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SUMMARY
The plant homolog of vertebrate necroptosis inducermixed-lineage kinase domain-like (MLKL) contributes to
downstream steps in Toll-interleukin-1 receptor domain NLR (TNL)-receptor-triggered immunity. Here, we
show that ArabidopsisMLKL1 (AtMLKL1) clusters into puncta at the plasma membrane upon TNL activation
and that this sub-cellular reorganization is dependent on the TNL signal transducer, EDS1. We find that
AtMLKLs confer TNL-triggered immunity in parallel with RPW8-type HeLo-domain-containing NLRs (RNLs)
and that the AtMLKL N-terminal HeLo domain is indispensable for both immunity and clustering. We show
that the AtMLKL HeLo domain mediates cytoplasmic Ca2+ ([Ca2+]cyt) influx in plant and human cells, and
AtMLKLs are responsible for sustained [Ca2+]cyt influx during TNL-triggered, but not CNL-triggered, immu-
nity. Our study reveals parallel immune signaling functions of plant MLKLs and RNLs asmediators of [Ca2+]cyt
influx and a potentially common role of the HeLo domain fold in the Ca2+-signal relay of diverse organisms.
INTRODUCTION

In plants, a two-layered immune mechanism comprising path-

ogen-associated molecular pattern (PAMP)-triggered immunity

and effector-triggered immunity (ETI)1–6 effectively detects and

combats pathogenic microbes. In many cases, ETI is initiated

by intracellular nucleotide-binding leucine-rich repeat (NLR) re-

ceptors upon detection of pathogen race-specific effectors.7,8

Three major classes of plant NLRs—Toll-interleukin-1 receptor

domain NLRs (TNLs), CNLs, and RPW8-type NLRs (RNLs)—

are defined by the presence of either a Toll/interleukin-1 receptor

(TIR)-like domain, a coiled-coil (CC) domain, or an RPW8-like CC

domain (also known as a HeLo domain) at the N terminus,

respectively.8–10 Activation of the multi-domain NLRs involves

conformational changes leading to the assembly of supramolec-

ular complexes called ‘‘resistosomes.’’11–15 Activated CNLs

such as ZAR1 form pentameric resistosomes, which function

as non-selective calcium ion (Ca2+)-permeable channels at the

plasma membrane (PM).11,16 By contrast, pathogen-activated

TNLs such as Arabidopsis RPP1 and N. benthamiana Roq1

form tetrameric resistosomes, which have TIR-encoded nicotin-

amide adenine dinucleotide hydrolase (NADase) activity-pro-
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ducing nucleotide signaling intermediates for defense promo-

tion.13,17–21 Besides TNLs, plant genomes encode a number of

shorter TIR-NB-ARC-domain-containing and TIR-only pro-

teins.7,22,23 Therefore, TIR-mediated enzymatic activity plays a

pivotal role in plant immunity.

The execution of TNL and TIR enzyme-triggered immune

signaling requires the lipase-like proteins enhanced disease sus-

ceptibility 1 (EDS1), senescence associated gene 101 (SAG101)

and phytoalexin deficient 4 (PAD4), and activated disease resis-

tant 1 (ADR1)- or N requirement gene 1 (NRG1)-family RNLs.24–26

Two sets of non-cyclic ribosylated nucleotide products of the

TIR enzymes are bound by two distinct receptors: EDS1-

SAG101 and EDS1-PAD4 heterodimer complexes.27,28 This

promotes EDS1-SAG101- and EDS1-PAD4-facilitated confor-

mational changes in ADR1 and NRG1, respectively, leading to

their oligomerization.24–28 Oligomerized RNLs are enriched in

puncta on the PM andmediate cytoplasmic Ca2+ ([Ca2+]cyt) influx

in plant and human cells.29–31 In plant immunity, the signatures of

[Ca2+]cyt influx are decoded into distinct downstream outputs,

including host cell death.22,32 We recently showed that the plant

homolog of animal necroptosis inducer mixed-lineage kinase

domain-like (MLKL) contributes to TNL-triggered immunity.10
pril 10, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Arabidopsis MLKL1 forms clusters at the plasma membrane (PM) during TNL-triggered immunity in a HeLo-domain-dependent

manner

(A) Schematic representations of AtMLKLs. Top: AtMLKLs consist of four domains. Bottom: cryo-EM structure of a protomer of the AtMLKL3 tetramer (PDB:

6KA4). Subdomains are shown in different colors. Yellow: HeLo, purple: brace, green: pseudokinase, dark yellow: intrinsically disordered (ID). The ID region does

not appear in the cryo-EM structures, likely due to its instability.

