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Abstract: TIR-domain-containing adapter-inducing interferon-3 (TRIF) is an innate immune protein
that serves as an adaptor for multiple cellular signalling outcomes in the context of infection. TRIF is
activated via ligation of Toll-like receptors 3 and 4. One outcome of TRIF-directed signalling is the
activation of the programmed cell death pathway necroptosis, which is governed by interactions
between proteins that contain a RIP Homotypic Interaction Motif (RHIM). TRIF contains a RHIM
sequence and can interact with receptor interacting protein kinases 1 (RIPK1) and 3 (RIPK3) to
initiate necroptosis. Here, we demonstrate that the RHIM of TRIF is amyloidogenic and supports
the formation of homomeric TRIF-containing fibrils. We show that the core tetrad sequence within
the RHIM governs the supramolecular organisation of TRIF amyloid assemblies, although the stable
amyloid core of TRIF amyloid fibrils comprises a much larger region than the conserved RHIM only.
We provide evidence that RHIMs of TRIF, RIPK1 and RIPKS3 interact directly to form heteromeric
structures and that these TRIF-containing hetero-assemblies display altered and emergent properties
that likely underlie necroptosis signalling in response to Toll-like receptor activation.
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1. Introduction

TIR-domain-containing adapter-inducing interferon-{3 (TRIF) is a key innate immune
adaptor protein that forms signalling complexes downstream of the activation of Toll-like
receptors 3 and 4 (TLR3/4) [1]. TLRs are membrane-associated receptors that are capable
of detecting damage-associated and pathogen-associated molecular patterns (DAMPs and
PAMPs) [2]. TLR3 detects double-stranded RNA [3], triggering a response to a range
of viruses. TLR4 is best known for responding to lipopolysaccharide in gram-negative
bacteria [4] and can also respond to gram-positive bacterial and viral PAMPs [5-8]. As TRIF
acts downstream of both TLR3 and TLR4, it plays an important role in inducing immune
defence to a wide range of pathogenic stress.

TRIF is a multidomain protein, with each domain capable of signalling for specific
cellular outcomes. It contains an N-terminal domain, a TIR (Toll/interleukinl (IL-1) re-
ceptor) domain and a C-terminal Receptor Homotypic Interaction Motif (RHIM) sequence
(Figure 1A). The RHIM sequence in the C-terminal region of TRIF has been shown to
mediate interactions that can result in the activation of the lytic inflammatory cell death
programme known as necroptosis, which is initiated during innate immune stress caused
by pathogenic infection [9,10].
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Figure 1. (A) Domain architecture of human RHIM-containing proteins, which contain multiple
globular domains that serve diverse functional roles. RHIMs are present within disordered protein
regions. Z: Z« domain; DD: death domain; NTD: N-terminal domain; TIR: Toll/interleukin-1 (IL-1)
receptor domain. (B) Alignment of RHIM sequences from human and virus proteins. ZBP1 contains
at least two RHIMs, presented as RHIM-A and RHIM-B. The conserved core tetrad is indicated in the
boxed region. (C) Design of recombinant RHIM-containing fusion proteins with RHIM-containing
regions required for necroptosis (light grey) and ubiquitin or fluorescent partner domain.

Necroptotic death was initially observed downstream of tumour necrosis factor (TNF)
receptor ligation, resulting from the interaction of RHIM-containing receptor interact-
ing protein kinase 1 (RIPK1) with the RHIM-containing protein RIPK3 [11,12]. The pro-
tein complex formed by the hetero-assembly of RIPK1 and RIPK3 is termed the necro-
some [13,14] and is an ultra-high molecular weight functional amyloid signalling com-
plex [15]. The necrosome formed by interactions between RIPK1 and RIPK3 is a heteromeric
amyloid assembly driven by interactions between RHIM sequences in these proteins [15].

RHIMs are conserved protein sequences located within disordered regions in four
multi-domain immunity-associated proteins (Figure 1A). RHIMs contain a highly con-
served core tetrad of residues with the consensus sequence (V/1)Q(V/1/L/C)G (Figure 1B).
This core tetrad is important for function, as mutagenesis of this sequence to AAAA in
many different experimental workflows ablates RHIM-driven protein function [12,15-18].
Additionally, the RHIMs are essential for necrosome assembly and amyloid formation: mu-
tation of key amyloid-forming residues in RHIMs results in a loss of necroptosis capability
in cells [15]. Recent structural determination of necrosome assemblies has revealed that the
RHIM sequence forms the amyloid core of these fibrils, which explains the importance of
this sequence for both amyloid assembly and signalling function [19,20].

In addition to RIPK1 and RIPK3, RHIMs that drive cell death have also been identi-
fied in the cytoplasmic nucleic acid sensor ZBP1 [17,21,22] and in TRIF. The RHIM from
TRIF was first identified as a mediator of apoptosis resulting from TLR activation [23].
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Subsequent studies revealed that the RHIM from TRIF could also induce necroptosis
by RHIM-driven interaction with RIPK3 in multiple cell types, including macrophages,
endothelial cells and fibroblasts [16,24]. The formation of the necrosome and RIPK3 phos-
phorylation leads to the phosphorylation, conformational change and oligomerisation of
the pseudokinase mixed lineage kinase-like protein (MLKL) [25-27]. MLKL is the exe-
cutioner protein of necroptosis [25] and induces cell membrane lysis when activated by
RIPK3 [26-28].

TRIF is well-established as a pleiotropic adaptor protein involved in Toll-like receptor
signalling [1,16], but little is known about the structure of the hetero-assemblies that define
its role in programmed cell death. TRIF is capable of signalling for necroptosis in the
absence of RIPK1 in murine fibroblasts and endothelial cells; however, it is required for
necroptosis in macrophages [16]. The requirement of RIPK1 to modulate TRIF-RIPK3
signalling may be cell-context dependent, and potentially reliant on the presence of other
cellular co-factors. The ability of TRIF to form either homo- or heteromeric amyloid
assemblies has not been determined, although cell-based experiments have indicated its
ability to form insoluble and fibrillar structures in cells [29,30].

Here we have used a range of biophysical approaches to characterise the amyloido-
genic capacity of the TRIF RHIM. We have delineated the region of TRIF that forms a
protected amyloid-structured core and our results demonstrate that this region extends be-
yond the 18-residues of the RHIM that are identified by homology. Our results demonstrate
the capacity of the TRIF RHIM to form heteromeric assemblies with RIPK1 and RIPK3
through direct interaction.

2. Results
2.1. The RHIM from TRIF Self-Assembles into Amyloid Structures

A protein construct encoding the RHIM and surrounding residues of wildtype TRIF
was cloned with His-tagged ubiquitin or fluorescent partner domains to assist in the
expression, purification and detection of amyloid-based assembly and protein:protein
interactions (Figure 1C). Protein constructs encoding for RIPK1, RIPK3 and a TRIF core
tetrad mutant (VQLG to AAAA) were also cloned (Supplementary Figure S1). The AAAA
mutation was chosen because this change to the core residues of the motif has been shown
to reduce the ability of RHIM-containing proteins to signal for cell death by necroptosis.

These protein constructs are named for the partner domain and the stretch of residues
incorporated from the original RHIM protein (for instance, Ub-TRIF41_712 represents the
residues 601-712 of TRIF with an N-terminal ubiquitin partner domain). Proteins were
produced by overexpression in E. coli and purified by affinity chromatography. Previous
experience has shown that RHIM-containing proteins are prone to rapid self-assembly into
insoluble aggregates in buffers of physiological salt and pH [31]. Therefore, proteins were
purified and maintained as monomers in chaotropic 8 M urea-containing buffer before
removal of denaturant, triggering oligomerisation. This methodology has been previously
utilised for the characterization of other RHIM proteins [18,20,31,32].

The capability of the TRIF RHIM to drive the formation of homomeric amyloid assem-
blies was assessed first with a suite of hallmark assays. The fluorescent dye thioflavin T
(ThT) and the aniline dye Congo red show characteristic spectral changes when they bind to
the cross-f structure in amyloid fibrils and both are widely used to report on the formation
of amyloid protein assemblies [33,34]. Both the wildtype and the mutant TRIF-RHIM
containing proteins spontaneously form structures that generate enhanced ThT fluores-
cence emission at 485 nm and induce a red shift in Apax in the absorbance spectrum of
Congo red to 540 nm. These features are consistent with the formation of cross- structure
(Figure 2A,B).
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Figure 2. (A) Time course of amyloid assembly by Ub-TRIF4y;_712 wild type and mut, initiated by
dilution from denaturant into assembly-permissive buffer at 2.5 uM, and assessed by ThT fluores-
cence. Curves indicate average of three independent replicates, and error bars indicate one standard
deviation. (B) Congo red absorbance spectra from Ub-TRIFg;-71 WT and mut macromolecular
assemblies, compared to insulin monomer, insulin amyloid fibril and Congo red and buffer samples.
(C) Time course of static light scattering from Ub-TRIFgp;-712 RHIM assemblies, following dilution
from denaturant into assembly-permissive buffer at 2.5 pM. Curves indicate average from three
independent replicates, and error bars indicate one standard deviation. (D) Representative transmis-
sion electron micrograph of 1 uM Ub-TRIFg;_71, assemblies depicting ‘sea anemone” morphology.
Scale bar 500 nm (E) Representative transmission electron micrograph of 1 uM Ub-TRIF4g;_712 at
higher magnification. Scale bar 200 nm. (F) Representative transmission electron micrograph of
amorphous 1 uM Ub-TRIFgy;_71omut aggregates. Scale bar 500 nm.

