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SUMMARY

In the Drosophila immune response, bacterial
derived diaminopimelic acid-type peptidoglycan
binds the receptors PGRP-LC and PGRP-LE, which
through interaction with the adaptor protein Imd
leads to activation of the NF-kB homolog Relish
and robust antimicrobial peptide gene expression.
PGRP-LC, PGRP-LE, and Imd each contain a motif
with some resemblance to the RIP Homotypic Inter-
action Motif (RHIM), a domain found in mammalian
RIPK proteins forming functional amyloids during
necroptosis. Here we found that despite sequence
divergence, these Drosophila cryptic RHIMs formed
amyloid fibrils in vitro and in cells. Amyloid formation
was required for signaling downstream of Imd, and in
contrast to the mammalian RHIMs, was not associ-
ated with cell death. Furthermore, amyloid formation
constituted a regulatable step and could be inhibited
by Pirk, an endogenous feedback regulator of this
pathway. Thus, diverse sequence motifs are capable
of forming amyloidal signaling platforms, and the for-
mation of these platforms may present a regulatory
point in multiple biological processes.

INTRODUCTION

The Drosophila humoral innate immune response relies on two

NF-kB pathways, the Toll and the Imd pathways, which induce

the expression of a battery of potent antimicrobial peptides

(AMPs) in response to peptidoglycan (PGN) from bacterial cell

wall (Lemaitre and Hoffmann, 2007). PGN is directly sensed by

peptidoglycan recognition proteins (PGRPs) (Dziarski and
Gupta, 2006). Lys-type peptidoglycan from Gram-positive bac-

teria is recognized by PGRP-SA, which activates the Toll

pathway (Park et al., 2007), while diaminopimelic acid-contain-

ing (DAP-type) PGN from Gram-negative bacteria and Gram-

positive bacilli specifically trigger the Imd pathway via receptors

PGRP-LC andPGRP-LE (Kleino and Silverman, 2014). PGRP-LC

is a transmembrane receptor that localizes to the plasma mem-

brane, while PGRP-LE is cytosolic and recognizes DAP-type

PGN that is either transported across the plasma membrane or

released by cytosolic bacteria (Kaneko et al., 2005, 2006; Paik

et al., 2017; Yano et al., 2008).

Imd signaling proceeds from the receptors PGRP-LC and

PGRP-LE to the proximal adaptor protein Imd (Lemaitre et al.,

1995), which in turn recruits Fadd (Fas-associated death domain)

through a homotypic death domain (DD) interface, while Fadd re-

cruits the Caspase-8 homolog Dredd (Death related ced-3/

Nedd2-like caspase) via homotypic death effector domain

(DED) interaction (Hu and Yang, 2000; Leulier et al., 2000,

2002). Dredd then further transduces the signal by cleaving

both Imd and the NF-kB precursor Relish (Kim et al., 2014; Pa-

quette et al., 2010). Imd cleavage at D30 reveals a docking site

for the ubiquitin E3 ligaseDeath-associated inhibitor of apoptosis

2 (Diap2), which together with the E2 enzymes Uev1a, Bendless

(Ubc13), and Effete (Ubc5), conjugates the cleaved, active

Imd31-273 and other pathway componentswith K63-polyubiquitin

chains (Chen et al., 2017; Meinander et al., 2012; Paquette et al.,

2010). Most likely, these ubiquitin chains then recruit Tab2-Tak1

(TAK1-associated binding protein 2, and TGF-b activated ki-

nase 1, respectively) and IKK (IkB kinase) complexes, leading

to phosphorylation and activation of the Drosophila IKK complex

and theNF-kB transcription factor Relish. Full activation of Relish

requires both IKK phosphorylation and Dredd-mediated cleav-

age (Ert€urk-Hasdemir et al., 2009; Leulier et al., 2000; Silverman

et al., 2000; Stöven et al., 2000, 2003).

The PGRP receptors and the adaptor protein Imd do not have

orthologs in the mammalian NF-kB signaling. However, they do
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Figure 1. Conserved Function of Cryptic

RHIM Motifs in the Drosophila Imd Pathway

(A) cRHIMsofD.melanogasterproteinsalignedwith

human andMCMVRHIM-sequences. The four core

amino acids are boxedwith red. The amyloidogenic

Q that is highlyconserved inmammalian sequences

but missing inDrosophila cRHIM is highlighted with

yellow. Shading represents conservation according

toBlosum62scoringmatrix.Regionunderlinedwith

blue represents the sequence in RIPK3 that was

replaced with the underlined sequence from Imd in

Figure 6H.

(B) Schematic illustration of PGRP-LCx, PGRP-

LE, and Imd domain composition. Abbreviations

are as follows: TM, transmembrane domain;

PGRP, PGRP domain; DD, death domain.

(C) Effects of RIPK3 substitution mutants on

TNF-induced necroptosis in HeLa cells. Cells

were transfected with wild-type or chimeric

RIPK3 where the VQVG core motif was

substituted with AAAA, VTFG (PGRP-LC), VHIG

(PGRP-LE), or LHFG (Imd), and necroptosis

activated with combined TNF (T), BV6 (B), and

zVAD-fmk (Z) treatment. The graph shows individual data points (N = 3) with mean indicated as a line. BZ indicates no TNF stimulation (gray dots); TBZ indicates

BV6 and zVAD-fmk-treated cells stimulated with TNFa (black dots).

See also alignment of selected insect cRHIMs in Figure S1.
harbor homologous domains, in particular DDs, which are also

present in mammalian proteins such as Receptor Interacting

Serine/Threonine Kinase 1 (RIPK1) (Georgel et al., 2001) and

FADD (Naitza et al., 2002). Previously, through deletion and

site-directed mutagenesis, we identified a conserved sequence

motif in the long N-terminal signaling domains of PGRP-LC and

PGRP-LE that is required to trigger Imd signaling (Kaneko et al.,

2006). The four-residue VxxG core sequence appeared to share

similarity to the RIP homotypic interaction motifs (RHIMs), which

was first described as a short motif of IQIG or VQVG mediating

the interaction of mammalian RIPK1 and RIPK3 proteins (Sun

et al., 2002), and is therefore denoted here as cryptic RHIM

(cRHIM). RHIMs in RIPK1 and RIPK3 have been shown to form

a functional amyloid complex to mediate kinase activation and

necroptosis induction (Li et al., 2012) and have been identified

in other necroptosis signaling proteins including TRIF (TIR-

domain-containing adaptor-inducing interferon-b) (Kaiser and

Offermann, 2005) and DAI (DNA-dependent activator of IFN-reg-

ulatory factors) (Kaiser et al., 2008; Rebsamen et al., 2009), as

well as in viral proteins interfering with necroptosis, such as her-

pes simplex virus ICP6, ICP10, and murine cytomegalovirus

(MCMV) M45 (Guo et al., 2015; Huang et al., 2015; Kaiser

et al., 2008; Wang et al., 2014).

cRHIMs are also present in other proteins involved in the

Drosophila Imd signaling pathway, including PGRP-LA, Imd,

and Pirk, which is a negative regulator of this pathway (Gendrin

et al., 2013; Kajava et al., 2014; Kaneko et al., 2006). However,

cRHIMs are distinct from the mammalian RHIMs; only the Gly

residue in the 4th position is absolutely conserved, and the amy-

loidogenic Gln of RHIMs is absent in cRHIMs. Therefore,

although intact cRHIM domains are required for Imd signaling

(Kaneko et al., 2006), the molecular mechanisms underlying

this requirement are unclear.

