMs in reorganiza-
tion and dynamics of super signalling complexes.

Assembly core of TNF-stimulated complex I
The engagement of TNF with TNFR1 initiates the rapid formation of the 
complex I signalosome where the interaction of intracellular TNFR1-DD 
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with TRADD-DD and RIPK1-DD constitutes the core of complex I to 
initiate the transmission of extracellular ligand binding to intracellular 
signalling7,9,18. We investigated the structural basis by which TNFR1-DD, 
TRADD-DD and RIPK1-DD interact to form the dynamic core that drives 
the formation and disassembly of complex I. Using negative-stain elec-
tron microscopy (EM), we found that WT human TNFR1-DD, TRADD-DD 
and RIPK1-DD proteins, when purified individually from Escherichia coli, 
all formed linear filaments with a diameter of around 10 nm (Fig. 1a). 
Consistently, all three types of DDs tagged with monomeric green 
fluorescent protein (mEGFP), when expressed individually in HeLa cells, 
also formed filaments (Extended Data Fig. 1a). We next determined 
the atomic structures of these filaments formed by a single type of 
TNFR1-DD, TRADD-DD or RIPK1-DD using the cryo-EM helical recon-
struction method at a resolution of 2.6, 3.3 or 2.9 Å, respectively (Fig. 1b, 
Extended Data Fig. 1b,c and Extended Data Table 1). The outer surfaces 
of these filaments are highly charged with polarized distribution of 

charged residues (Extended Data Fig. 1d). The three types of DD fila-
ments also show the same helical assembly pattern with a very similar 
helical rise and twist (Extended Data Fig. 1b,d).

We next examined interactions among the DDs of TNFR1, TRADD 
and RIPK1 that are important for complex I initiation. Pairwise GST  
pull-down assays showed that TNFR1-DD can directly bind to TRADD-DD 
and RIPK1-DD, but with substantially higher affinity to the former 
(Fig.  1c). The binding of RIPK1-DD to TNFR1-DD is considerably 
enhanced by the presence of TRADD-DD, consistent with the adap-
tor role of TRADD in recruiting RIPK1 to TNFR18 and suggesting the 
formation of a ternary complex when all three DD proteins are pre-
sent (Fig. 1c). We successfully purified this ternary DD complex after 
co-expressing TNFR1-DD, TRADD-DD and RIPK1-DD in E. coli and found 
that they formed filaments with uniform diameters similar to the homo-
typic DD filaments (Fig. 1d). However, these filaments are shorter and 
adopt highly inhomogeneous length. Single-particle reconstruction 
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Fig. 1 | TNFR1-DD, TRADD-DD and RIPK1-DD assemble into a superternary 
complex. a, Negative-stain EM micrographs of three types of fibres formed by 
single type of TNFR1-DD, TRADD-DD or RIPK1-DD protein purified from E. coli. 
b, The cryo-EM structures of the three fibres in a were determined by helical 
reconstruction; the resolution and diameters are indicated. c, GST-pull-down 
assay showing the ability of GST–TNFR1-DD to recruit TRADD-DD as well as  
the requirement of TRADD-DD to further recruit RIPK1-DD. d, The strategy of 
using a RIPK1-DD mutant to modulate the ternary assembly of WT TNFR1-DD, 
TRADD-DD and RIPK1-DD. Negative-stain EM micrographs are shown of 

co-expressed WT TNFR1-DD, TRADD-DD and RIPK1-DD in the absence (left)  
and presence (right) of a RIPK1 mutant (K596E) that is defective for homo- 
oligomerization. SEC, size-exclusion chromatography. e, The cryo-EM structure 
of the superternary complex formed by WT TNFR1-DD, TRADD-DD and RIPK1-DD 
was determined at a resolution of 3.41 Å. The colour schemes of the DD subunits 
are as follows: blue, TNFR1-DD; orange, TRADD-DD; and green, RIPK1-DD. The 
ternary complex consists of 31 DD subunits or around 6 stacked DD pentamers. 
The results are representative of three independent experiments (a, c and d). 
Scale bars, 100 nm (a and d).
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of the longer filaments did not yield good resolution (Extended Data 
Fig. 2a), probably because the substantial variability in the layers of 
TNFR1-DD and RIPK1-DD prevented alignment and particle averaging.

To overcome this obstacle, we hypothesized that mixing the WT 
ternary filaments with a RIPK1-DD mutant partially defective for 
homotypic association with the WT RIPK1-DD may attenuate RIPK1-DD 
filament growth, therefore making the particles uniformly shorter for 
single-particle analysis. As such, we tested several mutations based on 
our RIPK1-DD filament structure and found that incubating the puri-
fied TNFR1-DD–TRADD-DD–RIPK1-DD complex with a small amount 
of RIPK1-DD(K596E) mutant generated homogeneous and shorter 
rod-like particles that could be analysed using cryo-EM (Fig. 1d and 
Extended Data Fig. 2b–f). Single-particle analysis of 68,501 rod-like 
particles determined a six-layer helical assembly structure at a resolu-
tion of 3.4 Å, comprising 2.5 layers of TNFR1-DD (13 copies), one layer 
of TRADD-DD (5 copies) and 2.5 layers of RIPK1-DD (13 copies) (Fig. 1e, 
Extended Data Fig. 2g,h and Extended Data Table 1). Furthermore, 
while the WT TNFR1-DD–TRADD-DD–RIPK1-DD assembly was spiked 
with the K596E RIPK1-DD mutant, SDS–PAGE analysis of the purified 
ternary complex showed no trace of the K596E mutant (Extended Data 
Fig. 2d). Thus, the RIPK1-DD(K596E) mutant was able to limit the growth 
of the ternary complex at the RIPK1 end through binding interference, 
but its own binding is not strong enough to be stably associated with 
the WT complex.

In the ternary complex, each DD occupies a quasi-equivalent position 
surrounded by six direct neighbours at six distinct interaction surfaces 
(Fig. 2a), designated a, b, c, d, e and f in Fig. 2b. These DD–DD interac-
tions propagate to form a superhelical structure in which each layer 
of the helical structure consists of around five DDs (Fig. 2c). Interface 
pairs a–d and c–f are involved in both intralayer and interlayer DD–DD 
association (Fig. 2a,b). However, the interface pair b–e is involved in 
only interlayer DD–DD associations (Fig. 2a,b). These interactions are 
mediated mainly by salt bridges and hydrogen bonds between basic and 
acidic residues (Extended Data Fig. 3a-o). In particular, the layer–layer 
stacking among TNFR1-DD, TRADD-DD and RIPK1-DD exhibit strong 
electrostatic and shape complementation (Fig. 2d,e).

One of the interesting features of the six-layer ternary complex is 
that only one layer of pentameric TRADD-DDs is sandwiched between 
multiple layers of TNFR1-DD pentamers on top and RIPK1-DD pentam-
ers at bottom. To rationalize this configuration, we computed the 
Gibbs free energy change (ΔG) for the interlayer association between 
DD layers using the program PRODIGY19 based on our cryo-EM struc-
tures (Extended Data Fig. 3p). The ΔG values indicate that, among the 
homotypic associations between DD layers, the interlayer interaction 
of TNFR1-DDs is energetically most favourable (ΔG = −26.5 kcal mol−1), 
followed by that of RIPK1-DDs (ΔG = −24.7 kcal mol−1) and TRADD-DDs 
(ΔG = −23.3 kcal mol−1). However, the pentameric layer of TRADD-DDs 
exhibited a strong heterotypic association with the pentameric layers of 
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TNFR1-DDs (ΔG = −27.8 kcal mol−1) and RIPK1-DDs (ΔG = −27.9 kcal mol−1).  
Among the heterotypic interlayer interactions, the one between 
TNFR1-DDs and RIPK1-DDs is the weakest (ΔG = −22.5 kcal mol−1). Thus, 
ΔG analyses of the different interlayer associations can provide the 
biophysical basis for a single layer of pentameric TRADD-DDs sand-
wiched between multi-layers of pentameric TNFR1-DDs on the top and 
RIPK1-DDs at the bottom and for TRADD to function as an adaptor in 
cellular TNFR1 signalling18 (Extended Data Fig. 3p).