The increase in ThT fluorescence in the presence of wildtype TRIF RHIM follows a sig-
moidal curve, which is reminiscent of other well-characterised amyloid-forming proteins.
The mutant version of the protein displays a modest increase in intensity from a high initial
measured point, indicating that rapid assembly into the ThT-binding conformation starts
before the first measurement is recorded. There is a difference in the final intensity of the
ThT fluorescence between the two proteins but since ThT intensity is not a quantitative
measure of amyloid structure and the mode of ThT binding can affect quantum yield,
no conclusion can be drawn from these data about the amount of amyloid formed in the
two samples.

This experiment was repeated for a range of protein concentrations of wildtype
and mutant versions of the TRIF RHIM (Supplementary Figure S2A). For the wildtype,
the extent of ThT fluorescence correlated with the concentration of protein and a sigmoidal
increase in fluorescence intensity was apparent, consistent with other well-characterised
amyloid-forming systems. For the mutant, the ThT fluorescence increased correspondingly



Molecules 2022, 27, 3382

50f 20

with protein concentration, but even the early timepoints showed an intensity above
buffer-only, indicative of rapid formation of ThT-binding species.

Ub-TRIFgy1_712 and Ub-TRIF¢y;_71omut assemblies both induced a shift in the ab-
sorbance maximum exhibited by Congo red, towards 540 nm and similar to that seen with
insulin fibrils (Figure 2B), with the mutant form of TRIF yielding a higher absorbance at
540 nm than the wildtype protein. The ThT fluorescence and Congo red data indicate
that both wildtype and AAAA TRIF RHIM constructs do form structures with elements of
cross-f3 architecture, albeit with different kinetics of assembly and possibly with a slightly
different environment for ThT binding, reflected by the different final ThT intensity.

Static light scattering was performed in parallel with the ThT assays and showed
a large increase in scattering signal for Ub-TRIFg(1_712 but little signal for Ub-TRIFgp;_71omut
over the course of 60 min at 2.5 pM (Figure 2C). We also examined the concentration-
dependence of light scattering for both protein constructs (Supplementary Figure S2B).
For Ub-TRIF0;-712, light scattering increased with concentration, typical of amyloid fibrils
which are large insoluble structures. When studying Ub-TRIFg;-71omut, no scattering
was visible for the 60 min time period at concentrations between 0.625 pM and 2.5 uM,
and was severely attenuated at 5 uM compared to Ub-TRIF¢p1_712 at the same concentration.
These data demonstrate that the mutant form of the TRIF RHIM does not form large
structures and suggest that the VQLG core tetrad is required for the assembly of the TRIF
RHIM into large amyloid fibrils.

Transmission electron microscopy (TEM) revealed the difference in the size and mor-
phology of the assemblies formed by the proteins that underly the difference in light
scattering signal. Electron micrographs in Figure 2 demonstrate that Ub-TRIF4p;-_712 assem-
bles into fibrils that show an unusual higher-level assembly. The long Ub-TRIFg;_71> fibrils
appear to radiate from a central dense core, reminiscent of a sea anemone with tendrils
(Figure 2D). The dense cores have diameters 0.5-1 um, and the tendrils range in length
from 0.5 to >3 um, resulting in an overall diameter of >5 um. The dense core is composed
of very closely intertwined fibrils, while the emanating fibrils are individual fibrils that
display a clear twist (Figure 2E). In contrast to the long fibrils formed by the wildtype TRIF
sequence, the Ub-TRIFgp;_71pmut was observed to assemble into small aggregates 0.5-2 um
in diameter (Figure 2F).

The ThT, Congo red and TEM results demonstrate that the wildtype TRIF RHIM drives
the formation of amyloid fibrils which have a propensity to form large clusters. The AAAA
mutation abolishes the ability of the TRIF RHIM to form long amyloid fibrils, as evidenced
by TEM and light scattering. The Ub-TRIF4p;_71pmut forms only small irregular aggregates.
Some residual elements of cross-f3 structure may remain in these aggregates, as evidenced
by the concentration-dependent increase in ThT signal at 485 nm and increase in absorbance
at 540 nm in the Congo red absorbance spectrum. However, the data show that the intact
VQLG core tetrad of TRIF is required for this RHIM to support the formation of long, regular
amyloid fibrils, suggesting that amyloid fibril formation is important for the function of the
RHIM within the necroptosis signalling pathway.

2.2. Identifying the Protected Core of TRIF Amyloid Assemblies

Recent structural elucidation of functional amyloids involved in cellular signalling
processes, including the RIPK1-RIPK3 necrosome and Orb2 assemblies that are associated
with memory formation in Drosophila, has revealed that these fibrils are composed of an
amyloid structured core scaffold and peripheral partner domains that remain active in
solution [19,35]. We wished to identify the region of TRIF that forms the core amyloid
scaffold. Other investigations of amyloid-forming proteins have used protease digestion
experiments to identify the stable, hydrogen-bonded scaffold [36]. The stable secondary
structure and tight interdigitation of side chains in this scaffold gives relative protection
against proteolysis compared to distal flexible regions.

Here we have exposed TRIF-containing amyloid fibrils to digestion by subtilisin, a non-
specific peptidase, and then have used mass spectrometry to identify the residual sequences,
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which represent the amyloid core. ThT-positive fibrils formed by YPet-TRIFsy;_712 were
utilised for these experiments, as the partner protein was resistant to subtilisin degradation
and hence did not contribute to the insoluble, proteolysis-resistant fraction. Fibrils formed
by YPet-TRIFgp1-712 were treated with subtilisin, which led to the rapid release of the
YPet domain into the soluble fraction, while the insoluble fraction contained multiple
protease resistant fragments, with the most dominant ~6 kDa (Figure 3A). This fragment
was subjected to formic acid treatment to achieve depolymerisation (Figure 3B) and then
analysed by LC-MS.
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Figure 3. (A) SDS PAGE analysis of products of subtilisin digestion of YPet-TRIFgy;_715. Samples
are total (Tot), soluble (Sol), insoluble (Insol) or 10X concentrated insoluble (Insol-c). (B) Digestion
products of YPet-TRIFg;_712 after lyophilisation, resuspension in 90% formic acid and additional
lyophilisation, indicating band excised from gel and subjected to mass spectrometry. (C) The sequences
of the RHIM-containing regions of human TRIF, RIPK1 and RIPK3 aligned by the core tetrad, coloured
yellow. % Prevalence of detected TRIF peptides indicated above sequence. All sequences identified by
mass spectrometry available in SI Figure S2. Regions within RIPK1 and RIPK3 previously identified as
important for amyloid interactions [15] and functional RHIM-dependent signalling [13] indicated in
blue and grey, respectively.

The stable amyloid-forming region of TRIF was successfully identified in this way
(Figure 3C). The region of the wildtype TRIF protein used as the starting material in these
experiments is 112-residues long. From this region, up to 44 residues flanking the core tetrad
were conserved in close to 70% of peptide reads, spanning from S654 to Q709. The core
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tetrad of VQLG was present in every sequence detected. Regions immediately adjacent to
the core tetrad are highly represented, with slight decreases in protection from proteolysis
in regions more distal to the tetrad. The full list of peptide sequences successfully identified,
including any posttranslational modifications, is provided in Supplementary Figure S2.
This extent of residues potentially involved in amyloid formation by TRIF was surprising,
as Waltz and Tango algorithms do not predict any amyloidogenic sequences within this
TRIF C-terminal region. AmylPred identifies amyloidogenic propensity in the nine residues
on the N-terminal side of the tetrad (PLIIHHAQM). All post-translational modifications
corresponded to oxidation of methionine residues, which likely occurred as part of the
electrospray ionisation process [37].

These data indicate that the VQLG sequence and its immediately flanking regions form
the most protected, and hence structured, component of TRIF amyloid fibrils. Alignment
of these protected regions in TRIF with the RHIM region previously identified by other
groups, delineated with mutagenesis and functional assays, pulldown interaction studies,
measures of heteromeric amyloid formation and solid state NMR [13,15,23], indicates that
the amyloid-structured region of TRIF is relatively large and likely extends beyond the
~18-residue sequence that controls interactions between the different RHIM-containing
proteins (Figure 3C). While the full extent of this structured region may not be necessary
for interactions with other proteins, this first unbiased analysis of the amyloid-forming
region of the TRIF protein suggests that a large segment of the C-terminal region of TRIF
becomes structured when the protein self-assembles.

2.3. TRIF Directly Interacts with RIPK1 and RIPK3 to Form Heteromeric Assemblies

Experiments conducted in cells have indicated that assembly of TRIF into large macro-
molecular structures is vital for the engagement of necroptosis [16,30]. Confocal coincidence
spectroscopy (CCS) has previously been used successfully to probe the formation of large
amyloid-based homomeric and heteromeric assemblies [31,38]. In CCS, initially monomeric
RHIM-containing fluorescent fusion proteins (Figure 1C; Supplementary Figure S1) are
mixed together and then analysed in a ~1 fL confocal volume, allowing for characterisa-
tion and quantification of individual molecules and any complexes formed. Fluorescence
emission intensity is recorded from this volume over time. Baseline fluorescence arises
from monomeric protein in solution. Deflections from baseline in one or both fluorescence
channels indicate the presence of higher-order protein assemblies. Co-incidence of signals
from the two channels reflects heteromeric assembly [38].

CCS was performed on YPet-TRIF401-712, YPet-TRIFgp1-710mut, mCherry-RIPK1497 583
and mCherry-RIPK33g7_518 alone and in pairs. Fluorescence data were recorded each
millisecond for three-minute intervals. A representative 250 ms trace for each experimental
condition is shown in Figure 4A.
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Figure 4. (A) Representative 250 ms time traces from individual RHIM-containing proteins at 0.175 uM
under assembly-permissive conditions. YPet and mCherry fluorescence emission was measured si-
multaneously, allowing for detection of coincidence of different RHIM-containing proteins in indi-
vidual assemblies diffusing through the confocal volume. Proteins in each sample are indicated on
each trace. (B) Time traces from mixtures of RHIM-containing proteins: TRIF-RHIMgy_71,wt with
RIPK1497_583 and RIPK3387_518 RHIMS, and TRIF—RHIM601_712mut with RIP K1497—583 and RIP K3387—518
RHIMs. (C) Comparison of RedQ scores of TRIF-RHIMgp1_y12wt, TRIF-RHIMgo;_71omut, RIPK1497_583
and RIPK33g7_513 RHIM combination pairs. (D) Photon count histograms from protein assemblies.