Here we found that the cRHIMs of PGRP-LC, PGRP-LE, and

Imd formed amyloid fibrils in vitro and in cells, despite the lack
636 Immunity 47, 635–647, October 17, 2017
of the amyloidogenic Gln, as evidenced by amyloid dye binding

assays, electronmicroscopy (EM), and X-ray diffraction. Amyloid

formation and subsequent Imd signaling were specifically in-

hibited in cultured cells and in flies by the amyloid-binding dye

Thioflavin T (ThT), which binds and interferes with amyloid fibril

polymerization. Moreover, we found that Pirk inhibited Imd amy-

loid fibril polymerization in vitro and in cells, revealing Pirk as an

endogenous inhibitor of RHIM-mediated amyloid formation in

animals, providing insight into the molecular function of this in-

hibitor of the Imd pathway. Collectively, our results demonstrate

that amyloid assembly is an evolutionarily conserved signaling

mechanism that functions in innate immune NF-kB signaling,

as well as in necroptosis, and further suggest that amyloid as-

sembly may be a common regulatory mechanism in signaling

pathways, mediated by diverse sequences from RHIMs to

cRHIMs and beyond.

RESULTS

Amyloidal Activity of the cRHIMs of PGRP-LC, PGRP-LE,
and Imd
Necroptosis is an inflammatory form of cell death that is medi-

ated by RIPK3 and mixed lineage kinase domain-like (MLKL) in

the absence of Caspase-8 activation. Tumor necrosis factor

(TNF)-induced RIPK3/MLKL activation also requires RIPK1, the

upstream activator of RIPK3. In mammals, the RHIM motifs of

RIPK1 and RIPK3 are required for necroptosis signaling and to

form functional amyloid fibrils (Cho et al., 2009; Li et al., 2012).

The mammalian RHIMs share a well-conserved tetrapeptide

core motif marked by an invariant Gln in the P2 position (Fig-

ure 1A). Gln residues are also critical for amyloid fibril formation

by the yeast prion protein Sup35 and by some pathologic amy-

loids such as Tau (Sawaya et al., 2007). This is in contrast to

the insect cRHIMs, which display variability in the P2 as well as

the P3 positions (Figures 1A and S1). This sequence divergence
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Figure 2. cRHIMMotifs of PGRP-LC, PGRP-

LE, and Imd Form Amyloidal Aggregates

In Vitro

(A) Superimposed gel filtration profiles of PGRP-

LC and PGRP-LE cRHIM motifs. The Sumo-tag-

ged fusion proteins eluted in void fractions.

(B–D) PGRP-LC and PGRP-LE cRHIMs bind am-

yloid binding dyes Thioflavin T (ThT) and Congo

Red (CR).

(B and C) Fluorescent emission spectra of ThT in

the absence (green, no protein; gray, BSA) and

presence (black, RIPK1/RIPK3; red, PGRP-

LC201-242; blue, PGRP-LE80-127) of RHIM proteins.

(D) Absorption difference spectra of CR in the

presence of PGRP-LC201-242 (red) or PGRP-

LE80-127 (blue) compared to CR alone (green).

(E–J) PGRP-LC, PGRP-LE, and Imd filaments are

classical amyloid fibrils. Scale bar: 100 nm.

(E–G) X-ray diffraction images of PGRP-LC (E),

PGRP-LE (F), and Imd (G) cRHIM regions. The

resolutions of dominant diffractions are labeled.

(H–J) Negative staining EM images of PGRP-LC

(H), PGRP-LE (I), and Imd (J) cRHIM regions.

(K) ThT fluorescent emission spectra of Imd3-273 in

the presence and absence of preformed PGRP-

LE80-127 fibrils.
raised the question of whether the Drosophila cRHIMs can form

amyloid, as seen with mammalian RHIMs. To test this, we gener-

ated chimeric RIPK3 constructs in which the core RHIM

sequence VQVGwas replacedwith the corresponding sequence

from PGRP-LC, PGRP-LE, or Imd (Figures 1A and 1B). HeLa

cells lack endogenous RIPK3 expression and are normally re-

fractory to necroptosis (Li et al., 2012). When HeLa cells were

transfected with wild-type RIPK3, necroptosis induced by TNF,

the SMAC mimetic BV6, and the caspase inhibitor zVAD-fmk

(TBZ) was restored (Figure 1C). Expression of a non-amyloidal

RIPK3 mutant in which the VQVG core motif was replaced with

AAAA significantly impaired TBZ-induced necroptosis, as ex-
Im
pected. Strikingly, chimeras with the

VTFG motif from PGRP-LC completely

restored TBZ-induced cell death. In addi-

tion, chimeras with VHIG and LHFG, core

motifs from PGRP-LE and Imd, respec-

tively, also showed significant restoration

of cell death. These results indicate that

despite the sequence variability and the

lack of a Gln at P2, the Drosophila

cRHIMs can functionally substitute for

the RHIM motif in RIPK3. These results

imply that the Drosophila cRHIMs can

also mediate oligomeric complex forma-

tion that is required for necroptosis

signaling.

cRHIMs of PGRP-LC, PGRP-LE, and
Imd Form Amyloidal Aggregates
In Vitro

Because RHIMs mediate oligomerization

by amyloid formation (Cho et al., 2009;
Li et al., 2012), we asked whether the cRHIMs, which lack amy-

loidogenic residues, also formed cross b-amyloids. To investi-

gate the PGRP-LC and PGRP-LE cRHIMs, we expressed and

purified PGRP-LC201-242 and PGRP-LE80-127 as 6xHis-Sumo

fusion proteins from Escherichia coli and studied their ability to

aggregate in vitro. As expected for amyloids, PGRP-LC and

PGRP-LE fusion proteins containing the cRHIM motifs formed

large aggregates and fractioned in the void during gel filtration

(Figure 2A).

Amyloids bind aromatic, cross b-specific dyes such as

Thioflavin T (ThT) and Congo Red (CR), changing their spectral

properties (Klunk et al., 1989; LeVine, 1999). To test whether
munity 47, 635–647, October 17, 2017 637



PGRP-LC and PGRP-LE cRHIM aggregates were classical

amyloids, we added ThT to either PGRP-LC201-242 or PGRP-

LE80-127 and measured fluorescence after excitation at 430 nm.

Like RIPK1-RIPK3 RHIM amyloids used as a positive control,

ThT fluorescence spectra displayed an emission peak around

485 nm upon binding with PGRP-LC and PGRP-LE cRHIMs (Fig-

ures 2B and 2C). Similarly, CR showed a characteristic red shift

from an absorption maximum of�487 nm to�532 nm after incu-

bation with either PGRP-LC or PGRP-LE cRHIMs (Figure 2D).

Amyloids form cross-b quaternary structures, which produce

characteristic X-ray diffraction patterns (Sunde et al., 1997).

When cRHIMs of PGRP-LC and PGRP-LE were analyzed by X-

ray diffraction, dominant diffractions at around 4.8 Å were

observed, corresponding to the inter-b strand spacing within a b

sheet along the length of a fibril that is present in all b-amyloids

(Figures2Eand2F).Similar analysis of thecRHIM fromtheadaptor

protein Imd, Imd100-125, also showed diffraction at the character-

istic �4.8 Å inter-b strand spacing (Figure 2G), suggesting that

the cRHIMs of PGRP-LC, PGRP-LE, and Imd all formed cross-b

amyloid structures. Diffractions that most likely represent inter-b

sheet packing distances in equatorial directions perpendicular to

the fiber axis were broader for the three cRHIM samples, at

�8.6–11 Å and�9–11 Å for PGRP-LC and PGRP-LE, respectively

(Figures 2E and 2F), and at�11–26 Åwith an intense�26 Å reflec-

tion for Imd (Figure 2G). These equatorial reflections are known to

be more sensitive to amyloid sequences and to protofilament

structures (Sunde et al., 1997). When visualizing the aggregated

cRHIMs of PGRP-LC, PGRP-LE, and Imd, we found that all the

proteins showed filamentous morphology on negative staining

EM, consistent with the nature of amyloids (Figures 2H–2J).