Adaptor function of TRADD in signalling
Interfaces b and e are responsible for interlayer association (Fig. 2a,b). 
Mutations on these interfaces would only affect interlayer contact of 
TRADD-DD with TNFR1-DD or RIPK1-DD, therefore offering an oppor-
tunity to unambiguously test the functional role of the single layer 
of TRADD in complex I. On interface e of TNFR1-DD, two negatively 
charged residues Glu435 and Asp436 associate with two positively 
charged residues Arg278 and Arg279 on interface b of TRADD-DD 
(Fig. 2d). Expression of a charge-reversal E435R/D436R TNFR1 mutant 
that disrupts the interlayer stacking between TNFR1-DD and TRADD-DD 
in TNFR1-knockout (KO) HeLa cells severely impaired the recruitment 
of TRADD, RIPK1, IKKα/β and NEMO, as well as ubiquitination of RIPK1 
in complex I, which in turn reduced the phosphorylation of IKKα/β and 
phosphorylation and degradation of IκBα—the signal for mediating 
NF-κB activation (Fig. 2f,g). Similarly, TRADD-KO HeLa cells reconsti-
tuted with the TRADD(E299R/D300R) charge-reversal mutant, which 
disrupts its interface-e-mediated interlayer association with inter-
face b of RIPK1-DD (Fig. 2h), also exhibited impaired recruitment of 
TRADD and RIPK1, phosphorylation of IKKα/β, and degradation of IκBα 
(Fig. 2i). Thus, the TRADD-DD layer between TNFR1-DD and RIPK1-DD 
layers is indispensable for complex I assembly and NF-κB signalling. 
These charge-reversal mutagenesis and energy calculations above 
demonstrate that a single layer of pentameric TRADD-DD functions 
as an adaptor through electrostatic complementation with TNFR1-DD 
and RIPK1-DD layers in complex I.

 
TNFR1 and RIPK1 DDs in complex I formation
In addition to the heterotypic DD–DD association that is essential for 
complex I formation, we next examined the function of homotypic 
TNFR1-DD and RIPK1-DD oligomerization in the superternary complex. 
On interfaces a and d of TNFR1-DD, a pair of conserved residues—Arg376 
of a and E398 of d—form salt bridges between neighbouring TNFR1-DDs 
(Fig. 3a). We found that the purified R376E or E398R TNFR1-DD mutant 
alone was unable to form filament in vitro (Fig. 3b), whereas, nota-
bly, co-incubation of the R376E and E398R mutants restored the for-
mation of filaments similar to that of the WT TNFR1-DD (Fig. 3b). In 
TNFR1-KO HeLa cells, mEGFP-tagged WT TNFR1-DD formed filaments, 
while the mEGFP-tagged TNFR1-DD(R376E) mutant or mCherry-tagged 
TNFR1-DD(E398R) mutant appeared mostly dispersed when expressed 
individually (Extended Data Fig. 4a). Consistently, co-expression of 
both mEGFP-tagged R376E and mCherry-tagged E398R mutants 
restored filament formation similar to that of the WT TNFR1-DD 
(Extended Data Fig. 4b). Consistent with the above observations, 
expression of individual full-length R376E or E398R TNFR1 mutants in 
TNFR1-KO HeLa cells was unable to support the formation of functional 
complex I (Fig. 3c), whereas co-expression of both the R376E and E398R 
mutants effectively restored complex I signalling (Fig. 3c). Further-
more, RNA-sequencing (RNA-seq) analysis revealed that TNF-mediated 
transcriptional response was significantly impaired in TNFR1-KO HeLa 
cells expressing either R376E or E398R TNFR1 mutant alone but was 
restored after co-expression of both (Extended Data Fig. 4c).

These observations indicate that the helical assembly of TNFR1-DD, 
which should accompany high-order receptor clustering on the 
plasma membrane, is critical for complex I formation. We therefore 
examined the consequence of TNFR1-DD oligomerization for TNFR1 
clustering by tracking TNF-induced dynamic clustering of TNFR1 on 
the cell membrane using total internal reflection fluorescence (TIRF) 
microscopy. Using TNFR1-KO HeLa cells reconstituted with C-terminal 
mNeonGreen-tagged individual WT, R376E or E398R TNFR1, TIRF 
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for complex I signalling. a, Schematic of how a pair of charge-reversal mutants 
(R376E and E398R) of TNFR1 restore the association between interfaces a and d 
of TNFR1-DD. b, Negative-stain EM micrographs of individual, or a mixture  
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size-exclusion chromatographs (bottom). For size-exclusion analysis, the 
R376E and E398R TNFR1-DDs contain the GB1 and SUMO tags, respectively, 
which were proteolytically removed for negative-stain EM analysis. c, Western 
blot analysis of complex I and NF-κB activation induced by TNF (100 ng ml−1) 
stimulation in TNFR1-KO HeLa cells reconstituted by individual expression or 
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EM analysis. f, Western blot analysis of complex I and NF-κB activation induced 
by TNF (100 ng ml−1) stimulation in RIPK1-KO HeLa cells reconstituted by 
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The results are representative of three independent experiments (b, c, e and f). 
Scale bars, 100 nm (b and e).
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analysis showed that TNFR1 cluster formation stimulated by TNF in 
either of the single-mutant-expressing cells was severely impaired, 
while TNFR1 clustering was well restored by co-expression of both 
R376E and E398R mutants compared with cells reconstituted with WT 
TNFR1 (Extended Data Fig. 4d,e). This complementation assay suggests 
reciprocal enhancement between TNFR1 clustering on cell membrane 
and intracellular DD oligomerization.

Similar to TNFR1-DD, RIPK1-DD also forms multilayer of pentamers in 
the ternary DD complex (Fig. 1e). On interfaces c and f of RIPK1-DD, two 
conserved charged residues, Glu620 and Arg621, mediate associations 
between two neighbouring RIPK1-DDs (Fig. 3d). Either the E620R or 
R621E RIPK1-DD mutant purified from E. coli was unable to form fila-
ments in vitro but, notably, co-incubation of the two mutants resulted 
in filaments similar to that of the WT RIPK1-DD (Fig. 3e). Consistently, 
in RIPK1-KO HeLa cells, individual expression of either mEGFP-tagged 
E620R or mCherry-tagged R621E RIPK1-DD mutant showed a dis-
persed distribution (Extended Data Fig. 4f), whereas co-expression 
of both formed filaments similarly to the WT RIPK1-DD (Extended 
Data Fig. 4g). Thus, the structural complementation between the 
E620R and R621E RIPK1-DD mutants offers a unique opportunity 
to examine the functional role of the RIPK1-DD helical assembly. In 
RIPK1-KO HeLa cells, expression of the E620R or R621E RIPK1 mutant 
impaired TNF-stimulated recruitment of RIPK1, IKKα/β and NEMO, 
as well as ubiquitination of RIPK1 in complex I (Fig. 3f). Consistently, 
co-expression of both E620R and R621E RIPK1 mutants corrected the 
levels of TNFR1 and TRADD in complex I comparable to that of the WT, 
and also restored all of the functional readouts (Fig. 3f). Furthermore, 
the RNA-seq data show that TNF-mediated transcriptional response 
was significantly impaired in RIPK1-KO HeLa cells expressing either 
E620R or R621E RIPK1, which was restored by co-expression of these 
two complementary RIPK1 mutants (Extended Data Fig. 4h). Thus, 
homotypic helical assembly of RIPK1-DD is also crucial for complex I  
signalling.