For YPet-TRIF40;_712, many large homomeric assemblies were apparent. No such
large homomeric assemblies were detected when YPet-TRIF4;_71,mut was incubated
under amyloid assembly-permissive conditions. mCherry-RIPK1497 583 and mCherry-
RIPK3337_515 also formed homomeric assemblies under these conditions (Figure 4A).

When YPet-TRIFgp;-712 and mCherry-RIPK1497 533 were incubated together under
assembly-permissive conditions, many large peaks were detected in the YPet channel,
and multiple smaller peaks were observed in the mCherry channel (Figure 4B). This inter-
action appears to be dependent on the core tetrad of TRIF, as no large peaks were detected
when -YPet-TRIFgp1_71omut and mCherry-RIPK1497_583 were co-incubated (Figure 4B).
For co-incubations of -YPet-TRIF441_712 and mCherry-RIPK33g7_515, many peaks were de-
tected in both the YPet and mCherry emission channels, reflecting the high propensity of
both proteins to assemble (Figure 4B). In the mixture of YPet-TRIF4j1_71p,mut and mCherry-
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RIPK33g7-518, many peaks were detected in the mCherry channel, but few were detected in
the YPet channel (Figure 4B).

It is possible to utilise quantitative analysis to measure the interaction capability of
YPet and mCherry proteins in this CCS system. One such measure of interaction propensity
is termed ‘colourQ)’ and defined as follows:

number of Colour A peaks aligned with Colour B peaks
total number of Colour A peaks

M

colourQ =

RedQ measurements (which describe the proportion of green peaks aligned with
red peaks) were performed on the two-protein pairs described above (Figure 4C). For co-
incubations of mCherry-RIPK1497 583 with YPet-TRIFgp;_712, the peaks were highly co-
localised (RedQ = 0.9). For mixtures of YPet-TRIFp;_71omut and mCherry-RIPK1497_5g3,
a RedQ score of 0.11 was reported, indicating a low level of interaction. These data
indicate that the TRIF VQLG core tetrad motif is important for co-assembly with RIPK1.
For mixtures of YPet-TRIF4g;_712 and mCherry-RIPK33g7_513, these co-incubated proteins
showed a RedQ score of 0.40. The interaction of TRIF with RIPK3 appears dependent on the
VQLG core tetrad of TRIF, as coincidence of detection between YPet-TRIF¢y;_71p,mut and
mCherry-RIPK33g7_518 was low (RedQ = 0.13; Figure 4C). The RHIM from TRIF appears
more amenable to interaction with RIPK1 than RIPK3 (RedQ = 0.9 vs. RedQ = 0.4). This may
be due to the higher propensity of RIPK3 to self-assemble, which may reduce its likelihood
for heteromeric interaction.

The number and size of complexes detected in each sample was also analysed by
binning the detected fluorescent signals according to intensity and plotting the num-
ber of peaks of each intensity range, in a photon counting histogram (PCH; Figure 4D).
Comparison of the PCHs for YPet-TRIFgp1_712 and YPet-TRIF40;_71omut with mCherry-
RIPK1497_583 shows that the average size of RIPK1-containing complexes increases in the
presence of YPet-TRIF41_712 (black) compared to RIPK1 alone (magenta), indicating that
hetero-assembly with TRIF drives RIPK1 into larger complexes. This change in peak size
distribution is not detected when mCherry-RIPK1497_515 is co-incubated with the mutant
form of TRIF (grey). This confirms the crucial role of the core tetrad in RHIM-based higher
order assembly. Analysis of mixtures of TRIFwt and RIPK3 shows that on average these
heteromeric complexes (black) are slightly larger than those formed by the RIPK3 RHIM
construct on its own (magenta). Additionally, a small number of larger heteromeric com-
plexes (1500-2000 photons/ms; Figure 4D right panel) are observed. This is consistent
with a reduced interaction propensity and lower RedQ for this complex compared to
the TRIF:RIPK1 complex. No change in average size of oligomer was detected when the
mutant form of the TRIF RHIM was co-incubated with mCherry-RIPK33g7_513, confirming
the dependence on an intact wildtype tetrad sequence for interaction between the RHIMs
of TRIF and RIPK3. Taken together, these data indicate that the RHIM of TRIF supports
complex formation with RIPK1 and RIPK3 and co-assembly with TRIF recruits RIPK1 into
macromolecular complexes that are larger than homomeric RIPK1 assemblies.

2.4. Hetero-Assemblies Formed between TRIF and RIPK1 or RIPK3 Are Larger and More Stable
Than Homo-Assemblies Formed by These Proteins

Sodium dodecyl sulphate agarose gel electrophoresis (SDS-AGE) experiments were
used to probe the native size and stability of TRIF homomeric and heteromeric assemblies
containing TRIF and one of either RIPK1 or RIPK3. Previous work has shown that the dif-
ferential stability of RHIM homo- and heteromeric assemblies can be revealed by treatment
with 2% SDS [18,31,32].

YPet-TRIF¢p1-712 when maintained in 8 M urea remains monomeric (Figure 5A,
left panel, lane 1). TRIF assemblies formed following removal of denaturant were re-
tained in the well (Figure 5A, left panel, lane 2). These were confirmed by TEM to be
>5 uM in length. These homomeric amyloids formed by TRIF are susceptible to SDS
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depolymerisation and are depolymerised to oligomers of a range of sizes and monomer
(Figure 5A, left panel, lane 3).

TRIFwt B TRIFmut
RIPK1 RIPKA TRIFmut RIPK1 RIPK1
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Figure 5. SDS-agarose gel electrophoresis reveals structural properties arising from heteromeric
assembly of TRIF and other RHIM-containing proteins. Single or equimolar at 5 uM two-protein
combinations carrying YPet or mCherry fluorophores were prepared in (1) monomeric or (2) co-
assembled forms and (3) treated with SDS, then electrophoresed on an agarose gel and imaged. Protein
combinations used: (A) YPet-TRIF4j1_712 and mCherry-RIPK1497_583, (B) YPet-TRIFmutgp;_712 and
mCherry-RIPK1497_583, (C) YPet-TRIF40;-712 and mCherry-RIPK3387_518, (D) YPet-TRIFmutggi_712
and mCherry-RIPK3357_515. All conditions were imaged with both GFP and mCherry appropriate
filter sets, and then overlaid using FIJI Image]. All experiments were conducted multiple times, and a
representative gel is shown. Migration of long fibrils, short fibrils/oligomers and monomeric forms
are indicated.

mCherry-RIPK1,97_583 monomer completely traversed to the gel front (Figure 5A,
middle panel, lane 1). After dialysis, mCherry-RIPK1497 583 migrated partway down the
gel, indicating the formation of oligomeric species or small fibrils, which is consistent
with the small fibril assemblies made by this protein that we have previously observed
by TEM in prior studies (Figure 5A, middle panel, lane 2) [31]. SDS treatment caused the
reversion of dialysed mCherry-RIPK1497_583 samples to monomer, indicating low stability
of RIPK1-only assemblies (Figure 5A, middle panel, lane 3).

When mCherry-RIPK1497_5g83 and YPet-TRIF¢;_712 were co-dialysed, both proteins
were retained in the well, and the oligomer band for mCherry-RIPK1497_583 was weaker,
indicating that TRIF:RIPK1 interaction results in assembly of structures that are larger than
the RIPK1-alone structures (Figure 5, right panel, lane 2). These findings are consistent
with the observation of larger RIPK1 assemblies by CCS described earlier (Figure 4C).
When this mixture was incubated with 2% SDS, a small amount of protein remains visible
in the well, along with a streak near the expected oligomer band size (Figure 5, right panel,
lane 3), indicating that the hetero-assembly complex containing of RIPK1 and TRIF is partly
resistant to SDS, and is more stable than the homomeric assemblies of these two proteins.

A similar set of experiments was performed with YPet-TRIFg;_71omut and mCherry-
RIPK1497_583 (Figure 5B). Unlike the wildtype version of YPet-TRIF4p;-712, the mutant



Molecules 2022, 27, 3382

11 of 20

formed oligomers (as previously observed by TEM in Figure 2F) instead of fibrils and these
were also not SDS resistant (Figure 5B, first panel, lane 3). mCherry-RIPK1497_583 alone
formed the same oligomer species as previously described (Figure 5B, middle panel) [31].
Co-dialysis of mCherry-RIPK1497_583 and YPet-TRIF401_71omut did not see them colocalise
(no white overlay) nor was any specific change in translocation or stability characteristics
visible for either protein (Figure 5B, third panel, lanes 2 and 3). These findings were
consistent with confocal CCS, where wildtype TRIF and RIPK1 RHIMs were shown to
interact, and it was observed that the wildtype core tetrad of TRIF was required for TRIF to
impart changes on RIPK1 (Figure 4B,C).

The homo- and heteromerization of TRIF and RIPK3 were investigated using the same
protocols. YPet-TRIFgp;_71» formed large assemblies that were SDS-soluble (Figure 5C,
left panel), as previously described. Homomeric mCherry-RIPK33g;_513 formed large as-
semblies that were predominantly retained in the well, again consistent with prior studies
(Figure 5C, middle panel) [15,31]. Notably, mCherry-RIPK3337_513 homo-assemblies were
partially resistant to SDS dissolution, with SDS treatment generating large fibrils that mi-
grated only a short distance from the well (Figure 5C, middle panel, lane 3). Analysis of mix-
tures of TRIF and RIPK3 revealed novel properties induced by heteromerization (Figure 5C,
right panel). When dialysed together, YPet-TRIFgp;_712 and mCherry-RIPK33g7_513 both
remained colocalised within the wells and the RIPK3 in these large hetero-assemblies was
completely resistant to SDS treatment. The large fibrils observed in the wells could be a
mixture of homomeric RIPKS3 fibrils, homomeric TRIF fibrils and heteromeric RIPK3:TRIF
fibrils. We observe that the stability of a proportion of the RIPK3 and TRIF material is in-
creased, indicating that TRIF and RIPK3 hetero-interaction serves to stabilise both proteins
within amyloid assemblies.