PGRP-LC and PGRP-LE are PGN-sensing receptors while

Imd is a critical intracellular signaling molecule in the Imd

pathway, all of which formed amyloid fibrils in vitro. Thus, we hy-

pothesized that amyloids formed by the PGRP receptors may

nucleate the formation of Imd cRHIM fibrils. To test this idea,

Imd-cRHIM amyloid transformation was monitored by ThT fluo-

rescence, in the absence or presence of sub-stoichiometric

amounts of preformed PGRP-LE cRHIM amyloids (Figure 2K).

In this assay we studied a longer version of Imd, Imd3-273, which

was easier to solubilize than the highly aggregation-prone

Imd100-125 studied above (Figures 2G and 2J). When measured

separately, Imd3-273 and the preformed PGRP-LE80-127 amyloids

both showed modest ThT fluorescence, similar to that in Fig-

ure 2C. However, combining the preformed PGRP-LE80-127

cRHIM amyloids with Imd3-273 further increased ThT fluores-

cence compared to the Imd alone sample. This experiment indi-

cates that the receptors of the Imd pathway form an amyloidal

nucleus that enhances the formation of Imd fibrils. Altogether,

these in vitro data suggest that not only do the cRHIMs of

PGRP-LC, PGRP-LE, and Imd form b-amyloid, but also that

the receptor amyloid aggregates can nucleate enhanced Imd-

cRHIM amyloid fibril formation.

Mutations Disrupt the Formation of cRHIM Filaments
In Vitro

To begin to link PGRP-LC and PGRP-LE cRHIM fibril formation

with the biological function of these receptors, we first character-

ized deletionmutants lacking the cRHIM.We previously reported

that cRHIM-deficient PGRP-LC or PGRP-LE fail to support Imd
638 Immunity 47, 635–647, October 17, 2017
signaling (Kaneko et al., 2006). Wild-type and mutant proteins

were analyzed by semi-denaturing detergent agarose gel elec-

trophoresis (SDD-AGE), a technique that identifies detergent-

resistant aggregates, such as amyloid fibrils (Halfmann and Lind-

quist, 2008). In this assay, RIPK1/3 amyloid fibrils were used as a

positive control throughout. Wild-type PGRP-LC201-242 and

PGRP-LE80-127 both formed large aggregates, while the cRHIM

deletion mutants, lacking residues 209–225 or 98–113, respec-

tively, were monomeric (Figures 3A and 3B). These data further

support the amyloidal structure of these cRHIMs indicated by

the biophysical analysis in Figure 2.

In addition to these cRHIM deletion mutants, we used SDD-

AGE to analyze a series of alanine substitution mutants we previ-

ously characterized in both the PGRP-LC and PGRP-LE cRHIM

regions (Kaneko et al., 2006). In particular, substitutions of core

cRHIM residues (VTFG) in PGRP-LC caused a dramatic loss of

signal transduction, as measured by AMP gene induction (Ka-

neko et al., 2006). Remarkably, single alanine substitutions on

core residues caused a marked reduction in aggregation of

PGRP-LC201-242, as monitored by SDD-AGE (Figure 3A). In

PGRP-LE, the core cRHIM residues (VHIG) were similarly critical

for signal transduction and aggregation, with the exception of

I104, which had a partial effect in both signaling and aggregation

assays (Figure 3B; Kaneko et al., 2006). Substitution of residues

flanking the core cRHIMshowedsimilar correlations between ac-

tivity and aggregation. L210A, G226A, and V228A mutants of

PGRP-LCaswell asG112AofPGRP-LE,which are known topre-

vent signal transduction (Kaneko et al., 2006), failed to aggregate

in SDD-AGE, while D215A or E225A of PGRP-LC as well as I96A,

S99A, or I116A of PGRP-LE could bemutated with little effect on

aggregation or signaling (Figures 3A and 3B; Kaneko et al., 2006).

These data suggest that single residue substitutions of critical

amino acids are sufficient to disrupt the aggregation and assem-

bly of PGRP-LC andPGRP-LE cRHIMs into amyloid fibrils aswell

as subsequent signal transduction (Kaneko et al., 2006). More-

over, our results indicate that flanking sequences around the

core tetrapeptide contribute to amyloid formation.

PGRP-LC and PGRP-LE directly interact with the adaptor pro-

tein Imd, which also contains a cRHIM, as well as a C-terminal

DD. DDs can potentially form large, very stable aggregates (Ka-

gan et al., 2014; Lin et al., 2010). To determinewhether Imd could

aggregate in a cRHIM-dependent manner in SDD-AGE, as sug-

gested by the studies with Imd100-125, we produced recombinant

mature Imd31-273 as well as two truncated proteins: a cRHIM-

containing and DD-deficient form (Imd31-167) and a DD-contain-

ing and cRHIM-deficient form (Imd168-273). Like Imd31-273,

Imd31-167 formed large aggregates on SDD-AGE, while the DD-

only Imd168-273 migrated as monomer (Figure 3C). To further

confirm the importance of the cRHIM region for Imd aggregation,

we also tested smaller deletion mutants of Imd within the 31–273

region. A small deletion of the cRHIM core motif LHFG and the

adjacent residues, D114–121, resulted in reduced aggregate

size but did not totally abolish aggregation. Deletion of neigh-

boring regions, amino acids 76–109, reduced aggregate size,

while deletion of a slightly larger region encompassing most of

the cRHIM (D110–143), totally abolished aggregation. Deletions

outside the predicted cRHIM region, D144–177 and D178–221,

had no effect on aggregation (Figure 3C). Altogether, these

data indicate that while the cRHIM region in Imd is necessary
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Figure 3. Mutations within the cRHIM Motif Disrupt the Formation of Amyloidal Aggregates

(A and B) SDD-AGE profiles of wild-type (WT), deletion mutant, and alanine substitution mutants of PGPR-LC201-242 (A) and PGRP-LE80-127 (B). DcRHIM rep-

resents deletion of amino acids 209–225 in PGRP-LC201-242 and of amino acids 98–113 in PGRP- LE80-127. RIPK1/3-RHIM complex was loaded as a positive

control.

(C) Schematic representation of recombinant IMD31-273, deletion mutants, and their SDD-AGE profiles.
and sufficient for amyloid formation in vitro, the flanking se-

quences further facilitate aggregation.

cRHIM-Containing Proteins Form Amyloidal Aggregates
in S2* Cells
To examine the amyloidal properties of full-length cRHIM-con-

taining proteins in a more physiological environment, we gener-

ated constructs expressing FLAG-tagged PGRP-LE and Imd in

Drosophila cells. Expression of either of these proteins from

the copper-inducible metallothionein promoter is sufficient to

induce Imd signaling and AMP gene expression (Choe et al.,

2005; Takehana et al., 2002). Wild-type MCMV protein

M451-277, which is known to form amyloidal aggregates, was

used as a positive control, while a RHIM tetra-alanine substitu-

tion and the Imd pathway component IKKg (Kenny), which lacks

a RHIM, were used as negative controls. Drosophila hemocyte-

like S2* cells were transfected with either wild-type or RHIM
deletion/substitution constructs, and whole cell lysates were

analyzed by SDD-AGE. As expected, M45 displayed RHIM-

dependent aggregation, as did wild-type full-length PGRP-LE

and Imd. Deletion of residues 83–122 in PGRP-LE rendered

the protein monomeric, while deletion of residues 114–121 in

Imd reduced the size and intensity of aggregates but did not

totally abolish aggregation (Figure 4A). This is consistent with

the aggregation properties of in vitro produced proteins and pro-

tein fragments (Figures 3B and 3C). Note that we were unable to

produce detectable quantities of PGRP-LC for similar assays.

To examine amyloid formation in cells, we exploited the fluo-

rescent properties of ThT combined with mCherry-tagged

PGRP-LC, PGRP-LE, or Imd. PGRP-LC encodes three isoforms,

which all share the same cRHIM-containing cytoplasmic

domain; assays were performed with PGRP-LCx as it is involved

in the recognition of both polymeric and monomeric PGN (Kleino

and Silverman, 2014). S2* cells were transfected with constructs
Immunity 47, 635–647, October 17, 2017 639
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Figure 4. PGRP-LC, PGRP-LE, and Imd Form Amyloidal Aggregates in S2* Cells

(A) SDD-AGE profiles of S2* cell lysates expressingWT or mutant forms of PGRP-LE and Imd. MCMV protein M45(1-277) was used as positive control and Kenny

and M45(1-277) IQIG/AAAA mutant as negative controls.