We also tested additional point mutations of the three DDs that 
impair both interlayer and/or intralayer interaction, and found that 
they all result in reduced recruitment of TRADD, RIPK1, IKKα/β and 
NEMO in complex I, accompanied with decreased polyubiquitination of 
RIPK1 and NF-κB signalling (Extended Data Fig. 5a–g). Notably, the stoi-
chiometry of TNFR1 bound to TNF is consistently increased in the HeLa 
cells reconstituted with these complex I disruptive mutants including 
TRADD R235E and L261E, as well as RIPK1 K596E, R603E, E626R, D618R, 
E620R and R621E (Table 1, Fig. 3f and Extended Data Fig. 5b–g). Further-
more, co-expression of complementary mutants such as RIPK1(E620R) 
and RIPK1(R621E), which restored the intracellular helical filament 
formation, also restored the levels of TNF-engaged TNFR1 on the cell 
membrane comparable to that of the WT (Fig. 3f). These results sug-
gest a restrictive impact of the intracellular superhelical assembly of 
TNFR1-DD–TRADD-DD–RIPK1-DD on the engagement of the TNFR1 
extracellular domain (ECD) with ligand TNF.

 
Stoichiometry of TNFR1-DD in complex I
Another interesting feature of the superternary structure is approxi-
mately 2.5 layers of TNFR1-DD pentamer. This was unexpected as it is 
structurally possible for just one layer of TNFR1-DD to recruit a layer 
of TRADD-DD. We therefore investigated the minimum number of 
TNFR1-DD domains capable of supporting the formation of com-
plex I. This question can be addressed by examining the geometrical 
compatibility between receptor clustering at the extracellular and 
intracellular levels. The intracellular linker (residues 233–354) of 
TNFR1 connecting the transmembrane domain (TMD) to the DD is 
predicted by AlphaFold as a flexible loop, which physically restricts 
the number of DDs that can be assembled away from the membrane 
and TMD. We tested the effect of shortening this linker on complex I 
assembly by generating a series of TNFR1 mutants with deletions of 
the intracellular loop (Fig. 4a). TNFR1-KO HeLa cells reconstituted 
with the TNFR1(Δ245–354) mutant, which retained only 12 residues 
between TMD and DD, did not support complex I formation after 
TNF stimulation (Fig. 4b). Notably, extension of the linker to 17 or 25 
residues completely restored complex I formation, even to a higher 
level than that of the WT TNFR1 (Fig. 4c). These data indicate that 
the linker length of TNFR1 is crucial for TNFR1 signal transduction.

We next built models for the core of TNFR1 complex I on membrane 
by combining our superternary structure with the cryo-EM structure of 
multimer-of-trimer TNFR1-ECD–TNF (in trigonal planar arrangement)20 
and the NMR structure of the TNFR1-TMD trimer21. Modelling showed 
that a 12-residue linker between the TMD and DD is long enough for 
the assembly of only a single layer of TNFR1-DD pentamer beneath the 
plasma membrane (Fig. 4d), while a 17-residue linker is long enough 
for assembling around 2.5 layers of TNFR1-DD pentamers (Fig. 4e). 
The sharp transitions in the DD layer number and the ability to sup-
port complex I formation between the two deletion mutants, namely 
TNFR1(Δ245–354) and TNFR1(Δ250–354), strongly suggest that the 
2.5 layers of TNFR1-DD pentamer observed in our cryo-EM structure 
is functionally meaningful and required for recruiting TRADD to initi-
ate complex I formation. Similar modelling suggests that expanding 
the extracellular cluster beyond tetramer-of-trimer would result in 
TNFR1-ECD of the most peripheral trimer rotating away from the TMD 
by at least 13 nm, which cannot be accommodated by the ECD–TMD 
linker (around 10 nm) unless the membrane is severely deformed 
(Extended Data Fig. 6).

Function of EDM in dynamic DD helical assembly
We noted that a pronounced feature of the helical oligomers of 
TNFR1-DD, TRADD-DD and RIPK1-DD is the highly polarized distribu-
tion of positively and negatively charged residues on the surface which 
can lead to strong EDMs (Fig. 5a). We performed EDM calculations 
on the ternary complex22 and found that the EDMs of TNFR1-DD and 
TRADD-DD pentamer layers are oriented 2.4° and 11.0°, respectively, 

Table 1 | Impact of interface mutations on recruitment of TRADD and RIPK1 to complex I and NF-κB signalling

Protein TNFR1 TRADD RIPK1

Interface f d f a b c d e f

Mutation P368D R235E L261E E626R D618R R621E R603E K596E E620R

Impairs interlayer or intralayer Both Both Both Both Interlayer Both Both Interlayer Both

TNFR1 recruitment ↑↑↑↑ ↑↑↑↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑ ↑ ↑

TRADD recruitment ↓↓↓↓ ↓↓↓ ↓↓↓ ↑↑ ↑ ↑↑ ↑↑ ↑↑ ↑

RIPK1 recruitment and 
polyubiquitination

↓↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓↓ ↓↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓

NF-κB signalling ↓↓↓↓ ↓↓↓ ↓↓ ↓↓ ↓↓ ↓↓↓ ↓↓ ↓↓ ↓↓

A summary is shown for the increased/decreased levels of TNFR1, TRADD and RIPK1 recruitment to the complex I and RIPK1 ubiquitination in complex I in cells expressing the indicated TRADD 
mutant or RIPK1 mutant compared with that of cells expressing WT TRADD or WT RIPK1, indicated by up and down arrows, respectively. Raw data are presented in Fig. 3f and Extended 
Data Fig. 5a–g.
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relative to the helical axis of the ternary complex (z), whereas the EDM 
of RIPK1-DD layers are pointing almost in the opposite direction, 174.9° 
away from the z axis. Thus, the dipole–dipole interactions between 
the TNFR1-DD and TRADD-DD layers are attractive and energetically 
favourable, enabling the rapid recruitment of TRADD to oligomerized 
TNFR1. By contrast, the EDMs from the RIPK1-DDs exert repulsion 
between the RIPK1-DD and TRADD-DD/TNFR1-DD layers, suggesting 
that the growth of the RIPK1-DD filament would gradually build up  
EDM repulsion and ultimately cause RIPK1-DD dissociation from com-
plex I (Fig. 5b). Thus, the repetitive arrangement of RIPK1-DD units 
in the ternary DD complex can build up a substantial EDM repulsion 
along the helical axis, proportional to the length of the filament, which 
may contribute to the instability of the complex.

This hypothesis predicts that mutations in RIPK1-DD that only reduce 
the cumulative EDM of RIPK1-DD layers and do not alter the DD–DD 
binding surfaces would effectively increase the amount and lifetime 
of RIPK1 in complex I; conversely, increasing the EDM of RIPK1-DD 
layers would reduce RIPK1 in complex I. To test this hypothesis, we 
introduced charge residue substitution at 3 sites (Thr579, Thr580 and 
Thr583) on the periphery of RIPK1-DD filaments that are not involved 
in the DD–DD binding (Extended Data Fig. 7a). Negative-stain EM 
showed that the purified triple-point T579D/T580D/T583D (3D) and 
T579R/T580R/T583R (3R) RIPK1-DD mutants form filaments that 
are indistinguishable from the WT RIPK1-DD filaments according to 
Fourier-transformed power spectrum of averaged two-dimensional 
cryo-EM images (Extended Data Fig. 7b,c). Moreover, the mEGFP-tagged 
3R, 2D or 3D RIPK1-DD mutant also oligomerizes in RIPK1-KO HeLa 
cells similarly to the WT RIPK1-DD (Extended Data Fig. 7d). Mutation 
of Thr579, Thr580 or Thr583 to Asp or Arg increases or decreases the 
EDM of the RIPK1-DD pentamer, approximately in proportion to the 

number of Asp or Arg residues (Fig. 5c). Thus, these EDM-modulating 
mutations offer an opportunity to test the impact of EDM on complex I  
assembly.

In the RIPK1-KO HeLa cells reconstituted with either WT or single, 
double or triple T-to-D (or T-to-R) RIPK1 mutants, immunoprecipi-
tation of complex I showed that the single mutation T583R, which 
decreases the EDM of RIPK1-DD pentamer from 1,245 to 1,126 Debye 
(Fig. 5c), doubled the recruitment of RIPK1 to complex I compared to 
WT (Fig. 5d). By contrast, the single mutation T583D that increased 
the EDM to 1,449 Debye decreased the amount of RIPK1 by around 
30% (Fig. 5e). Additional mutations of Thr579 and Thr580 to Arg and 
Asp further increased and decreased, respectively, the recruitment of 
RIPK1, IKKα/β and NEMO in complex I (Fig. 5d,e). The plot of the RIPK1 
levels in complex I after 5-min TNF stimulation of RIPK1-KO HeLa cells 
expressing WT RIPK1 or 6 RIPK1 mutants shows a strong negative cor-
relation between the EDM of RIPK1-DD pentamer and the amount of 
RIPK1 in complex I (Fig. 5c).