These emergent features of TRIF:RIPK3 hetero-assembly are driven by the wildtype
core tetrad of TRIF, as evidenced by the lack of co-localisation when these experiments were
repeated with YPet-TRIFqg1_71,mut and mCherry-RIPK33g7_515 (Figure 5D, right panel).
Oligomers of mutant TRIF and large RIPK3 fibrils were observed at different locations and
the mutant TRIF assemblies were depolymerised by SDS.

2.5. Microscopy of Hetero-Assemblies Containing TRIF and Partner Proteins Elucidates Extensive
Cointegrated Protein Architectures

The hetero-assemblies formed by TRIF and RIPK1 and RIPK3 were imaged by both
TEM and fluorescence confocal microscopy to characterise their size, morphology and
integration and localisation of the constituent proteins.

Two prominent morphologies were observed by TEM when Ub-TRIF4j;_712 and
mCherry-RIPK1497_583 were allowed to co-assemble (Figure 6A): a network of fibrils
(Figure 6A, Morphology A) and a dense fibril bundle with some smaller fibrils emanating
from the core (Figure 6A, Morphology B). The relationship between Morphology A and Mor-
phology B is unclear—it is possible that Morphology A is on a pathway to Morphology B,
or that the different morphologies arise from different clusters of each of the constituent
proteins in a single superstructure. Assemblies containing YPet-TRIF40;_712 and mCherry-
RIPK1497_583 were assessed by confocal microscopy (Figure 6B) and very large clusters
of fibrils were observed and appeared to contain both proteins, with YPet and mCherry
colocalised (Pearson correlation value = 0.95). This co-assembly was dependent on the
presence of a WT tetrad sequence, since samples prepared with both YPet-TRIF4)1_71,mut
and mCherry-RIPK1497_5g3 present were observed to contain structures composed almost
entirely of RIPK1 (Figure 6C), as indicated by the Pearson correlation score of 0.08. No large
structures containing YPet-TRIF40;_71pmut were observed.
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Figure 6. Confocal and transmission electron microscopy of mixtures of TRIF and RIPK1. (A) Transmis-
sion electron microscopy of mixtures of 1 uM Ub-TRIFgy;_712 and mCherry-RIPK1497_5g3. There were
two common morphologies for these mixtures, Morphology A and Morphology B. Scale bars rep-
resent 500 nm. (B,C) Confocal images of mixtures of 2.5 uM TRIFwtgy;_71» and TRIFmutgp;—_y1p and
RIPK1497_583 RHIM-containing proteins. Images are displayed as recorded in GFP channel, mCherry
channel and merged. Scale bar indicates 10 pm. Image analysis performed in Fiji. Pearson Correlation
determined by JaCoP plugin.

Co-assembled structures of Ub-TRIF4g1_712 and YPet-RIPK3sg7.515 imaged by electron
microscopy had a single prominent morphological identity (Figure 7A) comprised of dense
aggregated fibrillar material. Higher-magnification of these TRIF-RIPK3 co-assemblies
reveals individual fibrils emanating from the surface and visible on the periphery of
the dense bundles (Supplementary Figure S4). Coincubation of YPet-TRIF4p;-712 and
mCherry-RIPK3357_513 and subsequent observation by confocal microscopy confirmed both
proteins were contained within these assemblies (Figure 7B). The observed assemblies had
extensive fibrillar morphology and were highly colocalised (Pearson correlation = 0.95).
This co-assembly requires a WT tetrad sequence: in mixtures of YPet-TRIF¢p1_71omut and
mCherry-RIPK33g7_518 the proteins were poorly colocalised (Pearson correlation = 0.18).
The observed assemblies displayed low levels of YPet-TRIFgp;_71omut incorporation and
appeared to be mostly composed of mCherry-RIPK3sg;_515 (Figure 7C). In order to defini-
tively ascertain whether RIPK3-TRIF co-assemblies were indeed hetero-amyloids, we im-
aged these assemblies in the presence of ThT, using widefield fluorescence microscopy
(Supplementary Figure S5). The large assemblies composed of wildtype YPet-TRIF401_712
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and mCherry-RIPK33g7_518, and corresponding to those observed by confocal microscopy
(Figure 7B), were highly co-localised with signal for ThT confirming the cross-f amyloid
architecture of the assemblies. Mixtures of YPet-TRIF40;_71omut and mCherry-RIPK3357 513,
generated smaller assemblies with a weaker YPet signal but strong mCherry signal, cor-
responding to low levels of the TRIF mut relative to RIPK3 RHIM and in line with the
structures observed using confocal imaging (Figure 7C). These structures were highly
colocalised with ThT signal. However, RIPK3 homomeric fibrils would also be expected to
bind ThT so the extent of heteromeric TRIF4)1_712mut:RIPK3 heterofibril assembly could
not be distinguished.

601-712 387-518

A Ubiq-TRIF and YPet-RIPK3

YPet-TRIF mutand mCherry-RIPK3
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Pearso Correlation = 0.95 Pearson Correlation = 0.18

Figure 7. Confocal and transmission electron microscopy of mixtures of TRIF and RIPK3. (A) Trans-
mission electron microscopy of mixtures of 1 uM Ub-TRIF¢p1_712 and mCherry-RIPK33g7_515. Scale bars
represent 500 nm. (B,C) Confocal images of mixtures of 2.5 uM TRIF4g;_71,wt and TRIFg0;_y1pmut and
RIPK3337_518 RHIM-containing proteins. Images are displayed as recorded in GFP channel, mCherry
channel and merged. Scale bar indicates 10 pm. Image analysis performed in Fiji. Pearson correlation
determined by JaCoP plugin.

3. Discussion

Previous studies reporting on TRIF have indicated its ability to form large insoluble
filamentous aggregates in cells and to interact with RIPK1 and RIPK3 [29,30] and the
results presented here provide the first structural characterisation of those RHIM:RHIM
interactions between TRIF and key necroptosis-associated proteins. We have demonstrated
that the RHIM from TRIF is capable of spontaneously forming fibrillar amyloid assemblies,
like other RHIM-containing proteins [15,31,32]. The assembly of the TRIF RHIM-containing
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domain into organised amyloid fibrils is crucially dependant on the core tetrad VQLG
residues of the motif. Although the AAAA mutant forms ThT and Congo red positive
structures, the loss of the key interacting residues abrogates the domain’s ability to form or-
dered and stable fibrils, as observed by SDS treatment followed by agarose electrophoresis,
coincidence confocal spectroscopy and confocal and electron microscopy:.

The mass spectrometry data presented here reveal that the protected amyloid core
of TRIF assemblies is larger than the sequence motif defined by homology to other RHIM
proteins and by pulldown experiments [16]. The structures of heteromeric RIPK1:RIPK3
and homomeric RIPK3 RHIM cores, determined by solid state NMR, show that the residues
involved in amyloid formation by RHIM proteins can vary to some extent [19,20]. Ad-
ditionally, both homomeric and heteromeric forms of RHIM-containing proteins may be
important in the determination of cell fate [20,39-41]. RIPK3 homo-assembles are com-
prised of a single protofilament composed of three 3-strands [20]. RIPK3 hetero-assemblies
with RIPK1 form a serpentine fold comprised of two protofilaments [19,41]. The number,
identity and importance of the specific amino acid residues that comprise the amyloid
core in these two different conformers vary. It is possible that the architecture of amyloid
formed by RHIM-containing proteins differs depending on homo-assembly or specific
hetero-assembly status. This would be consistent with the characterisation of mosaic
RIPK1:RIPK3 necrosomes by Chen et al. (2022) where the supramolecular architecture of
the necrosome reflects its functional impact in cells [41]. Elucidation of TRIF amyloid homo-
assemblies or hetero-assemblies with RIPK1 and/or RIPK3 by solid state NMR or cryo-EM
is an important avenue for future study. These structures would allow for comparison with
the elucidated RIPK1:RIPK3 structure [19], and reveal differences in assemblies formed by
TRIF compared to RIPK1 or RIPK3 that may underlie physiological function.

The suite of experiments used in this study has revealed that the RHIM of TRIF binds
directly to both RIPK1 and RIPK3 RHIMSs, with distinct effects on the two interacting
partners. When TRIF binds to RIPK1, it drives RIPK1 into heteromeric assemblies that are
larger and more stable than RIPK1 homomeric assemblies. When TRIF forms two-protein
hetero-assemblies with RIPK3, these are larger assemblies than formed by either protein
alone and they are more stable than TRIF homomeric assemblies. The experiments reported
here describe the two-protein assemblies formed by either human TRIF and RIPK1 or TRIF
and RIPK3 and they form part of the extensive suite of protein interactions that drive
programmed cell death [42]. However, in-cell experiments indicate that TRIF signalling
for necroptosis may also involve hetero-interactions between all three of TRIF, RIPK1 and
RIPK3 in mouse cells [16].