(B) S2* cells were transiently transfected with wild-type mCherry-tagged PGRP-LCx, PGRP-LE, or Imd, or respective cRHIM deletion mutants, and amyloidal

protein aggregates were visualized by ThT fluorescence. Scale bar: 10 mm.

(C) Quantification of ThT fluorescence in cells expressing mCherry-tagged PGRP-LCx, PGRP-LE, and Imd, wild-type, and cRHIM deletion mutants. Data shown

are mean ± SEM of at least 15 cells pooled from three independent experiments.

(D) Quantification of ThT fluorescence in S2* cells expressing single alanine substitution mutants of mCherry-PGRP-LCx. Columns represent the mean ± SEM of

at least 20 cells pooled from three independent experiments. ****p < 0.0001.
encoding full-length mCherry-tagged wild-type proteins or

cRHIM deletion mutants. Fixed cells were then stained with

ThT and analyzed by confocal microscopy. The expression

levels of wild-type versus cRHIM deletion mutant constructs

were comparable based on the strength of the mCherry signal,

but only the wild-type PGRP-LCx, PGRP-LE, or Imd showed

strong ThT fluorescence, which overlapped with the mCherry

signal in all cases. These results demonstrate cRHIM-mediated

amyloid fibrils formation in cells (representative images in Fig-

ure 4B and quantitation in Figure 4C).

Using the same confocal microscopy-based assay, we next

tested the full-length alanine substitution mutants of PGRP-

LCx (Figure 4D), corresponding to the fragments analyzed by
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SDD-AGE in Figure 3A.While E225A showed enhanced ThT fluo-

rescence consistent with its strong signaling activity (Kaneko

et al., 2006), all other substitution mutants showed strikingly

reduced ThT staining compared to wild-type PGRP-LCx. In

conclusion, PGRP-LC mutants that fail to signal properly were

also defective in amyloid formation in vitro and in cells. Hence,

PGRP-LC, PGRP-LE, and Imd signal through cRHIM-dependent

amyloidal fibrils in Drosophila cells.

Amyloid Formation Is Required for Imd Pathway
Signaling
ThT not only binds amyloid but also inhibits further amyloid poly-

merization (Alavez et al., 2011). We therefore hypothesized that if
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Figure 5. Dose-Dependent Inhibition of Imd Signaling by ThT in Cells and in Flies

(A and B) S2* cells were treated with ThT before triggering the activation of the Imd pathway with DAP-type PGN (A), or the Toll pathway with recombinant cleaved

Sp€atzle, Spz-C106 (B). Transcript levels of the target genes for the Imd and Toll pathways,Diptericin and Drosomycin, respectively, were measured by qRT-PCR

and normalized to Rp49 expression. Graph shows individual data points from 3 or 4 independent experiments, the line indicating the mean.

(C and D) ThT suppresses Diptericin induction in flies. w1118 male and female flies were co-injected with vehicle (5% DMSO in sterile PBS), and 1 mM ThT ±

0.5 mg/mL PGN (C) or 40 mM TCT (D), and harvested 1 hr after injection. Diptericin transcript levels were measured by qRT-PCR and normalized to Rp49 values.

Data shown are individual data points of six (C) and five (D) biological replicates, the bar indicating the mean.

(E) Inhibition of the Imd pathway activation by ThT is dose dependent. Male flies were injected with vehicle (5% DMSO in sterile PBS), 0.2 mM, 0.5 mM, or 1 mM

ThT ± 0.5 mg/mL PGN and harvested 1 hr after injection. Diptericin transcript levels were measured by qPCR and normalized to Rp49 values. Data shown are

individual data points of five biological replicates, the bar indicating the mean.

NS = not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001. See further analysis of ThT inhibitor effects on Imd signaling in Figures S2 and S3.
amyloid formation were required for Imd pathway activation, an

amyloid inhibitor such as ThT would suppress the signaling

output, i.e., AMP gene induction. To test this, S2* cells were

treated with ThT, and 30 min later Imd signaling was activated

by adding DAP-type PGN. After 6 hr, the induction of the AMP

gene Diptericin (Dpt) was quantified by qRT-PCR. ThT potently
inhibited Dpt induction in a dose-dependent manner (Figure 5A).

Note, this dose range of ThT (0.1–1.0 mM) had no effect on cell

viability. ThT reduced Dpt induction also at 2 hr and 24 hr after

PGN addition (Figure S2A). Other Imd signaling-induced AMPs

were also affected: 1 mM ThT significantly reduced Attacin A

(AttA) mRNA levels at 2 hr and 6 hr time points and Cecropin
Immunity 47, 635–647, October 17, 2017 641



A1 (CecA1) mRNA levels at 2 hr post-induction (Figures S2B and

S2C). To determine whether the effect of ThT on Imd signaling

was specific or affecting general cellular processes or signal

transduction, we also analyzed the induction of the AMP gene

Drosomycin (Drs) via the Toll pathway activated with recombi-

nant Sp€atzle (Spz-C106) (Weber et al., 2003). ThT did not inter-

fere with Toll signaling (Figure 5B). These data demonstrate

that ThT specifically inhibits Imd signaling, strongly arguing

that amyloid formation is uniquely required for this signaling

pathway.

S2* cells are derived from embryonic hemocytes and resemble

plasmatocytes, phagocytes capable of immune signaling and

AMP release (Lemaitre and Hoffmann, 2007). However, the

main site of AMP production upon septic injury is the fat body,

and this prompted us to ask whether amyloid was also involved

in AMP induction in this tissue in the adult fly. To address this, flies

were injected with 1 mM ThT along with monomeric or polymeric

DAP-type PGN (TCT or PGN, respectively), and Dpt induction

was analyzed 1 hr after injection. Of note, we tested both higher

concentrations of ThT and longer time points in our preliminary

assays, but noticed that ThT concentrations above 2 mM tran-

siently altered flybehavior, with full recovery in less than 2hr, sug-

gesting that ThT was quickly metabolized and/or inactivated.

Thus, our assays were limited to 1 hr after injection, with simulta-

neous ThT and PGN delivery. As expected for this early time

point, injection of vehicle alone caused Dpt induction (Lemaitre

et al., 1997); nevertheless, injection with polymeric PGN further

increased Dpt induction by �4-fold in males and �6-fold in fe-

males (Figure 5C). Co-injectionwith ThT significantly suppressed

Dpt induction in both males and in females (48% in males and

39% in females). The slightly stronger effect of ThT in males

was reproducible and probably was due to the smaller size and

volume of the male flies and the subsequently higher final con-

centration of ThT in tissues. We therefore focused on males

when testing the dose response of ThT in adult flies. Dpt expres-

sion in flies co-injected with polymeric PGN and 0.2 mMThTwas

similar to control flies, but co-injection of 0.5 mM or 1 mM ThT

clearly interferedwithDpt induction in a dose-dependentmanner

(Figure 5D). The effect of ThTwas similarwhen the flieswere chal-

lengedwithmonomeric PGN, TCT.Co-injection of 1mMThTwith

40 mM TCT suppressed Dpt, AttA, and CecA1mRNA levels (Fig-

ures 5E, S3A, and S3B). However, Dpt induction at this dose and

time point was only 2-fold when compared to vehicle-only-in-

jected flies. We therefore repeated this assay with 10-fold more

TCT. Unexpectedly, males did not recover well from injections

with this high dose of TCT plus ThT, so females were analyzed.