We next investigated the functional impact of the RIPK1-DD EDM on 
NF-κB signalling. Analysis using quantitative PCR with reverse trans
cription (RT–qPCR) revealed that, when stimulated by different levels 
of TNF (1, 10, or 100 ng ml−1), RIPK1-KO HeLa cells reconstituted with the 
3R and 3D mutants consistently increased and decreased, respectively, 
the expression of A20 (a well-established NF-κB-target gene) compared 
with cells reconstituted with WT RIPK1 (Extended Data Fig. 7e–g). The 
effect of EDM was also substantiated by RNA-seq analysis. The expres-
sion of the 3R and 3D mutants in RIPK1-KO HeLa cells enhanced and 
depressed, respectively, TNF-stimulated gene expression compared 
with the WT (Extended Data Fig. 7h). These results suggest a substantial 
role of EDMs in regulating the dynamic formation of complex I and 
NF-κB signalling.
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for recruiting TRADD-DD and RIPK1-DD. e, A structure model showing that a 
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To further demonstrate the effect of EDM interaction on the dynam-
ics of complex I in live cells, we tracked membrane-associated RIPK1 
puncta in RIPK1-KO HeLa cells expressing mNeonGreen-tagged WT 
RIPK1 or EDM-modulated RIPK1 mutants. TIRF microscopy recorded 
time-lapse images of the complex I puncta induced by TNF in cells 
expressing the WT, 3R or 2D RIPK1 variants (Extended Data Fig. 7i). 
Single-puncta analysis revealed that the 3R mutant puncta on  
cell membrane exhibited substantially longer lifetime than the WT 
puncta, whereas the 2D mutant puncta have shorter lifetime than 
that of the WT (Fig. 5f and Extended Data Fig. 7j–l). This result indi-
cates that weaker opposing EDM repulsion from the 3R RIPK1 mutant 

resulted in a substantially longer lifetime of complex I, whereas 
stronger EDM repulsion from the 2D mutant significantly reduced 
the complex I resident time, providing direct evidence that protein 
EDM regulates the dissociation kinetics of TNFR1-mediated complex I  
signalosome.

EDM has long been implicated in protein structure stability and 
function22–24, but its function in modulating large signalling com-
plexes has never been experimentally demonstrated. Here we show 
that the EDM interactions between the three types of DD pentamer 
layers provide a biophysical mechanism for the dynamic assembly 
and disassembly of complex I (Fig. 5g and Supplementary Video 1). 
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pentamer for RIPK1-DD WT and variants with different charge substitutions at 
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of recruited RIPK1 variants in complex I after TNF stimulation (100 ng ml−1) for 
5 min (black dot). d, Western blot analysis of complex I formation and NF-κB 
activation induced by TNF (100 ng ml−1) in RIPK1-KO HeLa cells reconstituted 
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TNF engagement with TNFR1 promotes the clustering of trimeric 
TNFR1-ECD–TNF, mediated by the dimeric interaction of the pre-ligand 
association domain of TNFR125, on the cell membrane to initiate 
self-oligomerization of intracellular DD of TNFR1. The assembly of 
multiple layers of TNFR1-DD provides the seed for the rapid recruit-
ment of TRADD-DD through energetically favourable interfacial 
charge complementation and EDM attraction. The TRADD-DD layer 
in turn acts as an adaptor to recruit RIPK1-DD through electrostatic 
complementation between the contact interfaces of TRADD-DD 
and RIPK1-DD pentamers. However, cumulative EDM generated by 
the RIPK1-DD pentamer layers opposes the EDMs of the TRADD-DD 
and TNFR1-DD layers, creating a point of instability at the TRADD- 
DD–RIPK1-DD interface. This instability leads to dynamic reversibility 
as EDM repulsion increases with the growth of the RIPK1-DD helical 
oligomers in the ternary complex. Taken together, our results sup-
port the model of dipole–dipole interaction in TNFR1-DD–TRADD- 
DD–RIPK1-DD helical oligomers that controls not only the rapid forma-
tion of complex I but also the instability that leads to timed release of 
RIPK1 from complex I (Fig. 5g).

Discussion
TNFR1 clustering on the membrane is important for its intracellular 
signal transduction25–29. However, the architecture of a basic or minimal 
unit of a productive TNFR1 cluster was not clear; nor do we understand 
the role of TNFR1 clustering in organizing the formation of its dynamic 
intracellular signalosome complex, complex I. Our structural and func-
tional analyses indicate that the copies of TNFR1, TRADD and RIPK1 
recruited into complex I may be dynamically regulated by the EDMs of 
the DD subunits of the superternary complex, providing an important 
intracellular mechanism to regulate the copy number of TNFR1 on the 
cell membrane to be recruited into active signalling complex. Further-
more, our functional analyses of the interplay between extracellular 
TNFR1-ECD clustering and intracellular TNFR1-DD assembly suggest 
that the basic activation unit for TNFR1 cluster consists of four trimeric 
TNFR1–TNF complexes. It is interesting that a transient intracellular 
signalling complex, that is, complex I, can exert powerful regulatory 
function in the formation of ligand-engaged receptor clustering on the 
cell membrane, providing an unappreciated aspect of the regulatory 
relationship between the ligand-engaged receptor and its intracellular 
signalling mechanism.

In this study, the role of EDM in regulating the recruitment of 
RIPK1 and other components in complex I is demonstrated by muta-
tions designed to reduce/increase long-range EDM repulsion in the 
assembly without affecting DD–DD interacting interfaces. Our results 
indicate that decreasing or increasing the EDM of RIPK1-DD has the 
effect of increasing or decreasing the amount of RIPK1 recruited to 
complex I, respectively. In addition to limiting the copy number of 
RIPK1 recruited to complex I and thereby restricting the signalling 
strength of complex I, the EDM also defines the structural instability 
of complex I to lead to its disassembly, which is crucial to promote 
downstream NF-κB signalling in the nucleus. We also observed that 
intracellular assembly of complex I can restrict TNF–TNFR1 interaction 
on the cell surface (Extended Data Fig. 8a–i). Although the precise 
structural basis of the extracellular–intracellular coupling remains 
to be investigated, a plausible explanation is that complex I formation 
restricts the cluster size of TNFR1 by limiting the number of TNFR1-DD 
allowed in the complex I.

The dynamic assembly and disassembly of large receptor signalling 
complex after stimulation by cognate ligands is fundamental for the 
initiation and termination of all extracellular to intracellular signalling 
events. Our finding of EDM-mediated interactions between stacked 
layers of RIPK1-DD pentamers and TNFR1-DD–TRADD-DD provides an 
example for the role of long-range EDM interaction in the regulation of 
receptor signalling complex dynamics. EDM may provide a common 

structural principle for regulating the formation and dynamics of other 
signalling complexes. In cellular model studies, homo- or hetero-DD 
interactions are known to mediate cellular signalling30. In particular, 
DD oligomerization has been implicated in mediating FAS signalling 
through FAS–FADD interaction31,32, in mediating MYD88–IRAK4–IRAK2 
interactions after activation of the TLR/IL-1R family33 and in the forma-
tion of the oligomeric PIDDosome complex34. Some of these systems 
show similar opposing EDMs (Extended Data Figs. 9 and 10). Thus, it 
will be interesting to examine the possible functional involvement of 
EDM as a common principle regulating the dynamic formation and 
dissolution of these signalling complexes in response to their cognate 
ligand stimulation.
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Methods

Antibodies
The following polyclonal antibodies from Cell Signaling Technology 
were used in immunoblotting at dilution rate recommended by sup-
pliers: anti-IKKa (2682), anti-IKKb (2370), anti-IkBa (4812), anti-pIkBa 
(9246), anti-p-IKKa/b (2078), anti-hTNFR1 (3736), anti-TRADD (3694), 
anti-NEMO (79154), anti-β-actin (4967). Rabbit anti-hRIPK1 (BX60006) 
polyclonal antibody is from Biolynx Biotech (Hangzhou, China). Mouse 
anti-β-tubulin monoclonal antibodies (HC101-01) were obtained from 
TransGen Biotech (Beijing, China).