In murine fibroblasts and endothelial cells, TRIF and RIPK3 are capable of inducing
necroptosis without the activity of RIPK1, whereas in macrophages RIPK1 is required
for signalling [16]. The data reported here indicate that human TRIF is capable of di-
rect interactions with both RIPK3 and RIPK1 but do not provide an explanation for the
cell-type- or host-dependence of TRIF signalling outcomes. Therefore, it appears likely
that other cellular co-factors are involved in induction of necroptosis cascades in these
different cell types. A recent report studying co-factor driven modulation of ZBP1-RIPK3
necroptosis described that caspase 6 binds directly to RIPK3 to facilitate its interactions
with ZBP1 [43]. It is possible that caspase 6 could also facilitate interaction between RIPK3
and TRIF, or modulate the amyloidogenicity or stoichiometry of amyloid complexes, ren-
dering them more or less amenable to activation of the downstream pseudokinase MLKL.
Little information is known about the cellular concentrations of RHIM proteins during
microbial infection, their specific cellular localisation, or any important post-translational
modifications, including ubiquitination [44—46]. These characteristics may also modulate
or control the structural properties of immunity-associated structural assemblies beyond
the intrinsic amyloidogenicity and interaction-propensity of the proteins themselves.

Overall, this work has demonstrated that TRIF is capable of forming heteromeric
amyloid structures with unique biophysical and biochemical characteristics that may un-
derlie their signalling function. The identification of TRIF as another protein that exerts
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signalling function by oligomeric assembly adds to the growing number of recognised
important supramolecular signalling complexes in immunity, known as signalosomes [47].
These higher-order protein assemblies have specific architectural features that drive the
activation of downstream effector proteins [47,48]. They include Fas/FADD complexes for
caspase 8 activation [49]; MyD88 and partner proteins in the Myddosome [50]; ubiquitina-
tion complexes including TRAF 6 y [51], multiple variants of the inflammasome [52-54],
CARDY9/CARDI11 filaments [55] and MAVS filaments [56]. This work, utilising truncated
RHIM-containing domains, provides the first step towards understanding of the size, stoi-
chiometry and stability of assemblies generated in cells by full-length RHIM-containing
proteins during genuine infection. Future work will focus on the characterisation of multi-
protein RHIM-based complexes to understand how these assemblies form, what effects
co-factors may have and what role they play in signalling.

4. Materials and Methods
4.1. Production of RHIM Protein Fragments

Synthetic gene sequences encoding RHIM-containing regions of human RIPK1, RIPK3,
TRIF and ZBP1 were purchased from Genscript and cloned into modified pET15b vec-
tors to generate genes for His-tagged fusion proteins with YPet, mCherry or ubiquitin as
N-terminal fusion partners for the RHIM domains (as illustrated in Figure 1). Successful
cloning was confirmed by sequencing at the Australian Genome Research Facility. Recombi-
nant expression was achieved in E. coli BL21(DE3) cells, with induction of gene expression
by IPTG (0.5-1 mM) and 24 h incubation at 37 °C following addition of IPTG. Harvested
cell pellets were stored at —20 °C until purification.

4.2. Purification of Proteins by Nickel Nitriloacetic Acid Affinity Chromatography

Cell pellets were resuspended in 20 mM Tris, 150 mM NaCl, 2 mM EDTA pH 8.0 at
5 mL /by shaking at 180 rpm at 37 °C for 30 min, with intermittent vortexing. Cells were
lysed on ice by sonication and then centrifuged at 16,000 x g and supernatant removed.
The remaining pellet was washed and solubilised in 8 M urea, 20 mM Tris, pH 8.0 with
mixing at 4 °C overnight. Remaining insoluble material was removed by centrifugation at
16,000 g for 30 min. 3-mercaptoethanol was added to a final concentration of 4.8 mM and
the solubilised protein was incubated with Ni NTA bead (agarose, supplier) with gentle
agitation for 2 h. Resin was washed with 10 column volumes of 8 M urea, 20 mM Tris, 25 mM
imidazole, pH 8 containing 4.8 mM (3-mercaptoethanol and proteins were eluted with
8 M urea, 20 mM Tris, 300 mM imidazole, pH 8.0 containing 4.8 mM [3-mercaptoethanol.
Fractions containing the desired protein were pooled, concentrated to approximately 1 mL
using Amicon ultral5 MWCO 10,000 centrifugal units and then buffer-exchanged into
8 M urea, 20 mM Tris, pH 8.0. Protein concentration was determined using the Pierce BCA
Protein Assay Kit (ThermoFisher-Scientific, Scoresby, VIC, Australia), using a fresh standard
curve prepared with bovine serum albumin in relevant buffer for each set of protein
concentration measurements. Where protein stocks contained urea, the equivalent urea
concentration was included in the samples used to create the standard curve. In all samples,
the urea concentration was adjusted to less than 100 mM before protein determination
using this kit.

4.3. Thioflavin T Formation and Light Scattering Assays

Buffer containing 25 mM NaH,POy, 150 mM NaCl, pH 7.4, 40 uM ThT and 0.5 mM
DTT was pre-loaded into black Costar 96 well fluorescent plates (#3631), the top sealed
with Corning Plastic Sealing Tape (Product #6575) and incubated to a temperature of 37 °C
in a POLARstar Omega microplate reader (BMG Labtech). Amyloid assembly was initiated
by diluting desired proteins out of urea-containing buffer to required concentrations in
the wells (specific concentrations varied between experiments and are indicated in each
case), with final urea concentration below 300 mM. Fluorescence intensity to indicate
amyloid formation was recorded with excitation filter 440 nm (+/— 10 nm) and emission
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filter 480 +/— 10 nm. Aggregate size was determined by simultaneous measurement of
scattering of light at 350 nm. Assays were performed in triplicate. Data analysis was
performed in Microsoft Excel and GraphPad Prism.

4.4. Congo Red Assays

RHIM-containing proteins were dialysed overnight against 25 mM NaH,POy, 150 mM
NaCl, 0.5 mM DTT, pH 7.4 at 0.3 mg/mL to allow assembly into amyloid. Positive control
insulin amyloid fibrils were prepared by heating a solution of insulin at 2.5 mg/mL in
20 mM glycine, pH 2.0 with shaking at 700 rpm for 6 h, followed by 10-fold dilution.
Negative control monomeric insulin was prepared at 0.25 mg/mL in 20 mM glycine, pH 2.0
at room temperature. Congo red from a filtered stock solution of 100 uM in 90% 25 mM
NaH;POy, 150 mM NaCl, 10% ethanol was added to a final concentration of 20 uM and the
absorbance spectrum collected over 350-850 nm using cuvettes with 1cm pathlength in a
Nanodrop™ 2000C Spectrophotometer (Thermo Fisher Scientific, Scoresby, VIC, Australia),
relative to buffer only. The absorbance from a protein-only sample was subtracted from the
spectrum arising from Congo red in the presence of each protein.

4.5. Confocal Microscopy

Proteins of interest were diluted to 2.5 uM into sodium phosphate buffer into black
Costar 96-well fluorescent plates (Corning, New York, NY, USA) and incubated at 37 °C.
Amyloid formation in one sample was recorded by addition of ThT and when amyloid
formation was complete, as judged by plateau phase of ThT fluorescence, samples without
ThT were prepared for confocal imaging. A protein sample measuring 30 pL was dis-
pensed onto a microscope slide and a coverslip carefully lowered to exclude air bubbles
before sealing and storage in the dark overnight at 4 °C before imaging on a Leica SP5
Confocal Microscope.

4.6. Widefield Fluorescence Microscopy

Proteins of interest were diluted to 2.5 uM into assembly-permissive sodium phosphate
buffer (25 mM NaH,PO,, 150 mM NaCl, 0.5 mM DTT, pH 7.4) into black Costar 96-well
fluorescent plates (Corning) and incubated with 40 pM ThT at 37 °C. After two hours, 30 puL
of protein sample was dispensed onto a microscope slide and a coverslip carefully lowered
to exclude air bubbles before sealing and storage in the dark overnight at 4 °C before
imaging on a Cytation 3 Imager (Biotek, Winusky, VT, USA). CFP, GFP and Texas Red filter
sets were used to detect ThT fluorescence, YPet and mCherry respectively. Image analysis
was performed in Image] (Fiji).

4.7. Transmission Electron Microscopy

Samples of individual proteins or desired combinations of RHIM-containing proteins
prepared in buffers containing 8 M urea were dialysed overnight against 25 mM NaH, POy,
150 mM NaCl, 0.5 mM DTT, pH 7.4 at 1 uM concentration. Copper transmission electron
microscopy grids with formvar film support and carbon coating (ProSciTech, Kirwan, QLD,
Australia) were floated on 20 uL of dialysed protein suspensions for 10 min. Excess solution
was discarded, and the grid washed with three droplets of MilliQ water before staining
with 2% uranyl acetate. Grids were imaged using a Tecnai T12 microscope operating at
120 kV and images captured with a side-mounted CCD camera and RADIUS 2.0 imaging
software (EMSIS GmbH, Miinster, Germany).

4.8. Subtilisin Digestion and Mass Spectrometry Analysis

YPet-TRIF401_712 (50 pM) was dialysed out of 8 M urea buffer into sodium phosphate
buffer overnight. Subtilisin was added at 200:1 YPet-TRIF:subtilisin molar ratio for 4 h in
order to completely digest proteins. Samples were then separated by centrifugation into
soluble and insoluble fractions. The insoluble fraction was resuspended at 1x and 10x
concentration in 8 M urea to identify potential insoluble bands comprising the amyloid
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core. These experiments were repeated in a workflow suitable for mass spectrometry,
where insoluble pellets were resuspended in 90% formic acid, freeze dried, and then
resuspended in sodium phosphate buffer. The samples were then electrophoresed by
SDS-PAGE and bands of interest were excised. The excised samples were trypsin digested
and underwent liquid chromatography mass spectrometry to identify peptide sequence.