(B) Confocal microscopy analysis of leaf epidermis expressing AtMLKL1-GFP. Left: top-view of leaf epidermal cells of Arabidopsis complementation line ex-

pressing AtMLKL1-GFP under the native cis-regulatory sequence in Atmlkl1 background10 upon challenge with Pf0-AvrRPS4 or Pf0-EV at 5 h post-infiltration

(legend continued on next page)
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Despite their roles in TNL-mediated EDS1-dependent immunity,

the functional relationship between RNLs and MLKLs is

not known.

Plant MLKLs and RNLs share an N-terminal four-helix bundle

in a CC arrangement, which is structurally similar to the N-termi-

nal HeLo domain (named after the fungal heterokaryon incom-

patibility locus (HET) and loss-of-pathogenicity B (LopB) pro-

teins) of animal MLKL, a lytic cell death inducer.10,29,33–35

HeLo-domain-containing proteins occur in diverse organisms,

exemplified by fungal HET-S36,37 and a viral MLKL-like protein.38

Plant and animal MLKLs have an N-terminal HeLo domain, fol-

lowed by a brace region and a pseudokinase domain.10,39,40

PlantMLKLs additionally possess aC-terminal intrinsically disor-

dered (ID) region that is missing in animal counterparts.10 The

cryoelectron microscopy (cryo-EM) structures of wild-type

AtMLKLs revealed a tetrameric configuration in which the N-ter-

minal HeLo domains are completely buried (Figure 1A), suggest-

ing that the tetrameric structure represents an auto-repressed

configuration of plant MLKLs.10 However, the mode of MLKL

activation and its immune activity remain obscure.

Here, we describe the N-terminal HeLo-domain-dependent

clustering of Arabidopsis MLKL1 (AtMLKL1) at the PM upon

TNL activation in Arabidopsis and Nicotiana benthamiana. Ge-

netic and functional studies indicate that AtMLKLs and RNLs

confer TNL-mediated immunity in a parallel manner and that

the AtMLKL N-terminal HeLo domain, which can self-oligomer-

ize, is indispensable for AtMLKL-mediated immunity. Further-

more, we detect a TNL-activation-dependent interaction be-

tween the EDS1-SAG101 dimer and AtMLKL1, suggesting a

mechanistic explanation for the lack of AtMLKL1 clustering on

the PM in an eds1 null mutant. Finally, we show that the HeLo

domain of plant MLKL mediates [Ca2+]cyt influx in plant and hu-

man cells and that plant MLKLs facilitate sustained [Ca2+]cyt
influx during TNL-triggered immunity but not CNL-triggered

immunity.

RESULTS

AtMLKL1 clusters at the PM during TNL-triggered
immunity in a HeLo-domain-dependent manner
As Arabidopsis MLKLs (AtMLKLs) confer TNL-triggered immu-

nity,10 we investigated the sub-cellular dynamics of AtMLKLs
(hpi). Right: top-view of leaf epidermal cells ofN. benthamiana transiently express

EV at 7 hpi.

(C) Quantification ofAtMLKL1-GFP puncta number. Left: puncta number in theAra

or Pf0-EV (n = 15). Right: puncta number in N. benthamiana at 7 hpi upon infilt

differences at p < 0.001.

(D) Clustered AtMLKL1-GFP signals overlapping with the PM tracer, FM4-64 in the

wall, respectively. White arrowheads indicate the AtMLKL1-GFP puncta.

(E) A time-course quantification of AtMLKL1-GFP puncta number in the Arabido

(F) Steady-state levels of AtMLKL1-GFP were comparable at each examined tim

total cell lysate from the Arabidopsis complementation line.

(G) The N-terminal HeLo domain is sufficient and necessary for puncta formation

taken at 48 h after agroinfiltration. White arrowheads indicate the AtMLKL1-GFP

brace and pseudokinase; B+P+ID, a variant lacking the HeLo domain.

(H) Disease resistance assay ofAtMLKL1 truncated variants against YFP-expressi

was used as a negative control.

(I) Disease resistance assay of the N-terminal HeLo domain of AtMLKL1 against P

replicates.