As previously reported, higher concentration of TCT resulted in

stronger Dpt induction (Neyen et al., 2016). At both TCT concen-

trations, 1 mM ThT significantly suppressed Dpt induction by

45%–60%. These data demonstrate that ThT inhibits Imd

signaling in vivo, further indicating that amyloid fibrils are critical

for this innate immune signaling pathway in adult animals and

consistent with our earlier analysis of cRHIM-deficient PGPR-

LCx alleles (Kaneko et al., 2006).

Pirk Acts as a Regulator of Signaling Amyloid Formation
Unlike mammalian RHIM-mediated necroptosis signaling, Imd

signaling is transient and does not lead to cell death. This sug-

gests that fly cells possess mechanisms to limit the potential
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cytotoxic effects of signaling amyloids. To investigate these

mechanisms, we focused on the Imd pathway negative regulator

Pirk. Pirk is a potent inhibitor of Imd signaling that was originally

identified as directly interacting with the cRHIM of PGRP-LC,

PGRP-LE, and Imd (Aggarwal et al., 2008; Kleino et al., 2008).

In fact, our earlier work argued that Pirk interferes with the com-

plex formed by PGRP-LC and Imd.Moreover, Pirk contains a pu-

tative cRHIM (Kajava et al., 2014) within a predicted b sheet-rich

region, which is sufficient to block Imd signaling (Kleino et al.,

2008). Together, these earlier findings led us to hypothesize

that Pirk might block Imd signaling by interfering with the forma-

tion of the PGRP-Imd amyloid fibrils. To test this idea, FLAG-

tagged Pirk was expressed along with mCherry-tagged PGRP-

LCx, PGRP-LE, or Imd in S2* cells, and cells were stained with

ThT to detect amyloid (Figures 6A–6F). PGRP-LCx, PGRP-LE,

and Imd expression, as assayed by mCherry fluorescence,

was similar in both control and Pirk-expressing cells. However,

in Pirk-expressing cells, these proteins no longer bound ThT

(representative confocal microscopy images in Figures 6A, 6C,

and 6E, and quantitation of all the images in Figures 6B, 6D,

and 6F), suggesting that Pirk prevents the formation of PGRP-

LC, PGRP-LE, and Imd amyloidal aggregates in cells.

Next we tested whether full-length Pirk could interfere with the

amyloidal aggregation of Imd in vitro. In this assay, denatured,

monomeric Imd60-273 was mixed with denatured, monomeric

Pirk at different ratios. The proteins were then diluted in assay

buffer containing ThT, and the amyloid polymerization was

measured as an increase in the ThT fluorescence, as in Figures

2C and 2K. Imd alone readily polymerized into ThT binding ag-

gregates (Figure 6G). However, increasing concentrations of

Pirk dose-dependently interfered with ThT binding to Imd,

showing that Pirk inhibits amyloidal polymerization of Imd.

The viral necroptosis inhibitor MCMV M45 harbors a RHIM

motif and possibly functions by interfering with the RHIM-medi-

ated interaction of RIPK1 and RIPK3. To test whether the func-

tion of Pirk was analogous to M45, we triggered necroptosis in

HeLa cells as in Figure 1C, co-expressing either M45 or Pirk

with RIPK3 (Figure 6H). In these conditions, M45 efficiently

blocked TNF-induced necroptosis, while expression of Pirk

had no protective effect. We hypothesized that this could be

due to the significant sequence diversity of RHIMs versus

cRHIMs. We therefore tested whether Pirk could interfere with

a chimeric RIPK3, in which 11 amino acids within the RHIM

were replaced by 11 amino acids from the cRHIM of Imd. Similar

to the four amino acid RHIM substitutions tested in Figure 1C,

this longer substitution supported necroptosis signaling but

failed to interact with M45, demonstrated by the lack of protec-

tion from necroptosis when co-expressed with M45. However,

co-expression of Pirk significantly reduced necroptosis in cells

expressing the chimeric RIPK3, suggesting that the 11 amino

acids within the Imd cRHIM were necessary and sufficient for

Pirk-mediated interference. Altogether, these data demonstrate

that Pirk specifically interferes with the formation of Imd pathway

signaling amyloids.

DISCUSSION

Proteins forming amyloidal aggregates have been associated

with several neurodegenerative and systemic pathologies
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Figure 6. Pirk Inhibits Amyloid Formation

(A–F) ThT fluorescence in Drosophila S2* cells expressing mCherry-fusions of PGRP-LCx (A, B), PGRP-LE (C, D), or Imd (E,F), and either an empty vector (mock)

or FLAG-Pirk. Representative images (A, C, E) and quantification (B, D, F) showing mean ± SEM of at least 39 cells pooled from three independent experiments.

Scale bar: 10 mm. ****p < 0.0001.

(G) The inhibition of Imd amyloidal polymerization by Pirk, assayed by ThT fluorescence.

(H) Effect of Pirk on TNF-induced necroptosis in HeLa cells expressing wild-type RIPK3 or RIPK3/Imd chimera on TNF-induced necroptosis in HeLa cells. Cells

were co-transfected with M45 or Pirk with WT or chimeric Imd-RIPK3. Necroptosis was activated with combined TNF, BV6, and zVAD-fmk treatment. The graph

shows individual data points (N = 3) with mean indicated as a bar. Abbreviations: BZ, no TNF stimulation (gray dots); TBZ-, BV6-, and zVAD-fmk-treated cells

stimulated with TNFa (black dots).

See also Figure S4 for a model of amyloid signaling and Pirk inhibition.
(Knowles et al., 2014). This has fueled research focusing on how

amyloid is formed and which proteins are prone to form amyloi-

dal aggregates. A recent discovery has been that some proteins,

which are not misfolded, form amyloid fibrils in their active and

functional states, so-called functional amyloids (Fowler

et al., 2007).

Amyloid fibrils are highly organized structures that grow

quickly into very large detergent-resistant polymers featuring a
cross b sheet fold. Shearing these fibrils creates new ends that

can seed new fibrils by promoting conformational change of

monomeric proteins and thereby accelerate the fibril polymeriza-

tion into exponential growth. These prion-like conformational

changes have also been found to promote the formation of

innate immune signaling complexes in mammals. The CARD

(Caspase activation and recruitment domain) and PYRIN

domains of the inflammasome adaptor protein ASC
Immunity 47, 635–647, October 17, 2017 643



(apoptosis-associated speck-like protein containing a CARD)

polymerize into a prion-like core filament, aroundwhich the other

inflammasome proteins are assembled (Cai et al., 2014; Franklin

et al., 2014; Lu and Wu, 2015; Yin et al., 2015). Likewise, the

adaptor MAVS (mitochondrial antiviral signaling protein) forms

prion-like filaments upon activation by RIG-I (retinoic acid-induc-

ible gene I) or MDA5 (melanoma differentiation associated fac-

tor 5). Upon necroptotic signaling, the RHIMs of RIPK1 and

RIPK3 polymerize to form functional amyloid, while the DAI-

RIPK1 RHIM complex also forms filamentous aggregates (Li

et al., 2012). Another RHIM-containing innate immune signaling

protein, TRIF, was recently reported to form detergent-resistant

aggregates in cells (Gentle et al., 2017), but the amyloidal nature

of the aggregates, and whether this aggregation is RHIM or TIR

mediated, remains elusive.

The current model for the formation of prion or amyloid plat-

forms in innate immune signaling suggests that aggregation of

a receptor protein forms the nucleus that seeds fibril formation

by receptor-interacting adaptor proteins (Kagan et al., 2014). In

the case of Imd signaling, the receptors PGRP-LC and PGRP-

LE are known to oligomerize or cluster in a ligand-dependent

manner, via their C-terminal PGN binding domains. This may

bring their N-terminal signaling domains into close proximity

and promote conversion of their cRHIMs into a proto-amyloid

oligomer. The receptor cRHIM oligomer, in turn, could recruit

the adaptor protein Imd and seed the propagation of amyloid fi-

brils, as depicted in our model (Figure S4). Relative proportions

of the receptor and adaptor proteins in Drosophila cells support

this hypothesis: endogenous PGRP-LC is barely detectable on

the plasma membrane (Neyen et al., 2012), while Imd is abun-

dant in the cytoplasm and in the nucleus (Boyer et al., 2011).