4.9. Confocal Coincidence Spectroscopy

All of the confocal coincidence spectroscopy data were collected on a home built
NanoBright Zeiss Axio Observer microscope system, as described in [57]. Proteins, either
alone or in pre-mixed combinations, were diluted 100 fold out of 8 M urea, 100 mM
NaH,POy, 20 mM Tris, pH 8.0 into 100 mM NaH;POy, 20 mM Tris, 0.5 mM DTT, pH 8.0,
resulting in final protein concentration of 0.175 uM in 80 uM urea. Two lasers (emitting at
488 nm and 561 nm) were focused within the solution and fluorescence emission collected
with 525/20 nm bandpass filter and 580 nm longpass filter separated by 565 nm dichroic,
for YPet and mCherry signals respectively. Signals were detected simultaneously for both
channels and binned at 1 ms intervals. Data analysis was performed using custom routines
in MatLab, adapted from workflows described in [38,57].

4.10. Sodium Dodecyl Sulfate Agarose Gel Electrophoresis

Proteins of interest were diluted to 5 pM in 8 M urea-containing buffer, either alone
or in mixtures. A sample of each was retained for later use as a monomeric, unassembled
control. The remaining sample was dialysed against 100 mM NaH;POy, 20 mM Tris,
0.5 mM DTT, pH 8.0 overnight. The next day, glycerol was added to samples to a final
concentration of 4%, and bromophenol blue to a final concentration of 0.0008%. SDS (from
20% stock solution) or equivalent volume of water, was added to some samples to 2%
and then samples incubated for 10 min before electrophoresis through a 1% agarose gel
in 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 0.1% SDS, pH 8.3, at 50 V for 120 min.
Gels were imaged on a ChemiDoc (Bio Rad Laboratories, Hercules, CA, USA), where YPet
signal was detected using 605/50 nm emission filters, and mCherry signal was detected
using 695/55 nm filters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27113382/s1, Figure S1: Schematic representation of
fusion proteins used in this study. Figure S52: Concentration-dependence of assembly formation
by Ub-TRIF RHIM constructs. In all cases, error bars indicate one standard deviation. (A). Con-
centration dependence of ThT fluorescence over time for Ub-TRIF4g;_71» and Ub-TRIFgp;_71p,mut.
Concentrations used are 0.625-5 puM, as indicated. (B). Concentration dependence of assembly
size over time for Ub-TRIFgp;_y12 and Ub-TRIFgg;_y1pmut as determined by static light scattering.
Concentrations used are 0.625-5 uM, as indicated. Figure S3: Complete list of sequences identified
by mass spectrometry from the YPet-TRIFgy;_712» RHIM core. Alignment of peptides identified by
mass spectrometry, including posttranslational modifications. The oxidation of methionine likely
resulted from the process of electrospray ionisation during mass spectrometry experiments. Residue
series are coloured according to their prevalence. Figure S4: Morphological detail of TRIF-RIPK3
hetero-assemblies analysed by negative stain transmission electron microscopy. TRIF and RIPK3 form
dense fibrillar bundles or clusters when co-assembled at 1 uM and individual fibrils emanate from
the surface of the clusters. Boxed areas indicate zoom regions of the larger image. Black arrowheads
indicate fibrillar material visible within or extending from the dense clusters. All scale bars represent
500 nm. Figure S5: Widefield fluorescence microscopy of TRIF-RIPK3 hetero-assemblies co-stained
with ThT. RHIM-containing proteins (as indicated above) from urea-containing monomeric stocks
were diluted to 2.5 uM in assembly-permissive buffer containing 40 uM ThT. Protein assemblies were
imaged using a Cytation 3 Imager (BioTek). CFP, GFP and Texas Red filter sets were used to detect
ThT fluorescence, YPet and mCherry respectively. Scale bars indicate 20 pum.


https://www.mdpi.com/article/10.3390/molecules27113382/s1
https://www.mdpi.com/article/10.3390/molecules27113382/s1

Molecules 2022, 27, 3382 18 of 20

Author Contributions: Conceptualization, M.S. (Megan Steain) and M.S. (Margaret Sunde); method-
ology, M.O.D.G.B., CL.LP, N.S, Y.G. and E.S; validation, M.O.D.G.B., C.L.L.P. and N.S.; investiga-
tion, M.O.D.G.B., C.L.L.P, N.S., M.S. (Margaret Sunde) and S.R.B.; resources, M.S. (Margaret Sunde),
Y.G. and E.S,; data curation, M.O.D.G.B. and N.S.; writing—original draft preparation, M.O.D.G.B.;
writing—review and editing, M.O.D.G.B., C.L.L.P, N.S., M.S. (Megan Steain) and M.S. (Margaret
Sunde); visualization, M.O.D.G.B. and M.S. (Margaret Sunde); supervision, M.S. (Megan Steain)
and M.S. (Margaret Sunde); project administration, Margaret Sunde.; funding acquisition, Margaret
Sunde. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AUSTRALIAN RESEARCH COUNCIL Discovery Project
DP180101275 awarded to M.S. and E.S., M.O.D.G.B., N.S. and S.B. were supported by Research
Training Program Scholarships from the Australian Government (Department of Education, Skills
and Employment). MODGB received a Paulette Isabel Jones PhD Completion Scholarship award
from The University of Sydney.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This work celebrates the work of Chris Dobson, who inspired amyloid re-
searchers worldwide. The authors acknowledge the facilities and the scientific and technical assis-
tance of staff from Sydney Microscopy and Microanalysis Core Research Facility at the University
of Sydney. They thank Ben Crossett from Sydney Mass Spectrometry for performing the mass
spectrometry analysis and James WP Brown for sharing scripts for analysis of confocal coincidence
spectroscopy data.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Sample Availability: Samples of the compounds are available from the authors.

References

1.  Ullah, M.O.; Sweet, M.; Mansell, A.; Kellie, S.; Kobe, B. TRIF-dependent TLR signaling, its functions in host defense and
inflammation, and its potential as a therapeutic target. J. Leukoc. Biol. 2016, 100, 27—45. [CrossRef] [PubMed]

2. Kawasaki, T.; Kawai, T. Toll-Like Receptor Signaling Pathways. Front. Immunol. 2014, 5, 461. [CrossRef] [PubMed]

3. Vercammen, E,; Staal, ].; Beyaert, R. Sensing of Viral Infection and Activation of Innate Immunity by Toll-Like Receptor 3. Clin.
Microbiol. Rev. 2008, 21, 13-25. [CrossRef] [PubMed]

4. Park, B.S,; Lee, J.-O. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]

5. Flo, TH.; Ryan, L.; Latz, E.; Takeuchi, O.; Monks, B.G.; Lien, E.; Halaas, J.; Akira, S.; Skjdk-Breek, G.; Golenbock, D.T,; et al.
Involvement of Toll-like Receptor (TLR) 2 and TLR4 in Cell Activation by Mannuronic Acid Polymers. J. Biol. Chem. 2002, 277,
35489-35495. [CrossRef]

6. Yang, S.; Sugawara, S.; Monodane, T.; Nishijima, M.; Adachi, Y.; Akashi, S.; Miyake, K.; Hase, S.; Takada, H. Micrococcus luteus
Teichuronic Acids Activate Human and Murine Monocytic Cells in a CD14- and Toll-Like Receptor 4-Dependent Manner. Infect.
Immun. 2001, 69, 2025-2030. [CrossRef]

7. Haynes, LM.; Moore, D.D.; Kurt-Jones, E.A.; Finberg, RW.; Anderson, L.]J.; Tripp, R.A. Involvement of Toll-Like Receptor 4 in
Innate Immunity to Respiratory Syncytial Virus. J. Virol. 2001, 75, 10730-10737. [CrossRef]

8. Vaure, C,; Liu, Y. A Comparative Review of Toll-Like Receptor 4 Expression and Functionality in Different Animal Species. Front.
Immunol. 2014, 5, 316. [CrossRef]

9.  Baker, M.O.; Shanmugam, N.; Pham, C.L.; Strange, M.; Steain, M.; Sunde, M. RHIM-based protein:protein interactions in microbial
defence against programmed cell death by necroptosis. Semin. Cell Dev. Biol. 2020, 99, 86-95. [CrossRef]

10. Muendlein, H.I.; Connolly, W.M.; Magri, Z.; Smirnova, L; Ilyukha, V.; Gautam, A.; Degterev, A.; Poltorak, A. ZBP1 promotes
LPS-induced cell death and IL-1p release via RHIM-mediated interactions with RIPK1. Nat. Commun. 2021, 12, 86. [CrossRef]

11.  Micheau, O.; Tschopp, J. Induction of TNF Receptor I-Mediated Apoptosis via Two Sequential Signaling Complexes. Cell 2003,
114, 181-190. [CrossRef]

12.  Upton, ].; Kaiser, W.J.; Mocarski, E.S. Cytomegalovirus M45 Cell Death Suppression Requires Receptor-interacting Protein
(RIP) Homotypic Interaction Motif (RHIM)-dependent Interaction with RIP1. . Biol. Chem. 2008, 283, 16966—16970. [CrossRef]
[PubMed]

13.  Sun, X,; Yin, J.; Starovasnik, M.A; Fairbrother, W.]J.; Dixit, V.M. Identification of a Novel Homotypic Interaction Motif Required

for the Phosphorylation of Receptor-interacting Protein (RIP) by RIP3. J. Biol. Chem. 2002, 277, 9505-9511. [CrossRef] [PubMed]


http://doi.org/10.1189/jlb.2RI1115-531R
http://www.ncbi.nlm.nih.gov/pubmed/27162325
http://doi.org/10.3389/fimmu.2014.00461
http://www.ncbi.nlm.nih.gov/pubmed/25309543
http://doi.org/10.1128/CMR.00022-07
http://www.ncbi.nlm.nih.gov/pubmed/18202435
http://doi.org/10.1038/emm.2013.97
http://doi.org/10.1074/jbc.M201366200
http://doi.org/10.1128/IAI.69.4.2025-2030.2001
http://doi.org/10.1128/JVI.75.22.10730-10737.2001
http://doi.org/10.3389/fimmu.2014.00316
http://doi.org/10.1016/j.semcdb.2018.05.004
http://doi.org/10.1038/s41467-020-20357-z
http://doi.org/10.1016/S0092-8674(03)00521-X
http://doi.org/10.1074/jbc.C800051200
http://www.ncbi.nlm.nih.gov/pubmed/18442983
http://doi.org/10.1074/jbc.M109488200
http://www.ncbi.nlm.nih.gov/pubmed/11734559