See also Figure S1.
during TNL-mediated immunity (Figure 1). We utilized a previ-

ously established Arabidopsis complementation line expressing

AtMLKL1-GFP under the native cis-regulatory sequence in an

Atmlkl1 background10 andNicotiana benthamiana transiently ex-

pressing AtMLKL1-GFP under a constitutive 35S promoter. We

chose AtMLKL1 for subsequent experiments due to the lower

expression of AtMLKL2 and 3 under native conditions,10,41

which hinders microscopic examination. We detected a greater

number of clustered GFP signals (GFP puncta) in leaf epidermal

cells of the Arabidopsis line and N. benthamiana upon infiltra-

tion with Pseudomonas fluorescens Pf0-1 (Pf0-1)-expressing

bacterial effectors AvrRPS4 and Xanthomonas outer protein

Q (XopQ) (hereafter Pf0-AvrRPS4 and Pf0-XopQ), respectively

(Figures 1B, 1C, and S1A). AvrRPS4 is recognized by the

TNL pair RRS1/RPS4 in Arabidopsis and XopQ by TNL Roq1

in N. benthamiana.42,43 In addition to the leaf epidermis,

AtMLKL1-GFP formed clusters in leaf mesophyll cells upon

expression of AvrRPS4 in protoplasts derived from the Arabi-

dopsis complementation line (Figures S1B and S1C). Clustered

AtMLKL1-GFP signals overlapped with fluorescence signals of

the PM tracer, FM4-64,44 in plasmolyzed epidermal cells, indi-

cating that AtMLKL1 clusters into puncta at the PM (Figure 1D).

Furthermore, the localization of AtMLKL1-GFP signals in the

brefeldin A (BFA)-induced vesicle compartment known as the

BFA body45 (Figure S1D), implies that Arabidopsis MLKLs

are trafficked to and endocytosed from the PM by the Golgi

and trans-Golgi network/early endosome-mediated secretory

pathway.46 We noted a transient and slight increase of puncta

formation upon infiltration with the Pf0-1 strain without effectors

(hereafter Pf0-EV) (Figure 1E), suggesting that PAMP-triggered

immunity also facilitates AtMLKL1 puncta formation. AtMLKL1-

GFP accumulation in leaves of the Arabidopsis line was compa-

rable at each time point upon infiltration with Pf0-AvrRPS4, Pf0-

EV, or mock treatment (Figure 1F). Therefore, altered AtMLKL

protein abundance does not explain induced localization and

clustering of AtMLKL1-GFP at the PM in the TNL-triggered im-

mune response.

Plant MLKL is a multi-domain protein comprising an N-termi-

nal HeLo domain followed by the brace, pseudokinase, and

ID regions10 (Figure 1A). To determine which domain(s) are

responsible for AtMLKL1 oligomerization (potentially explaining

induced puncta formation) and/or PM localization, we transiently
ingAtMLKL1-GFP under a 35S promoter upon challenge with Pf0-XopQ or Pf0-

bidopsis complementation line at 5 hpi upon infiltration of Pf0-AvrRPS4 (n = 29)

ration of Pf0-XopQ (n = 12) and Pf0-EV (n = 9). Asterisks indicate significant

plasmolyzed epidermal cells. The red and blue arrows indicate the PM and cell

psis complementation line.

e point upon infiltration with Pf0-AvrRPS4, Pf0-EV, and the mock treatment in

in N. benthamiana. No avirulent pathogens were challenged. The images were

puncta. H, HeLo; H+B, HeLo domain with brace; H+B+P, HeLo domain with

ng PVX inN. benthamiana. b-glucuronidase (GUS) derived from Escherichia coli

st DC3000 in Atmlkl123mutant background at 3 dpi. n = 16 from at least three
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overexpressed a series of C-terminally GFP-tagged AtMLKL1

truncated variants in N. benthamiana, without an ETI trigger (Fig-

ure 1G). We found that the HeLo domain alone (H) and the HeLo

domain with brace (H+B) variants appeared as puncta at the PM,

while neither the HeLo domain with brace and pseudokinase

(H+B+P) variant, a variant lacking the HeLo domain (B+P+ID),

nor full-length AtMLKL1 formed puncta (Figure 1G). As the

AtMLKL1 variants were barely detectable upon heterologous

expression by immunoblotting (data not shown), we verified their

expression by transfecting them into Arabidopsis protoplasts,

followed by immunoblotting (Figure S1E). Consistent with previ-

ous observations,10 full-lengthAtMLKL1 and the H+B+P variants

are associated with microtubules (Figures 1G and S1F). Taken

together, these results demonstrate that the N-terminal HeLo

domain is necessary and sufficient for the puncta formation

and the PM localization of AtMLKL1. They further suggest that

the pseudokinase domain is responsible for the autoinhibition

of AtMLKL1.