Plasmids
For bacterial expression of ternary DD complex, DNA sequences encod-
ing the death domains of human TNFR1(342–455), TRADD(199–312) or 
RIPK1(560–671) were cloned into three modified pET32a, pRSF-Deut1 
or pAcyc-Deut1 vectors (Novagen) with different antibiotic resistance, 
and fused to an N-terminal GST, or 6 × His-GB1 tag. Point mutations 
were introduced into target gene by PCR. TNFR1-DD and RIPK1-DD 
mutants were fused to an N-terminal 6 × His-SUMO, 6 × His-MBP, 6 × His  
or 6 × His-GB1 tag as indicated for expression in E. coli. An HRV 3c pro-
tease recognition motif (LEVLFQGPGS) was introduced before DD 
to enable cleavage of the fusion tag. The genes encoding the Nb70 
nanobody36 and ALFA-nanobody37 (with the S23C mutation) were syn-
thesized (Tsingke Biotech) and cloned into pET22b with an N-terminal 
6×His-SUMO tag. For transient expression of TNFR1-DD, TRADD-DD 
or RIPK1-DD, DNA sequences encoding the DDs were inserted into a 
pCMV vector (Clontech) with either an mEGFP or mCherry tag fused 
to their N termini. For stable expression of full-length TNFR1, TRADD 
or RIPK1 in cells, synonymous replacement of the guide RNA sequence 
was introduced into full-length gene cloned into pMSCV vector (TaKaRa 
Bio) to make viral expression constructs. Fluorescent tag or Halo tag 
were fused to the C terminus of full-length TNFR1 or the N terminus 
of full-length TRADD and RIPK1. All constructs were verified by DNA 
sequencing,

Protein expression and purification
All of the DD fusion proteins were expressed in E. coli BL21(DE3). For 
co-expression of TNFR1-DD–TRADD-DD–RIPK1-DD complexes, plas-
mids containing coding regions for different DDs were co-transformed 
into BL21(DE3) cells. The bacteria were cultured until the optical density 
at 600 nm (OD600) reached around 1.0 and transferred to 16 °C incuba-
tor to cool down for 30 min, then induced with 0.1 mM IPTG for 20 h to 
express target proteins. His-SUMO-tagged Nb7036 or ALFA nanobody37 
and Flag-tagged or ALFA-tagged hTNF(77–233) were produced in E. coli 
with the same method as that for DD proteins.

The induced E. coli cells were collected by centrifugation and dis-
rupted in binding buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM 
imidazole) with a high-pressure homogenizer. The supernatant of 
lysate centrifugated at 15,000 rpm (Backmann JA20 rotor) for 40 min 
was incubated with Ni2+ or GST affinity beads (Smart Life-sciences) for 
30 min. After extensive washing with binding buffer, the fusion protein 
was eluted with elution buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 
200 mM imidazole) and further purified on a size-exclusion column 
(Superdex 200 Increase 10/300 or Superdex 200 26/60, Cytiva) with 
buffer A (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT). 
The peak fractions were collected and subjected to SDS–PAGE to check 
the purity.

For fluorescent dye conjugation, 100 μM S23C mutated ALFA nano-
body was purified in PBS buffer and incubated with AlexaFluor 647 C5 
maleimide (Thermo Fisher) in 1:3 molar ratio for at 4 °C protected from 
light. After a 12 h reaction, 1 mM reduced glutathione was added to  
consume the excessive dye. The dye-conjugated nanobody was sepa-
rated from free dye by size-exclusion chromatography using the Super-
dex 75 column (Cytiva) in PBS buffer.

GST pull-down
Purified GST–TNFR1-DD protein (50 μg) was incubated with 5 μl glu-
tathione agarose beads (Smart-Lifesciences) for 30 min at 16 °C and 
washed three times with buffer A (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 
1 mM EDTA, 1 mM DTT), then mixed with 100 μg SUMO-TRADD-DD and/
or 100 μg GB1–RIP1-DD proteins for 30 min at 16 °C. The beads were 
then washed three times with buffer A to remove unbound proteins, 
then boiled in 30 μl 2× SDS–PAGE sample buffer for 2 min. Denatured 
proteins were separated by SDS–PAGE in 15% polyacrylamide gel and 
stained with Coomassie blue R250.

Preparation of electron microscopy specimen
To trigger the formation of individual DD protein fibres (TNFR1-DD, 
TRADD-DD or RIPK1-DD), the fusion tag was cut from DD protein by 
HRV 3c protease overnight on ice without further separation of tag. For 
negative staining, a drop of 5 μl protein (0.01–0.1 mg ml−1) was applied 
onto the graphene-covered copper grid and negative stained with 2% 
(w/v) uranyl acetate. Negative-stained specimens were examined on the 
120-kV Tecnai T12 transmission electron microscope (FEI). To generate 
the cryo-EM specimen, a drop of 5 µl protein sample (2–3 mg ml−1) was 
applied to glow-discharged (Harrick Plasma) 200 mesh holey carbon 
Au 2/1 grids (Quantifoil) for 5 s absorption, then the grids were blotted 
with filter paper for 1.5 s with a blot force setting of −2 in the chamber of 
the Vitrobot Mark IV (Thermo Fisher Scientific), which was maintained 
at 4 °C and 100% humidity. The grids were plunged into liquid ethane 
bathed in liquid nitrogen to vitrify the protein sample. Grids were 
screened and imaged on the 300-kV Titan Krios G4 electron microscope 
(Thermo Fisher Scientific), equipped with a Biocontinuum K3 direct 
electron detector with GIF filter (Gatan). Video stacks were recorded 
using EPU software (Thermo Fisher Scientific) using the settings shown 
in Extended Data Table 1. Each video was recorded at a dose rate of 25 
electrons per pixel per second with an accumulated exposure of 2.2 s 
fractionated into 40 frames.

Micrograph processing
Cryo-EM videos and images were processed in RELION (v.3.1)38 and 
CryoSPARC (v.4.6.2)39. Video stacks were motion corrected with 
dose-weighting correction in RELION. Contrast transfer function 
(CTF) parameters were determined using patch CTF estimation. For 
the TNFR1-DD, TRADD-DD or RIPK1-DD individual protein fibres, 
well-separated and straight portion of filaments were traced and picked 
in micrographs in RELION or CryoSPARC, then extracted into boxes 
of 400 × 400 pixels. After two-dimensional classification. Particles 
in the largest class were selected for three-dimensional classification 
using the ab initial volume derived from a small subset as a reference 
template. A good set of particles that generated a volume with clear 
helical features were selected to refine the volume with imposed 
helical symmetry parameters as shown in Extended Data Table 1. 
Similar processing steps was applied to the micrographs of TNFR1- 
DD–TRADD-DD–RIPK1-DD ternary complex; however, the single- 
particle reconstruction method was adopted to generate the volume 
density. The overall volume resolution was further improved with local 
motion correction and local CTF refinement. A summary of the process-
ing details is provided in Extended Data Table 1. All EM density volumes 
were visualized using ChimeraX40.