Molecules 2022, 27, 3382 19 of 20

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cho, Y.S.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, EK.-M. Phosphorylation-Driven Assembly of the
RIP1-RIP3 Complex Regulates Programmed Necrosis and Virus-Induced Inflammation. Cell 2009, 137, 1112-1123. [CrossRef]
Li, J.; McQuade, T.; Siemer, A.B.; Napetschnig, ].; Moriwaki, K.; Hsiao, Y.-S.; Damko, E.; Moquin, D.; Walz, T.; McDermott, A.; et al.
The RIP1/RIP3 Necrosome Forms a Functional Amyloid Signaling Complex Required for Programmed Necrosis. Cell 2012, 150,
339-350. [CrossRef] [PubMed]

Kaiser, W.J.; Sridharan, H.; Huang, C.; Mandal, P; Upton, J.; Gough, PJ.; Sehon, C.A.; Marquis, R.W.; Bertin, J.; Mocarski, E.S.
Toll-like Receptor 3-mediated Necrosis via TRIF, RIP3, and MLKL. J. Biol. Chem. 2013, 288, 31268-31279. [CrossRef]

Guo, H.; Omoto, S.; Harris, P.A.; Finger, ].N.; Bertin, J.; Gough, PJ.; Kaiser, W.]J.; Mocarski, E.S. Herpes Simplex Virus Suppresses
Necroptosis in Human Cells. Cell Host Microbe 2015, 17, 243-251. [CrossRef]

Steain, M.; Baker, M.O.D.G.; Pham, C.L.L.; Shanmugam, N.; Gambin, Y.; Sierecki, E.; McSharry, B.P; Avdic, S.; Slobedman, B.;
Sunde, M.; et al. Varicella zoster virus encodes a viral decoy RHIM to inhibit cell death. PLoS Pathog. 2020, 16, €1008473. [CrossRef]
Mompean, M.; Li, W,; Li, J.; Laage, S.; Siemer, A.B.; Bozkurt, G.; Wu, H.; McDermott, A.E. The Structure of the Necrosome
RIPK1-RIPK3 Core, a Human Hetero-Amyloid Signaling Complex. Cell 2018, 173, 1244-1253.e10. [CrossRef]

Wu, X.; Ma, Y.; Zhao, K.; Zhang, J.; Sun, Y.; Li, Y.; Dong, X.; Hu, H.; Liu, J.; Wang, J.; et al. The structure of a minimum amyloid
fibril core formed by necroptosis-mediating RHIM of human RIPK3. Proc. Natl. Acad. Sci. USA 2021, 118, €2022933118. [CrossRef]
Upton, ].; Kaiser, W.J.; Mocarski, E.S. DAI/ZBP1/DLM-1 Complexes with RIP3 to Mediate Virus-Induced Programmed Necrosis
that Is Targeted by Murine Cytomegalovirus vIRA. Cell Host Microbe 2012, 11, 290-297. [CrossRef] [PubMed]

Guo, H,; Gilley, R.P; Fisher, A.; Lane, R.; Landsteiner, V.J.; Ragan, K.B.; Dovey, C.M.; Carette, J.; Upton, ].; Mocarski, E.S.; et al.
Species-independent contribution of ZBP1/DAI/DLM-1-triggered necroptosis in host defense against HSV1. Cell Death Dis. 2018,
9, 816. [CrossRef] [PubMed]

Kaiser, W.J.; Offermann, M.K. Apoptosis Induced by the Toll-Like Receptor Adaptor TRIF Is Dependent on Its Receptor Interacting
Protein Homotypic Interaction Motif. |. Immunol. 2005, 174, 4942-4952. [CrossRef] [PubMed]

He, S.; Liang, Y.; Shao, F; Wang, X. Toll-like receptors activate programmed necrosis in macrophages through a receptor-interacting
kinase-3—mediated pathway. Proc. Natl. Acad. Sci. USA 2011, 108, 20054—20059. [CrossRef] [PubMed]

Murphy, ].M.; Czabotar, P.E.; Hildebrand, ].M.; Lucet, LS.; Zhang, J.-G.; Alvarez-Diaz, S.; Lewis, R.; Lalaoui, N.; Metcalf, D.;
Webb, A.L; et al. The Pseudokinase MLKL Mediates Necroptosis via a Molecular Switch Mechanism. Immunity 2013, 39, 443-453.
[CrossRef]

Meng, Y.; Davies, K.A; Fitzgibbon, C.; Young, S.N.; Garnish, S.E.; Horne, C.R,; Luo, C.; Garnier, ].-M.; Liang, L.-Y,;
Cowan, A.D.; et al. Human RIPK3 maintains MLKL in an inactive conformation prior to cell death by necroptosis. Nat. Commun.
2021, 12, 6783. [CrossRef]

Murphy, ].M. The Killer Pseudokinase Mixed Lineage Kinase Domain-Like Protein (MLKL). Cold Spring Harb. Perspect. Biol. 2019,
12, a036376. [CrossRef]

Samson, A.L.; Zhang, Y.; Geoghegan, N.D.; Gavin, X.J.; Davies, K.A.; Mlodzianoski, M.].; Whitehead, L.W.; Frank, D.; Garnish, S.E.;
FitzGibbon, C.; et al. MLKL trafficking and accumulation at the plasma membrane control the kinetics and threshold for
necroptosis. Nat. Commun. 2020, 11, 3151. [CrossRef]

Lim, J.; Park, H.; Heisler, J.; Maculins, T.; Roose-Girma, M.; Xu, M.; McKenzie, B.; Campagne, M.V.L.; Newton, K.; Murthy, A.
Autophagy regulates inflammatory programmed cell death via turnover of RHIM-domain proteins. eLife 2019, 8, e44452.
[CrossRef]

Gentle, LE.; McHenry, K.T.; Weber, A.; Metz, A.; Kretz, O.; Porter, D.; Hacker, G. TIR-domain-containing adapter-inducing
interferon-f (TRIF) forms filamentous structures, whose pro-apoptotic signalling is terminated by autophagy. FEBS J. 2017, 284,
1987-2003. [CrossRef]

Pham, C.L.; Shanmugam, N.; Strange, M.; O’Carroll, A.; Brown, J.W.; Sierecki, E.; Gambin, Y.; Steain, M.; Sunde, M. Viral M45 and
necroptosis-associated proteins form heteromeric amyloid assemblies. EMBO Rep. 2018, 20, e46518. [CrossRef] [PubMed]
Shanmugam, N.; Baker, M.O.; Sanz-Hernandez, M.; Sierecki, E.; Gambin, Y.; Steain, M.; Pham, C.L.; Sunde, M. Herpes simplex
virus encoded ICP6 protein forms functional amyloid assemblies with necroptosis-associated host proteins. Biophys. Chem. 2020,
269, 106524. [CrossRef] [PubMed]

Levine, H. Thioflavine T interaction with synthetic Alzheimer’s diseasef-amyloid peptides: Detection of amyloid aggregation in
solution. Protein Sci. 1993, 2, 404—410. [CrossRef] [PubMed]

Klunk, W.; Pettegrew, ] W.; Abraham, D.]. Quantitative evaluation of congo red binding to amyloid-like proteins with a beta-
pleated sheet conformation. J. Histochem. Cytochem. 1989, 37, 1273-1281. [CrossRef]

Hervas, R.; Rau, M.].; Park, Y,; Zhang, W.; Murzin, A.G.; Fitzpatrick, J.A.J.; Scheres, SSH.W.,; Si, K. Cryo-EM structure of a neuronal
functional amyloid implicated in memory persistence in Drosophila. Science 2020, 367, 1230-1234. [CrossRef]

Lassé, M.; Ulluwishewa, D.; Healy, J.; Thompson, D.; Miller, A.; Roy, N.C.; Chitcholtan, K.; Gerrard, J.A. Evaluation of protease
resistance and toxicity of amyloid-like food fibrils from whey, soy, kidney bean, and egg white. Food Chem. 2016, 192, 491-498.
[CrossRef]

Chen, M.; Cook, K.D. Oxidation Artifacts in the Electrospray Mass Spectrometry of A Peptide. Anal. Chem. 2007, 79, 2031-2036.
[CrossRef]

Brown, ].W.P; Bauer, A.; Polinkovsky, M.E.; Bhumkar, A.; Hunter, D.].B.; Gaus, K.; Sierecki, E.; Gambin, Y. Single-molecule
detection on a portable 3D-printed microscope. Nat. Commun. 2019, 10, 5662. [CrossRef]


http://doi.org/10.1016/j.cell.2009.05.037
http://doi.org/10.1016/j.cell.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22817896
http://doi.org/10.1074/jbc.M113.462341
http://doi.org/10.1016/j.chom.2015.01.003
http://doi.org/10.1371/journal.ppat.1008473
http://doi.org/10.1016/j.cell.2018.03.032
http://doi.org/10.1073/pnas.2022933118
http://doi.org/10.1016/j.chom.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22423968
http://doi.org/10.1038/s41419-018-0868-3
http://www.ncbi.nlm.nih.gov/pubmed/30050136
http://doi.org/10.4049/jimmunol.174.8.4942
http://www.ncbi.nlm.nih.gov/pubmed/15814722
http://doi.org/10.1073/pnas.1116302108
http://www.ncbi.nlm.nih.gov/pubmed/22123964
http://doi.org/10.1016/j.immuni.2013.06.018
http://doi.org/10.1038/s41467-021-27032-x
http://doi.org/10.1101/cshperspect.a036376
http://doi.org/10.1038/s41467-020-16887-1
http://doi.org/10.7554/eLife.44452
http://doi.org/10.1111/febs.14091
http://doi.org/10.15252/embr.201846518
http://www.ncbi.nlm.nih.gov/pubmed/30498077
http://doi.org/10.1016/j.bpc.2020.106524
http://www.ncbi.nlm.nih.gov/pubmed/33348174
http://doi.org/10.1002/pro.5560020312
http://www.ncbi.nlm.nih.gov/pubmed/8453378
http://doi.org/10.1177/37.8.2666510
http://doi.org/10.1126/science.aba3526
http://doi.org/10.1016/j.foodchem.2015.07.044
http://doi.org/10.1021/ac061743r
http://doi.org/10.1038/s41467-019-13617-0