Thus, the amyloid seed would be formed by the limiting amounts

of PGRP-LC or PGRP-LE, following their ligand-induced clus-

tering and aggregation of their cRHIMs. The abundant Imd pro-

tein would then elongate a fibril via its centrally positioned

cRHIM. This architecture would allow the C-terminal DD and

N-terminal cleavage site, with the Iap binding motif (IBM) of

Imd, to be positioned on the exterior of the amyloid fibril and

would support the interaction between the Imd DD and Fadd

and enable Fadd-mediated recruitment of the caspase Dredd.

Interestingly, Dredd cleaves Imd at D30, creating a neo-N-termi-

nal recognition site for the E3 ligase Diap2. This cleavage site

near the N terminus is likely positioned on the exterior of the fibril,

enabling Dredd-catalyzed cleavage and subsequent interaction

with the ubiquitin ligase Diap2. Together with the E2 ligases

Effete, Bendless, and Uev1a, Diap2 links K63 polyubiquitin

chains to lysine 137 and 153 of Imd (Chen et al., 2017), which

are outside the predicted core amyloid (cRHIM) region, and

thus also likely to be exterior to the fibril. With multiple mono-

mers, each with a potential site of K63-ubiquitination, the Imd

amyloid fibril would create a macromolecular signaling platform

potentially decorated with many K63-ubiquitin chains and

capable of driving rapid and robust NF-kB activation and the

observed 100- to 1,000-fold activation of target gene

expression.

In addition to PGRP-LC and PGRP-LE, cRHIM-like motifs

have been predicted to be present in two other Drosophila pro-

teins, PGRP-LA and Pirk (Kajava et al., 2014). PGRP-LA has

been associated with Imd signaling, but its function is unclear.
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PGRP-LA is mostly expressed in the barrier epithelia, is upregu-

lated upon infection, and encodes three isoforms, one of which

(PGRP-LAD) includes an N-terminal cRHIM (Gendrin et al.,

2013; Werner et al., 2000). Ubiquitous overexpression of

PGRP-LAD, but not the cRHIM-lacking isoforms, is sufficient to

trigger expression of the Imd pathway target gene Dpt, suggest-

ing that PGRP-LA is a positive regulator of the Imd pathway via

its cRHIM (Gendrin et al., 2013). Presumably, this also involves

Imd amyloid fibrils.

Pirk is an Imd pathway negative feedback regulator, and its

expression is under the transcriptional control of Relish. The

mechanism of Pirk-mediated Imd pathway inhibition has re-

mained elusive, but it has been suggested that Pirk traffics

PGRP-LC into lysosomes to be degraded (Lhocine et al.,

2008), and/or that by binding both receptors and Imd, Pirk pre-

vents their interaction (Aggarwal et al., 2008; Kleino et al.,

2008). Here we reported that Pirk interfered with the formation

of Imd amyloid fibrils and suppressed Imd signaling. Our data

demonstrated that Pirk stops fibril elongation, perhaps by

capping the nascent Imd fibrils, similar to the human inhibitor

of CARD (INCA), which inhibits inflammasome assembly by ter-

minating Caspase-1 filaments (Lu et al., 2016). It is also conceiv-

able that Pirk may insert into the Imd fibrils and destabilize them,

although this hypothesis requires further study. Amyloid inhibi-

tion may be mediated either by the predicted C-terminal cRHIM

of Pirk (Kajava et al., 2014) or by the multiple repetitive, beta-

sheetmotifs spanning the conserved region of the protein (Kleino

et al., 2008). Further, it is yet unknown whether Pirk also traffics

Imd fibrils for destruction, by proteasomal, autophagosomal, or

other degradative systems.

Imd signaling is robust yet transient. Thus, Imd amyloid fibrils

must be regulated such that they trigger rapid NF-kB activation

and robust AMP gene expression, but for only a limited time. Hy-

peractivation of Imd signaling is highly deleterious; overexpres-

sion of Imd leads to spontaneous immune signaling and exces-

sive cell death (Akbar et al., 2016; Cao et al., 2013; Georgel et al.,

2001). However, cell death is not observed during experimental

immune challenge. S2 cells do not die with immune stimulation;

neither cell death nor fat body remodeling is observed following

immune challenge of flies. These cRHIM-based amyloid fibrils

are involved in a process not obligatorily leading to cell death.

Together, these findings argue that Imd amyloids must be tightly

regulated so that immune activation is robust yet limited and im-

plies active mechanisms in the turnover of these fibrils. The

Drosophila cRHIMs are regulated by Pirk and also lack a Gln at

P2 in their core, which is invariant in the mammalian RHIMs.

This sequence variation could potentially be related to the unique

turnover properties of these amyloids. Polar residues within am-

yloids, such as the Gln in position P2, have been suggested to

promote amyloid oligomerization through hyperpolarized

H-bonds between the side chains (Mompeán et al., 2016).

cRHIM sequences instead contain other polar residues at P2—

His or Thr in Drosophila, and even Lys in other insect species.

These residues may form H-bonds to support oligomerization

that are weaker or altered in a manner that allows these Imd fi-

brils to be sensitive to Pirk and to disassemble more readily. In

addition, the sequence flanking the tetrapeptide core of the

Drosophila cRHIMs, which demonstrably contributed to fibril for-

mation, are also rich with polar residues, such asQ, N, S, and T. It



is plausible that the flanking regions further contribute to the

unique oligomerization and disassembly properties of the Imd fi-

brils. In the case of yeast Sup35 prions, disruption of these polar

residue-generated H-bonds was shown to cause disassembly of

the fibrils (Mompeán et al., 2016). If similar H-bonds contribute to

the cRHIM amyloid formation, breaking these bonds could be

one way of destabilizing the fibrils and disassembling the Imd

signaling complex. Future studies will focus on how cRHIM fibrils

support signal transduction, perhaps as macromolecular scaf-

fold, as well as probe the mechanisms limiting amyloid forma-

tion, activity, and toxicity.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Drosophila S2* cells were cultured in Schneider’s Drosophila medium (GIBCO) supplemented with 10% FBS (not heat-inactivated),

1% Glutamax (GIBCO), and 0.2% PenStrep (GIBCO) at 27�C. This cell line originated in the Hultmark laboratory (Samakovlis et al.,

1992), and looks and behaves like S2 cells, being small (approximately 10 mm of diameter), round, semi-adherent, phagocytic,

responsive to 20-hydroxyecdysone, and immune-inducible. S2 cells are male, by criterion of MSL complex assembly.

HeLa cells (female) were cultured in DMEM high sucrose medium supplemented with 10% fetal bovine serum, 2 mM glutamine,

100 units/ml penicillin, and 100 mg/ml streptomycin.

Fly maintenance
w1118 flies were maintained at 22�C on food containing 6.5 g/l agar, 23.5 g/l dry yeast, 60 g/l cornmeal, 60 ml/l molasses, 4 ml/l acid

mix, and 0.13% tegosept. The flies used in experiments were 10-days-old, healthy flies, which were first collected and mixed from

different vials, and then randomly divided into treatment groups.

METHOD DETAILS

Necroptosis cell death assay
HeLa cells, which do not express endogenous RIPK3, were transfected with wild-type RIPK3 or RIPK3 RHIM chimeras fused to GFP

at the C-termini. Transfection was performed with Lipofectamine 2000 as per manufacturer’s protocol. Sixteen hours after transfec-

tion, cells were treated with 10 mM zVAD-fmk and 1 mMBV6 for 1 hour prior to stimulation with 50 ng/ml (Figure 1C) or 10 ng/ml (Fig-

ure 6H) human TNF. Cell death of the transfected populations were enumerated 16 hours later by FACS using propidium iodide. Cell

death was calculated with the formula: % Cell death = (1-(# live GFP+ cells in sample/# live GFP cells in untreated group)) x 100%.