Model building and refinement
The monomeric DD structures of TNFR1-DD, TRADD-DD, RIPK1-DD and 
FADD-DD (Protein Data Bank (PDB): 1ICH, 6AC0, 6AC5 and 6ACI) were 
used to search for multiple copies in the cryo-EM volume by rigid fitting 
into an EM map using Phenix software41. Models were further improved 
by several cycles of manual adjustment and real-space refinement 
against EM map in Phenix4. Structure images were made in the programs 
PyMOL or Chimera X (v.1.9)40.
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Calculation of EDM
In this work, the method for calculating EDMs of DD domains or layers 
is described previously42. To take into account ionic screening effect 
on protein in solution, the ionic charge distribution around the ter-
nary DD complex was calculated with adaptive Poisson-Boltzmann 
solver (APBS)43. First, partial atomic charges of protein in vacuum were 
assigned to each atom using the PDB2PQR software44. Next, the ternary 
DD complex was solvated in a box (145.32 Å × 148.59 Å × 322.88 Å) of 
150 mM NaCl solution, which was divided into a set of 129 × 129 × 289 
grids. The ionic charge density in the system was solved using the non-
linear Poisson–Boltzmann equation in APBS. The contribution of EDM 
from solution ions within the distance of one unit of Debye length (8 Å) 
from the protein surface was calculated by the same method used for 
the protein. Specifically, the centre of mass of the protein was computed 
based on the atomic coordinates of all protein atoms. Dipole vectors 
for protein atoms were calculated by multiplying the protein atomic 
charge (qpro,i) by the vector from the atom position (rpro,i) to the centre 
of mass rc dipole, vectors for solution grids within one Debye length 
(8 Å) from protein surface were calculated by multiplying the ionic 
charge (qion,j) by the vector from the grid’s position (rion,j) to the centre of 
mass (rc). Finally, the total EDM was obtained by summing the contribu-
tions from protein atoms and solution ionic charge around proteins, as 
defined by the following equation, with a constant applied to convert 
the result to Debye units:
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Modelling of TNF engaged TNFR1 in complex with TRADD- 
DD–RIPK1-DD on the membrane
The TMD domain structure from PDB 7K7A was inserted into a mem-
brane generated using CHARMM-GUI45. The loops between the ECD, 
TMD and DD were generated using AlphaFold and linked to the ternary 
DD complex and TNFR1-ECD–TNF complex structure model, which was 
built by docking TNF (PDB: 7KP7) and TNFR1-ECD (PDB: 1NCF) into the 
density volume (EMD-60497). The model was built in Coot46 to maintain 
realistic bond lengths and angles to avoid steric clash.

Gene KO and cell lines
TNFR1-, TRADD- or RIPK1-KO HeLa cells were made using CRISPR–Cas9 
technology with the following guide RNA sequences: TNFR1 (GGAC 
CAGTCCAATAACCCCTG), RIPK1 (GGCACCGCTAAGAAGAATGG) and 
TRADD (GGCCGCGCTCGCCCAGCACTCGG).

For retroviral expression of TNFR1, TRADD or RIPK1 variants in cor-
responding HeLa KO cells, synonymous replacement of the guide RNA 
sequence in these genes was introduced into their respective pMSCV 
constructs (with blasticidin selection marker) to avoid Cas9 cutting. 
Recombinant murine stem cell retroviruses (MSCV) produced with 
these constructs were used to infect cells for stable expression of tar-
get genes. For reconstitution with two complementary mutants (for 
example, R376E TNFR1 + E398R TNFR1 or E620R RIPK1 + R621E RIPK1), 
cells were co-infected with two viruses for 24 h and expanded to the 
desired quantity for downstream assays without further selection.

Tissue culture, transfection and viral infection
All cell lines were cultured at 37 °C with 5% CO2 in Dulbecco’s modified 
Eagle’s medium (Gibco; Thermo Fisher Scientific) with 4.5 g l−1 glu-
cose, 4 mM l-glutamine and additional supplement of 10% FBS (Gibco; 
Thermo Fisher Scientific) and antibiotics (100 U ml−1 penicillin G and 
100 mg ml−1 streptomycin) (MesGen Biotech). Transient transfections 
of HeLa cells were performed using polyethylenimine (PEI, 23966; 
Polysciences) according to the instructions of the reagent vendor. 
Cells were plated in a 12-well plate at a density of 5 × 104 cells per well 
and transfected with a total of 1 μg DNA per well for 24 h.

For viral infection of HeLa cells, recombinant mouse stem cell retro-
viruses were prepared from HEK293T cells according to the standard 
protocol of pMSCV vector supplier (TaKaRa Bio). Viral particles in the 
culture supernatant were filtered through a 0.45-μm filter and mixed 
with polybrene (8 μg ml−1) before adding to cells. After 24 h infection, 
cells stably expressing target genes were selected in medium with  
10 μg ml−1 blasticidin for 3 days.

Immunoprecipitation and western blotting
TNFR1 complex I immunoprecipitation was performed as previously 
described1,47,48. Each 15 cm dish of cells was washed twice with cold 
PBS and scraped down in 1.0 ml NP40 lysis buffer containing 50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 1%(v/v) Nonidet P40, 5 mM NaF, 5 mM 
N-ethylmaleimide, 1 mM Na3VO4, 10%(v/v) glycerol, 1 × EDTA-free 
protease inhibitor cocktail (Amresco), 1 mM PMSF and 10 mM 
β-glycerophosphate. After lysis for 1 h at 4 °C with continuous inver-
sion, the lysates was cleared by centrifugation at 20,000g for 15 min 
at 4 °C. The supernatant was incubated with 5 μl anti-Flag M2 aga-
rose beads (Sigma-Aldrich) and with continuous inversion for 4 h at 
4 °C. Beads were washed four times with 1 ml wash buffer containing 
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%(v/v) Nonidet P40. Precipi-
tated proteins were denatured with 70 μl 2× SDS–PAGE sample buffer 
at 65 °C for 5 min. Both lysate and IP samples were analysed using 
SDS–PAGE in 10% gel. The protein bands were transferred to nitro-
cellulose membrane for detection using primary antibodies. HRP- 
conjugated goat-anti-rabbit IgG or goat-anti-mouse IgG (Thermo Fisher 
Scientific) were used to amplify the signal by chemiluminescence  
method.

For Nb70 competitional immunoprecipitation assay, HeLa cells  
were pretreated with Nb70 nanobody for 30 min before Flag–TNF stim-
ulation for 10 min. The TNF-bound TNFR1 was co-immunoprecipitated 
using the same method for complex I.

RT–qPCR
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) 
according to the vendor’s instructions. The quantity and purity of 
isolated RNA were assessed using the NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific). Total RNA was used to synthesize 
cDNA using a reverse transcription kit (HiScript IV All-in-One Ultra RT 
SuperMix for qPCR, R433, Vazyme). The resulting cDNA was used as 
template for qPCR using a commercial kit (ChamQ SYBR qPCR Master 
Mix, Q311, Vazyme) to amplify target genes using the QuantStudio 7 
Flex Real-Time PCR system (Life Technologies). The primers for A20 
and ACTB were as follows: A20_F TCCTCAGGCTTTGTATTTGAGC, A20_R 
TGTGTATCGGTGCATGGTTTTA, ACTB_F CATGTACGTTGCTATCCAGGC 
and ACTB_R CTCCTTAATGTCACGCACGAT. The gene expression lev-
els of A20 and reference gene ACTB were determined using the ΔΔCt  
method.

Fluorescence microscopy
HeLa cells were seeded onto poly-L-lysine-coated glass cover slips in a 
12-well plate at a density of 2 × 104 cells per well, and transfected with 
respective plasmids using polyethylenimine (PEI). Cells were washed 
with PBS, fixed with 4% paraformaldehyde and permeabilized with 
0.1% Triton X-100. Nuclear DNA was stained with DAPI (Sigma-Aldrich). 
Cells expressing mEGFP- or mCherry-tagged DD proteins were imaged 
using the DMi8 confocal microscope (Leica) using a ×40 objective 
lens. Images were taken using the Leica application suite X software 
and processed in Fiji49.

Fluorescence-activated cell sorting
HeLa cells were detached from culture dishes by trypsin-EDTA diges-
tion, then resuspended in warm PBS and stimulated for 10 min at 37 °C 
with 100 ng ml−1 ALFA-tagged TNF, which was pre-incubated with 
AlexaFlour-647-conjugated anti-ALFA nanobody (1:1 molar ratio).  
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The stimulated and unstimulated control cells were then sorted using 
a flow cytometer (Northern Lights, Cytek). Fluorescence-activated cell 
sorting data were analysed using FlowJo (https://www.flowjo.com).