Molecules 2022, 27, 3382 20 of 20

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cook, W.D.; Moujalled, D.M.; Ralph, T.J.; Lock, P; Young, S.N.; Murphy, J.; Vaux, D.L. RIPK1- and RIPK3-induced cell death
mode is determined by target availability. Cell Death Differ. 2014, 21, 1600-1612. [CrossRef]

Hu, H,; Wu, X;; Wu, G,; Nan, N.; Zhang, J.; Zhu, X; Zhang, Y.; Shu, Z.; Liu, J.; Liu, X,; et al. RIP3-mediated necroptosis is regulated
by inter-filament assembly of RIP homotypic interaction motif. Cell Death Differ. 2020, 28, 251-266. [CrossRef]

Chen, X.; Zhu, R.; Zhong, J.; Ying, Y.; Wang, W.; Cao, Y.; Cai, H.; Li, X.; Shuai, J.; Han, J. Mosaic composition of RIP1-RIP3
signalling hub and its role in regulating cell death. Nature 2022, 24, 471-482. [CrossRef] [PubMed]

Verdonck, S.; Nemegeer, J.; Vandenabeele, P.; Maelfait, J. Viral manipulation of host cell necroptosis and pyroptosis. Trends
Microbiol. 2021, 30, 593-605. [CrossRef] [PubMed]

Zheng, M.; Karki, R.; Vogel, P.; Kanneganti, T.-D. Caspase-6 Is a Key Regulator of Innate Inmunity, Inflammasome Activation,
and Host Defense. Cell 2020, 181, 674-687.e13. [CrossRef] [PubMed]

Garcia, L.R,; Tenev, T.; Newman, R.; Haich, R.O.; Liccardi, G.; John, S.W.; Annibaldi, A.; Yu, L.; Pardo, M.; Young, S.N.; et al.
Ubiquitylation of MLKL at lysine 219 positively regulates necroptosis-induced tissue injury and pathogen clearance. Nat. Commun.
2021, 12, 3364. [CrossRef]

Liu, Z.; Dagley, L.F.; Shield-Artin, K.; Young, S.N.; Bankovacki, A.; Wang, X.; Tang, M.; Howitt, J.; Stafford, C.A.; Nachbur, U.; et al.
Oligomerization-driven MLKL ubiquitylation antagonizes necroptosis. EMBO J. 2021, 40, e103718. [CrossRef]

Onizawa, M.; Oshima, S.; Schulze-Topphoff, U.; Oses-Prieto, ].A.; Lu, T,; Tavares, R.; Prodhomme, T.; Duong, B.; Whang, M.L;
Advincula, R; et al. The ubiquitin-modifying enzyme A20 restricts ubiquitination of the kinase RIPK3 and protects cells from
necroptosis. Nat. Immunol. 2015, 16, 618-627. [CrossRef]

Wu, H. Higher-Order Assemblies in a New Paradigm of Signal Transduction. Cell 2013, 153, 287-292. [CrossRef]

Wu, H.; Fuxreiter, M. The Structure and Dynamics of Higher-Order Assemblies: Amyloids, Signalosomes, and Granules. Cell
2016, 165, 1055-1066. [CrossRef]

Wang, L.; Yang, ].K.; Kabaleeswaran, V.; Rice, A.].; Cruz, A.C,; Park, A.Y; Yin, Q.; Damko, E.; Jang, S.B.; Raunser, S.; et al.
The Fas-FADD death domain complex structure reveals the basis of DISC assembly and disease mutations. Nat. Struct. Mol. Biol.
2010, 17, 1324-1329. [CrossRef]

Lin, S.-C; Lo, Y.-C.; Wu, H. Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R signalling. Nature 2010, 465,
885-890. [CrossRef]

Yin, Q.; Lin, S.-C.; Lamothe, B.; Lu, M,; Lo, Y.-C.; Hura, G.; Zheng, L.; Rich, R.L.; Campos, A.D.; Myszka, D.G; et al. E2 interaction
and dimerization in the crystal structure of TRAF6. Nat. Struct. Mol. Biol. 2009, 16, 658-666. [CrossRef] [PubMed]

Cai, X.; Chen, J.; Xu, H,; Liu, S;; Jiang, Q.-X.; Halfmann, R.; Chen, Z]. Prion-like Polymerization Underlies Signal Transduction in
Antiviral Immune Defense and Inflammasome Activation. Cell 2014, 156, 1207-1222. [CrossRef] [PubMed]

Sborgi, L.; Ravotti, F.; Dandey, V.P,; Dick, M.S.; Mazur, A.; Reckel, S.; Chami, M.; Scherer, S.; Huber, M.; Bockmann, A.; et al.
Structure and assembly of the mouse ASC inflammasome by combined NMR spectroscopy and cryo-electron microscopy. Proc.
Natl. Acad. Sci. USA 2015, 112, 13237-13242. [CrossRef]

Sharif, H.; Hollingsworth, L.R.; Griswold, A.R.; Hsiao, J.C.; Wang, Q.; Bachovchin, D.A.; Wu, H. Dipeptidyl peptidase 9 sets
a threshold for CARDS inflammasome formation by sequestering its active C-terminal fragment. Immunity 2021, 54, 1392-1404.e10.
[CrossRef] [PubMed]

Holliday, M.J.; Witt, A.; Gama, A.R.; Walters, B.T.; Arthur, C.P,; Halfmann, R.; Rohou, A.; Dueber, E.C.; Fairbrother, W.J. Structures
of autoinhibited and polymerized forms of CARD9 reveal mechanisms of CARD9 and CARD11 activation. Nat. Commun. 2019,
10, 3070. [CrossRef]

Wu, B,; Peisley, A.; Tetrault, D.; Li, Z.; Egelman, E.; Magor, K.; Walz, T.; Penczek, P.A.; Hur, S. Molecular Imprinting as a
Signal-Activation Mechanism of the Viral RNA Sensor RIG-1. Mol. Cell 2014, 55, 511-523. [CrossRef] [PubMed]

Gambin, Y.; Ariotti, N.; McMahon, K.A.; Bastiani, M.; Sierecki, E.; Kovtun, O.; Polinkovsky, M.E.; Magenau, A.; Jung, W,;
Okano, S.; et al. Single-molecule analysis reveals self assembly and nanoscale segregation of two distinct cavin subcomplexes on
caveolae. eLife 2014, 3, e01434. [CrossRef] [PubMed]


http://doi.org/10.1038/cdd.2014.70
http://doi.org/10.1038/s41418-020-0598-9
http://doi.org/10.1038/s41556-022-00854-7
http://www.ncbi.nlm.nih.gov/pubmed/35256774
http://doi.org/10.1016/j.tim.2021.11.011
http://www.ncbi.nlm.nih.gov/pubmed/34933805
http://doi.org/10.1016/j.cell.2020.03.040
http://www.ncbi.nlm.nih.gov/pubmed/32298652
http://doi.org/10.1038/s41467-021-23474-5
http://doi.org/10.15252/embj.2019103718
http://doi.org/10.1038/ni.3172
http://doi.org/10.1016/j.cell.2013.03.013
http://doi.org/10.1016/j.cell.2016.05.004
http://doi.org/10.1038/nsmb.1920
http://doi.org/10.1038/nature09121
http://doi.org/10.1038/nsmb.1605
http://www.ncbi.nlm.nih.gov/pubmed/19465916
http://doi.org/10.1016/j.cell.2014.01.063
http://www.ncbi.nlm.nih.gov/pubmed/24630723
http://doi.org/10.1073/pnas.1507579112
http://doi.org/10.1016/j.immuni.2021.04.024
http://www.ncbi.nlm.nih.gov/pubmed/34019797
http://doi.org/10.1038/s41467-019-10953-z
http://doi.org/10.1016/j.molcel.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25018021
http://doi.org/10.7554/eLife.01434
http://www.ncbi.nlm.nih.gov/pubmed/24473072

	Introduction 
	Results 
	The RHIM from TRIF Self-Assembles into Amyloid Structures 
	Identifying the Protected Core of TRIF Amyloid Assemblies 
	TRIF Directly Interacts with RIPK1 and RIPK3 to Form Heteromeric Assemblies 
	Hetero-Assemblies Formed between TRIF and RIPK1 or RIPK3 Are Larger and More Stable Than Homo-Assemblies Formed by These Proteins 
	Microscopy of Hetero-Assemblies Containing TRIF and Partner Proteins Elucidates Extensive Cointegrated Protein Architectures 

	Discussion 
	Materials and Methods 
	Production of RHIM Protein Fragments 
	Purification of Proteins by Nickel Nitriloacetic Acid Affinity Chromatography 
	Thioflavin T Formation and Light Scattering Assays 
	Congo Red Assays 
	Confocal Microscopy 
	Widefield Fluorescence Microscopy 
	Transmission Electron Microscopy 
	Subtilisin Digestion and Mass Spectrometry Analysis 
	Confocal Coincidence Spectroscopy 
	Sodium Dodecyl Sulfate Agarose Gel Electrophoresis 

	References