Cloning, protein expression, and purification of recombinant proteins
The fragments of PGRP-LC (residues 201-242), PGRP-LE (residues 80-127), Imd (residues 100-125), and Imd (residues 60-273, and

3-273) were amplified from plasmids described previously (Aggarwal et al., 2008; Kaneko et al., 2006) and subcloned into the pSMT3

vector with N-terminal 6xHis-Sumo tag. The proteins were expressed in E. coli BL21 (DE3) RIPL cells (Novagen). Bacterial cells were

transformed with expression plasmids and grown in Luria broth supplemented with 40 mg/ml kanamycin and 25 mg/ml chloramphen-

icol. At an OD600 of 0.8, protein expression was induced with 0.5 mM isopropyl b-D-thiogalactoside (Fisher Scientific). After 16 hours

of induction at 20�C, cells were harvested by centrifugation at 5,000 rpm for 10 min and lysed by sonication in a buffer containing

50 mM Tris-HCl (pH8.0), 300 mMNaCl, 1 mM phenylmethyl-sulfonyl fluoride, 1 mM b-mercaptoethanol, 5%Glycerol (v/v) and a pro-

tease inhibitor cocktail (Roche). After spinning at 16,000 rpm for 45 min, the supernatant was incubated with Ni-NTA agarose

(QIAGEN) at 4�C for 60 min. The subsequent purification procedure followed the standard manual from QIAGEN. The His-Sumo

tag was removed by adding enzyme Ulp1 (1:1000) at 4�C overnight. The protein was further purified by gel filtration chromatography

using the Superdex 200 10/300 GL or 16/600 column (GE Healthcare) and an ÄKTA FPLC (GE Healthcare) at either 4�C or room tem-

perature with a running buffer of 20mMTris (pH 7.4), 150mMNaCl, and 2mMdithiothreitol. The purified protein was concentrated to

5 mg/ml, flash-frozen in liquid nitrogen and stored at �80�C. Protein concentrations were determined by the Bradford assay using

BSA as a standard.

Active cleaved Imd (Imd31-273) (Paquette et al., 2010) and itsmutant versions listed in theKey Resource Tablewere cloned into pOPIN

S vector (from Oxford Protein Production Facility, UK) and produced as 6xHis-Sumo fusion proteins in E. coli BL21 (DE3) (pLysS). Pro-

tein production was induced by 0.8 mM IPTGwhen cultures reached OD600 of 0.6, and the cultures were grown at 26�C shaking for 4h.

Bacterial pellets were lysed by sonication in buffer containing 50mMNaH2PO4 (pH 8.0), 300mMNaCl, 10mM imidazole, and protease

inhibitor cocktail. Lysates were cleared by centrifugation at 10,000 x g for 30 min. at 4�C, and the proteins were purified from cleared

lysates using Millipore PureProteome Nickel Magnetic Beads according to the manufacturer’s protocol.
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Thioflavin T (ThT) fluorimetry
Fluorescence measurements were performed as described previously (Meng et al., 2010) at 25�C in 96-well plates on a SpectraMax

M5e plate reader (Molecular Devices) or an Enspire multimode plate reader (PerkinElmer) with an excitation wavelength of 430 nm.

The final ThT concentrations ranged from 15 mM to 25 mM in 20 mM Tris-HCl, 100 mM NaCl (pH 7.4).

Congo red binding
Congo red (CR) binding was detected using a previously describedmethod (Klunk et al., 1989) at 25�C in 96-well plates using a Spec-

traMax M5e plate reader (Molecular Devices). The incubation time with CR was 1 hour at room temperature and the concentration of

CR was 15 mM.

X-ray diffraction from fibrils
A 5 mg/ml solution of the 6xHis-Sumo-tagged PGRP-LC or PGRP-LE was dried using a SpeedVac System (Savant). Dried and

partially aligned fibrils were mounted in a cryo-loop and exposed to Cu Ka radiation from a Bruker X-ray generator operating at

40 kV and 60 mA. Data were collected at room temperature for 5 min with a 5� oscillation on a Mar345 imaging plate detector.

Electron microscopy and image processing
The purified samples (6xHis-Sumo-tagged PGRP-LC201-242, PGRP-LE80-127, or IMD100-125) were loaded onto copper grids. After 30 s

of incubation on the grid at room temperature, the samples were negatively stained with 1.5% uranyl acetate, and imaged with a 1K x

1K CCD camera on a Tecnai G2 Spirit BioTWIN electron microscope equipped with a LaB6 filament and operated at 80 kV. The nom-

inal magnification is around 50,000.

Seeding experiments using ThT fluorescence
Imd3-273 was produced as a 6xHis-Sumo fusion protein, and denatured in 8M urea. The denatured Imd3-273 was diluted 50-fold into a

native buffer (20 mM Tris pH 7.4, 100 mMNaCl, 25 mMThT), to a final concentration of 6 mM. ThT fluorescence was measured on 96-

well plates at 25�C for 15,000 s on an Envision Multi-mode plate reader (PerkinElmer) with excitation and emission wavelengths of

430 nm and 485 nm, respectively. Seeding experiments were performed as described above with the exception that 6xHis-Sumo-

PGRP-LE80-127 preformed amyloidal seeds were added to the reaction to the final concentration of 0.6 mM (10%). To analyze Pirk’s

ability to inhibit amyloid polymerization, Imd60-273 and full-length Pirk were denatured in 8M urea, 100 mM NaCl, 20 mM Tris-HCl

(pH7.5), followed by heating at 95�C for 20 min, and immediate sonication for 2 min. Precipitated proteins were removed by centri-

fugation at 13,000 rpm for 1min, and the supernatants containing the denatured proteins were diluted into 1mg/ml with the ThT buffer

(20mMTris-HCl pH7.4, 100mMNaCl). The final concentration for Imd andPirk was 2.5 uM. All reactionsweremeasured kinetically at

37�C in 96-well plates with excitation and emission wavelengths of 430 nm and 485 nm, respectively.

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)
The formation of amyloidal aggregates of 6xHis-Sumo-tagged PGRP-LC201-242, PGRP-LE80-127, and their mutants was analyzed by

SDD-AGE according to a published protocol (Halfmann and Lindquist, 2008) with minor modifications. For Figure 3A,B, purified pro-

teins were quantified and mixed with 4x protein loading buffer with 8% SDS at room temperature for 5 min. After the samples were

loaded onto a vertical 1.5% agarose gel with 0.1%SDS (Bio-Rad), and separated by electrophoresis in the running buffer (1xTBE and

0.1% SDS) for 3 hours with a constant voltage of 25 V at 4�C, the proteins were transferred to PVDF membrane (Millipore) for immu-

noblotting with anti-His monoclonal antibody (Sigma) at 1:10000 ratio.

6xHis-Sumo-Imd31-273 and Imdmutant forms used in Figure 3C were analyzed according to the published protocol (Halfmann and

Lindquist, 2008). 0.5 mg of purified protein was loaded in each lane. Equal loading was confirmed by running replicate samples on

SDS-PAGE, and staining the gel with InstantBlue Protein Stain (Expedeon). SDD-AGE samples were separated by running a horizon-

tal 1.5% agarose gel with 0.1% SDS in a buffer containing 1xTAE with 0.1% SDS for 5h at constant voltage of 35V at 4�C. Proteins
were then transferred to PVDF by capillary transfer and immunoblotted with mouse anti-His IgG (Abgent #AM1010a) at 1:5000.

To analyze detergent resistant protein aggregates in cell lysates, S2* cells expressing FLAG-tagged proteins were lysed in buffer

containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 25 mM b-glycerophosphate, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM

DTT, 1 mM NaVO4, and 1x protease inhibitor cocktail. Lysates were mixed with 4x loading buffer and run as described above and in

(Halfmann and Lindquist, 2008). Proteins were transferred to PVDF by capillary transfer, and immunoblotted with monoclonal mouse

anti-FLAG M2 antibody (Sigma #F3165) at 1:5000.