TIRF microscopy
For imaging of RIPK1 recruitment on cell membrane, RIPK1-KO HeLa 
cells expressing mNeonGreen-tagged RIPK1 variants were plated in 
35-mm glass-bottom dishes (Cellvis) 24 h before live imaging. Human 
TNF diluted in warm DMEM medium was added at the indicated final 
concentration. The microscope chamber was maintained under physi-
ological conditions (37 °C, 5% CO2). Time-lapse imaging of cells was 
conducted using the HIS-SIM microscope (CSR Biotech) in TIRF mode 
using a ×100/1.5 NA oil-immersion objective lens to track RIPK1 on cell 
membrane for 1 h.

For TNFR1 clustering analysis, TNFR1-KO HeLa cells transfected with 
mNeonGreen-tagged or Halo-tagged TNFR1 variants were cultured on 
35 mm glass coverslips with phenol red-free imaging buffer. For cells 
expressing Halo-tagged TNFR1, 10 nM Halo tag TMR dye (HY-D2270, 
MedChemExpress) was added to cells 10 min before stimulation with 
TNF (20 ng ml−1). After 5 min of stimulation, the cells were washed 
with PBS, fixed with 4% paraformaldehyde (PFA) for 15 min and then 
washed with PBS. The cells were then imaged with a HIS-SIM micro-
scope (CSR Biotech) in TIRF mode using 488 nm laser excitation (for 
mNeonGreen) or 561 nm laser excitation (for Halo tag TMR) and with 
a ×100/1.47 NA oil-immersion objective lens. All images were pro-
cessed using Fiji software49 and the puncta of TNFR1 or RIPK1 were 
analysed using the ComDet v.0.5.5 plugin (https://github.com/UU- 
cellbiology/ComDet).

RNA-seq analysis
Total RNA of HeLa cells was extracted using TRIzol reagent according 
to the vendor’s instructions (Invitrogen). The purity and quantity of 
RNA samples were assessed using the NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific). RNA integrity was evaluated with 
Agilent 2100 Bioanalyzer (Agilent Technologies). The cDNA libraries 
for sequencing were prepared using the VAHTS Universal V6 RNAseq 
Library Prep Kit according to the manufacturer’s protocol (Vazyme 
Biotech). The transcriptome sequencing and analysis were conducted 
by OE Biotech. Sequencing was conducted on the Illumina Novaseq 
6000 platform (Illumina), which generated around 25 million 150 bp 
paired-end reads for each sample. Raw reads were processed using fastp 
package to remove the low-quality reads and obtain about 24 million 
clean reads for each sample for downstream analysis50. The clean reads 
were mapped to around 16,300 genes in the reference genome using 
HISAT2 package51. Fragments per kilobase of transcript per million 
mapped fragments (FPKM) and read counts were calculated using 
the HTSeq-count package52,53. Gene-level differential expression was 
quantified and tested using a negative binomial model in the pack-
age DESeq254. Specifically, the genes upregulated more than twofold 
(with q < 0.05) in RIPK1-KO or TNFR1-KO HeLa cells reconstituted with 
WT RIPK1 or TNFR1 after 60 min TNF stimulation (compared with 
the unstimulated control cells) were considered to be TNF-induced 
genes. Two-tailed Welch’s t-tests were used as the statistical method 
for comparisons. Only TNF-induced genes with a significant difference 
(P < 0.05) between the WT and mutant groups were used to generate 
the heat maps.

Material availability
Any additional information and reagents required to re-analyse the 
data reported in this paper are available from the corresponding author 
on request.

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

Data availability
The atomic coordinates and cryo-EM density maps reported in this 
study have been deposited in the Protein Data Bank and Electron 
Microscopy Data Bank under accession codes 9V9C and EMD-64869 
(TNFR1-DD filament), 9VGD and EMD-65047 (TRADD-DD filament), 
9V9E and EMD-64870 (RIPK1-DD filament) and 9VIN and EMD-65094 
(TNFR1-DD–TRADD-DD–RIPK1-DD ternary complex). Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Cryo-EM structure determination of TNFR1-DD, 
TRADD-DD and RIPK1-DD helical filaments. a, Fluorescence images of HeLa 
cells expressing mEGFP-tagged TNFR1-DD, TRADD-DD or RIPK1-DD. b, Flow 
chart for the cryo-EM structure determination of TNFR1-DD, TRADD-DD, 
RIPK1-DD filaments and the local resolution filtered map calculated with FSC 

0.143 criterion. c, The FSC curve calculated between two half maps of the 
refined final density volume. d, Electrostatic potential surface representation 
of the cryo-EM structures of TNFR1-DD, TRADD-DD and RIPK1-DD filaments. 
Results are representative of three independent experiments for (a).
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Cryo-EM structure determination of TNFR1-DD, 
TRADD-DD and RIPK1-DD ternary super complex. a, Flow chart for the first 
attempt of cryo-EM structure determination of co-expressed TNFR1-DD/
TRADD-DD/RIPK1-DD ternary complex, which failed to yield high resolution 
density map. b, Flow charts for the purification of co-expressed TNFR1-DD/
TRADD-DD/RIPK1-DD complexes without and with K596E RIPK1-DD treatment. 
c-d, Size-exclusion chromatographs and SDS-PAGE analysis of complexes 
purified as in b. e, Size-exclusion chromatographs of GB1-tagged WT RIPK1-DD 
and K596E RIPK1-DD protein, whose molecular weight was determined by size-
exclusion chromatography coupled with multi-angle static light scattering.  

f, Distribution of the length of filaments of TNFR1-DD/TRADD-DD/RIPK1-DD 
complexes purified as procedure in b. Data are presented as mean ± SEM  
for 100 filaments in each group. g, Flow chart for the cryo-EM structure 
determination of co-expressed TNFR1-DD/TRADD-DD/RIPK1-DD ternary 
complex treated with K596E RIPK1-DD. h, The FSC curve calculated between 
two half maps of the refined final density volume. Results are representative  
of three independent experiments for (c-f). The P-value in f is derived from a 
two-tailed Welch’s t test for comparison between two groups and presented  
as * (P < 0.05), ** (P < 0.01), *** (P < 0.001), **** (P < 0.0001).
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Structural basis for the unique assembly of TNFR1-
DD/TRADD-DD/RIPK1-DD ternary complex. a-e, Cartoon representation  
of the association between interfaces a and d of TNFR1-DD, TRADD-DD and  
RIPK1-DD, with interacting residues shown as sticks and interface a shown as 
electrostatic potential surface. f-j, Cartoon representation of the association 
between interfaces b and e among TNFR1-DD, TRADD-DD and RIPK1-DD, with 
interacting residues shown as sticks and interface b shown as electrostatic 

potential surface. k-o, Cartoon representation of the association between 
interfaces c and f among TNFR1-DD, TRADD-DD and RIPK1-DD, with interacting 
residues shown as sticks and interface c shown as electrostatic potential 
surface. p, Energetically favourable and unfavorable assembly pathways 
derived based on the calculated Gibbs free energy changes (ΔG) of pairwise 
interactions among TNFR1-DD, TRADD-DD and RIPK1-DD pentamer layers.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Both inter-layer and intra-layer DD association are 
critical for Complex I formation and signalling, part A. a, Fluorescence 
imaging of TNFR1-KO HeLa cells with individual expression of R376E and  
E398R TNFR1-DD mutants fused with mEGFP and mCherry tag, respectively.  
b, Fluorescence imaging of TNFR1-KO HeLa cells with co-expression of the 
R376E and E398R mutants in (a). c, Heatmap analysis of RNAseq of the expression 
level of genes induced by TNFα stimulation (100 ng/mL) for 60 min in TNFR1-KO 
HeLa cells reconstituted with either individual expression of WT, R376E, and 
E398R TNFR1 or co-expression of R376E and E398R TNFR1 mutants. d, TIRF 
imaging of individual or co-expression of full-length R376E and E398R TNFR1 
mutants fused with fluorescence tag in TNFR1-KO HeLa cells after 5 min of 
TNFα stimulation (20 ng/mL). mNeonGreen and Halo (TMR) channels are 