Cell culture and transfections
For confocal microscopy, S2* cells were plated 0.5x106 cells/ml on 6-well plates, and transiently transfected one hour later with

0.5 mg of Cu2+-inducible constructs in pRmHa3 backbone listed in the Key Resource Table using calcium phosphate precipitation

method. Half of the old medium was carefully replaced with fresh medium 24 hours after transfections. Expression of constructs

was induced by adding CuSO4 to the culture medium into 250 mM final concentration. For SDD-AGE analysis, S2* cells were plated

1x106 cells/ml on 6-well plates and transfected on hour later with 0.5 mg of FLAG-tagged Cu2+-inducible constructs using calcium

phosphate. 24 hours post-transfection the cells were split into two wells (+/� Cu2+) and supplemented with fresh medium. Protein

expression was induced with 250 mM Cu2+ 24 hours later, and cells harvested 18h post-induction.
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qRT-PCR
Total RNAs from S2* cells were extracted using TRIzol� reagent (Invitrogen) according to the manufacturer’s protocol, and dissolved

in nuclease-free water. 1 mg of total RNA was treated with amplification grade DNase I (Invitrogen) according to the manufacturer’s

protocol, and the enzyme was heat-inactivated at +65�C for 10 min. at the presence of 2.5mM EDTA. Efficiency of the DNase I treat-

ment was controlled by running a regular PCR with Rp49 primers using diluted RNA samples as templates. cDNA was synthesized

from 0.5 mg of each DNase I-treated RNA using the BioRad iScript cDNA synthesis kit, and real-time PCR was performed using Bio-

Rad SYBR Green Supermix according to the manufacturer’s protocols. Primers for Diptericin (Dpt), Attacin A (AttA), Cecropin A1

(CecA1), Drosomycin (Drs), and Rp49 (also known as RpL32) are listed in the Key Resources Table.

Confocal microscopy
Drosophila S2* cells transfected with mCherry-tagged constructs were resuspended 18h after Cu2+ induction, and transferred on

Alcian Blue-treated coverslips. The cells were allowed to attach for 40 min before the medium was removed and the cells fixed

with 3% PFA in PBS for 20 min. The cells were gently rinsed with PBS and stained with 3 mM Thioflavin T (Santa Cruz Biotechnol-

ogies) in 30:70 ethanol:PBS for 20 min, washed twice in 70% ethanol and thrice in 1xPBS, mounted with Mowiol, and dried overnight

at 37�C in darkness. The cells were imaged using a Leica TCS SP8 confocal microscope with HyD detectors and a 63x oil immersion

objective using sequential scanning. ThT was excited at 458 nm and emission detected at 485-530 nm, and mCherry was excited at

561 nm and emission detected at 610-620 nm.

Analysis of confocal microscopy images
Confocal microscopy images of ThT-stained S2* cells were taken so that there would always be both mCherry-expressing (trans-

fected) and untransfected cells in the same image to control the background of ThT staining. Image analysis was performed using

ImageJ / Fiji. The images were thresholded so that only the signal exceeding the background signal of untransfected cells was

measured. Each cell expressing the mCherry-tagged protein was measured separately for the mCherry signal and the ThT signal,

and the ThT binding (relative integrated density) represents the sum of the pixel intensity values of ThT divided by the sum of pixel

intensity values of the mCherry signal. Hence, ThT signal is normalized to mCherry signal strength to avoid any bias caused by var-

iable protein expression levels. Linear adjustment of brightness and contrast has been performed by ImageJ / Fiji to representative

images at Figure 4B, and Figure 6A,C,E. Note that all quantifications in Figure 4C,D and in Figure 6B,D,F were performed using the

raw, unenhanced images.

ThT inhibition assay in S2* cells
S2* cells were plated on 12-well plates, 1x106 cells/ml, and 20-hydroxyecdysone was added to 1 mM concentration on the following

morning. 24 hours later, ThT or equal volume of vehicle (isopropanol) was added in the cell culture medium. The Imd pathway acti-

vation was triggered 30 min. later by adding E. coli PGN to the cells. The Toll pathway was triggered by adding recombinant cleaved

Sp€atzle-C106 to 10 nM concentration to the cells. Cells were harvested 6h after PGN addition, and 18h after Sp€atzle-C106 addition.

Injections in flies
In Figure 5C, and in related Figure S2, male and female flies were injected with 64 nL of the following solutions using Nanoject II

injector (Drummond Scientific): untreated: no injection; DMSO: 5% DMSO in sterile Dulbecco’s modified PBS (Corning); ThT:

1 mM ThT, 5% DMSO in PBS; DMSO+PGN: 5% DMSO, 0.5 mg/ml E. coli strain 1106 PGN in PBS; ThT+PGN: 1 mM ThT,

0.5 mg/ml PGN in PBS. In Figure 5D, male flies were injected with 64 nL of indicated concentrations of ThT diluted in 5% DMSO

in PBS, +/� 0.5 mg/ml PGN. Flies were harvested 1 h post-injection, snap-frozen on dry-ice, homogenized in TRIzol� reagent (Invi-

trogen), and total RNAs were extracted according to the manufacturer’s protocol. In Figure 5E, and in related Figure S3, flies were

injected and harvested as described above, but 40 mM TCT or 400 mM TCT was used instead of PGN.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for all the numerical data was performed using GraphPad Prism 7.0a software. In cell-based assays, N wasR 3,

and in assays using live animals, where bigger variation between samples was expected, N wasR 5. In Figures 1C and 6H, the nec-

roptosis cell death assay was repeated three times, and a representative experiment with three biological replicates is shown. Data

was analyzed using two-way ANOVA with Bonferroni’s post test comparing all other samples to non-functional AAAA mutant (Fig-

ure 1C), or toWT (Figure 6H) treated with zVAD-fmk, BV6, and TNF. Figure 4C and 4D, and Figure 6B, 6D, and 6F present data pooled

from 3 independent experiments. In Figure 4C, N for each individual sample is the following: PGRP-LCx: 36; PGRP-LCxD(209-225):

27; PGRP-LCxD(226-242): 29; PGRP-LE:28; PGRP-LED(83-122): 15; Imd: 26; ImdD(114-121): 31. Values of wild-type versus RHIM

mutant PGRP-LCx were analyzed by one-way ANOVA with Bonferroni’s post test. PGRP-LE and Imd versus corresponding RHIM

mutants were analyzed using unpaired t test. In Figure 4D, N for each individual sample is the following: WT: 28; D(209-225): 32;

L210A: 30; N212A: 23; S213A: 28; D215A: 25; V216A: 27; T217A: 35; F218A: 24; G219A: 23; D220A: 22; E225A: 31; G226A: 20;

V228A: 31. Data was analyzed using one-way ANOVA with Bonferroni post test, and all mutants were compared to theWT. Columns

represent mean ± SEM. In Figure 6B,D,F N for each individual sample is the following: LCx + mock: 147, LCx + Pirk: 78; LE + mock:

71, LE + Pirk: 81; Imd + mock: 48, Imd + Pirk: 39. Statistical significance was analyzed by unpaired t test. Figure 5A,B, and related
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Figure S2 show data from 3 or 4 biological replicates performed on different days. Data was analyzed using two-way ANOVA with

Bonferroni’s post test, and the effect of different ThT concentrations was compared to vehicle control stimulatedwith PGN (Figure 5A,

Figure S2) or Spz-C106 (Figure 5B). Individual data points are shown with a line indicating the mean. Figure 5C-E, and related Fig-

ure S3, show individual data points of 6 (Figure 5C) or 5 (Figure 5D,E, and Figure S3) biological replicates, each replicate representing

the RNA extracted from 6 flies. Data was analyzed using two-way ANOVA with Bonferroni’s post test, and comparing vehicle + PGN/

TCT-treated flies to ThT+PGN/TCT -treated flies.
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