shown in green and red, respectively. e, Quantitation of the puncta density on 
cell membranes formed by fluorescence-tagged TNFR1 variants in TNFR1-KO 
HeLa cells in (d). Data are presented as mean ± SEM for 100 areas in each group. 
f, Fluorescence imaging of RIPK1-KO HeLa cells reconstituted with individual 
expression of E620R and R621E RIPK1-DD mutants fused with mEGFP and 
mCherry tag, respectively. g, Fluorescence imaging of RIPK1-KO HeLa cells 
reconstituted by co-expression of the E620R and R621E RIPK1-DD mutants in (f). 
h, Heatmap analysis of RNAseq of the expression levels of genes induced by 
TNFα (100 ng/mL) for 60 min in RIPK1-KO HeLa cells reconstituted with WT or 
indicated RIPK1 variants. Results are representative of three independent 
experiments (a, b, d-g) or of three biological replicates (c & h). The P-value in (e) 
is derived from a two-tailed Welch’s t test for comparison between two groups.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Both inter-layer and intra-layer DD association are 
critical for Complex I formation and signalling, part B. a-g, Western blotting 
analysis of TNFα (100 ng/mL) induced Complex I and NF-κB activation in 
TNFR1-KO, TRADD-KO or RIPK1-KO HeLa cells reconstituted with indicated 

mutants of TNFR1, TRADD and RIPK1. The relative levels of the indicated 
proteins normalized to β-actin are shown below blots (a-g). Results are 
representative of three independent experiments (a-g).
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Extended Data Fig. 6 | Modelling of high-order TNFR1/TNFα clustering 
suggests that the ECD-TMD linker length is barely long enough for a 
tetramer-of-trimer cluster or 12 TNFR1s. a, Tilt of ~51° between two trimers  
of TNFα/TNFR1 complex in the cryo-EM structure (PDB entry 8ZUI) shown  
with 3-fold axis of each TNFα/TNFR1 trimer (yellow stick). b-c, Modelling of 5 
interacting trimers of TNFα/TNFR1 complex on a flat membrane shows that  
the distance between ECD and TMD in the most peripheral TNFR1 exceeds  
the length of ECD-TMD linker. Note: The intracellular linker (~120 residues) 
between the TNFR1 TMD and DD is long enough to support more than 12 

TNFR1 DDs that can be added to the TNFR1-TRADD-RIPK1 ternary complex. 
However, the extracellular linker between the ECD and TMD is only ~10 nm long 
(aa 184-211, 28 residues). Modelling based on the cryo-EM structure of the 
tetramer-of-trimer TNFR1/TNFα indicates that expanding the multimer-of- 
trimer interactions beyond tetramer-of-trimer would result in TNFR1-ECD of 
the most peripheral trimer rotating away from the TMD by at least 13 nm, which 
cannot be accommodated by the ECD-TMD linker unless the membrane is 
severely deformed.

https://doi.org/10.2210/pdb8ZUI/pdb


Extended Data Fig. 7 | See next page for caption.



Article
Extended Data Fig. 7 | Electric dipole moment modulates the dynamics of 
Complex I. a, Three sites (T579, T580 and T583, shown as spheres) on the 
periphery of RIPK1-DD helical oligomer are selected for mutation to change the 
EDM of RIPK1-DD without affecting DD-DD interactions. b, Negative-stain EM 
micrographs of fibres formed in vitro by WT, 2D, 3D or 3 R mutant RIPK1-DD 
purified from E. coli. c, Representative 2D images of aligned and averaged DD 
fibres and their Fourier-transformed power spectrum. d, Fluorescence imaging 
of fibres formed by mEGFP-tagged WT, 2D, 3D or 3 R mutant RIPK1-DD in RIPK1-
KO HeLa cells. e-g, Quantification of A20 mRNA level by qRT-PCR in RIPK1-KO 
HeLa cells reconstituted with WT, 3 R or 3D RIPK1 variants induced by 1 ng/mL 
(e), 10 ng/mL (f) or 100 ng/mL (g) TNFα for 60 min. Data are presented as 

mean ± SEM for three biological replicates in each group. h, Heatmap analysis 
of RNAseq of the expression levels of genes induced by TNFα (10 ng/mL) for 
60 min in RIPK1-KO HeLa cells reconstituted with WT, 3 R or 3D RIPK1 variants. 
i, Snap-shots of TIRF live imaging of RIPK1-KO HeLa cells expressing WT, 3 R  
and 2D RIPK1 tagged with mNeonGreen upon TNFα stimulation (100 ng/mL). 
 j-l, Distribution of life-time of RIPK1 puncta induced by TNFα in RIPK1-KO HeLa 
cells expressing WT, 3 R or 2D RIPK1. Data are plotted for 100 puncta in each 
group. Results are representative of three independent experiments (b, d-g & i) 
or of three biological replicates (h). The P-value in (e-g) is derived from a two-
tailed Welch’s t test for comparison between two groups and presented as  
* (P < 0.05), ** (P < 0.01), *** (P < 0.001), **** (P < 0.0001).



Extended Data Fig. 8 | Intracellular Complex I assembly restricts 
extracellular TNFα engagement. a-c, Fluorescence-activated cell sorting 
(FACS) of AlexaFlour-647 labelled TNFα stimulated wildtype, TRADD-KO and 
RIPK1-KO HeLa cells. The Q3 fraction represents the TNFα-bound cells.  
d-e, FACS sorting of AlexaFlour-647 labelled TNFα stimulated RIPK1-KO  

HeLa cells reconstituted with wildtype or E626R-RIPK1. f-g, Western-blot 
showing the expression level of TNFR1, TRADD and RIPK1 in these cells.  
h-i, Co-immunoprecipitation of TNFR1 with FLAG-TNFα in the presence of 
nanobody Nb70 that competes with TNFα for binding to TNFR1. Results are 
representative of three independent experiments (a-i).
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Extended Data Fig. 9 | Structural modelling and electric dipole moment 
calculation of DR3-TRADD-RIPK1 and MyD88-IRAK4-IRAK2 DD complexes. 
a, Modelling of DR3-TRADD-RIPK1 ternary DD complex based on DR3-DD 
alignment with TNFR1-DD in our cryo-EM structure of the TNFR1-TRADD-RIPK1 
DD complex. b-c, Electrostatic potential surface and calculated EDMs of the 
DR3-TRADD-RIPK1 ternary DD complex. d, The electrostatic potential of the 

“bottom” face of the DR3-DD pentamer is complementary to the “top” face of 
the TRADD-DD pentamer. e-f, Cystal structure of the MyD88-IRAK4-IRAK2 
complex (PDB ID: 3MOP) and its electrostatic potential surface. g, Calculated 
EDMs of the MyD88-IRAK4-IRAK2 complex. h, Electrostatic potential of DD 
layers in MyD88-IRAK4-IRAK2 shows charge complementation.

https://doi.org/10.2210/pdb3MOP/pdb


Extended Data Fig. 10 | Structural analysis shows the basis for the specificity 
of DD adaptors for different receptors. a-b, Cryo-EM structure of Fas-FADD 
complex and its electrostatic potential surface. c, Calculated EDMs of the 
Fas-FADD complex. d-e, Structural modelling of TRAIL-R2-FADD complex and 
its electrostatic potential surface. f, Calculated EDMs of the TRAIL-R2-FADD 
complex. g-h, The “bottom” face of the TNFR1-DD pentamer has a negatively 
charged periphery, which complements the “top” face of the TRADD-DD 
pentamer. i-j, In the Fas-DD/FADD-DD complex, the “bottom” face of the Fas-DD 
pentamer shows charge complementation with the “top” face of the FADD-DD 
pentamer, which is incompatible with the “top” face of the TRADD-DD pentamer. 
k-l, Structural modelling of the DD pentamer DD from TRAIL-R2 or TRAIL-R1. 
The “bottom” faces of both receptors are compatible with the “top” face of the 
FADD-DD pentamer, but incompatible with TRADD-DD.
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Extended Data Table 1 | Statistics for cryo-EM data collection, processing, structure refinement and validation
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