We next sought to determine which domain(s) of AtMLK1L are

responsible for disease resistance activity. Overexpression of

helper NLRs (e.g., NRG1 and ADR1) that contain the HeLo

domain at their N terminus conferred resistance against potato

virus X (PVX) in the absence of host cell death.47,48 Therefore,

we tested whether AtMLKL can suppress PVX proliferation by

co-expressing HA-tagged AtMLKL1 or its truncated variants

with a PVX variant expressing YFP. Because of a strong positive

correlation between PVX-derived YFP signal and PVX RNA (Fig-

ure S2A), we measured the YFP intensity of the leaf lysates as a

proxy for viral RNA accumulation and, thus, a measure of resis-

tance activity of AtMLKL1 forms (Figure 1H). The H and H+B var-

iants produced a lower YFP intensity compared with full-length

AtMLKL1 protein, indicating these variants have resistance ac-

tivity (Figure 1H). By contrast, the H+B+P and B+P+ID variants

and the variant lacking the HeLo domain and brace (P+ID) did

not limit PVX proliferation (Figure 1H). The HeLo domain also

conferred resistance against Pst DC3000 in the Atmlkl123

mutant background (Figure 1I). Taken together, our data suggest

that the tetrameric configuration of wild-type AtMLKLs (Fig-

ure 1A), represents an auto-repressed state of this protein family

and that AtMLKLs undergo a drastic conformational change,

which exposes the HeLo domains to resistance signaling

activity.

AtMLKL structure-guided mutagenesis reveals an
EDS1-dependent and RPW8-type helper NLR-
independent disease resistance activity
As the disease resistance assay (Figures 1H and 1I) suggests

that exposure of the HeLo domains from the tetramer is a pivotal

step in plant MLKL activation, we next performed structure-

guided mutagenesis in an attempt to disrupt MLKL autorepres-

sion. A closer inspection of the AtMLKL cryo-EM structure iden-

tified two intra-domain interactions (Figures 2A and 2B) and one

inter-domain interaction (Figures 2C and 2D) that could be a

direct cause of the burial of the HeLo domains in the tetramer

(Figure 1A). Two intra-domain interactions are mediated by an

interface between the HeLo domain and brace region and be-

tween the HeLo domain and the pseudokinase, which were

named the HB interface and the HP interface, respectively (Fig-

ures 2A and 2B), while one inter-domain interaction mediated by
4 Cell Host & Microbe 32, 1–13, April 10, 2024
an interface between HeLo domains is named the HH interface

(Figures 2C and 2D). Among residues involved in the interac-

tions, we substituted the hydrophobic residues with charged

glutamate or aspartate. Substitution of these residues is pre-

dicted to be thermodynamically unfavorable, destabilizing intra-

and inter-domain interactions in the tetramer.

Consistent with our activation model, combinatorial mutation

of the HP + HH interfaces resulted in increased disease resis-

tance to PVX compared with the wild-type AtMLKL1 in

N. benthamiana (Figure 2E). Similar to the abovemutation, muta-

tion in the HP + HB interfaces also resulted in increased resis-

tance (Figure 2E).Comparedwith thecombinedmutations, single

interfacemutations did not increase the disease resistance activ-

ity of the respective AtMLKl1 variants (Figure S2B), suggesting

that simultaneous dissociation of these interfaces is required

for AtMLKL1 activation. The previously identified gain-of-func-

tion variant carrying a phosphomimetic mutation in the activation

loop of the pseudokinase domain10 also showed increased dis-

ease resistance activity (Figure 2E). These gain-of-function vari-

ants conferred resistance against PVX without host cell death

(Figure S2C). Pathogen-activated TNL receptors recruit EDS1 di-

merswithRPW8-typehelperNLRs (RNLs) of theADR1andNRG1

families for downstream signaling.10,27,28,48,50,51 However, the

genetic relationship between RNLs and MLKLs, or between

EDS1 and MLKLs, in immunity remains unclear. Therefore, we

tested whether the gain-of-function variants of AtMLKL1 confer

immunity in the adr1 nrg1 knockoutmutant52 or theeds1pad4 sa-

g101ab (Nb-epss) mutant of N. benthamiana24 using the PVX-

based assay. We found that disease resistance activity of the

gain-of function variants was largely retained in an adr1 nrg1

mutant background, while resistance activity was barely de-

tected in the Nb-epss mutant background (Figure 2E). Notably,

the N-terminal HeLo domain of human MLKL confers resistance

in plants, suggesting the conserved in vivo activity of plant and

animal MLKLs (Figure S2D). Taken together, our analysis further

supports the idea that AtMLKL tetramers represent an auto-

repressed conformation. Moreover, these data imply that RNLs

and plant MLKLs can function in a parallel fashion.

The EDS1 circuit is required for AtMLKL1 clustering
during TNL-triggered immunity
As disease resistance activity of AtMLKL1 is dependent on the

EDS1 family in N. benthamiana (Figure 2E), we investigated

whether EDS1 is required for the sub-cellular relocalization and

oligomerization of AtMLKL1 during TNL-mediated immunity.

For this we transformed the Arabidopsis eds1-1253 mutant with

a construct that complements the Atmlkl1 mutation, restoring

endogenous levels of the GFP-tagged AtMLKL1.10 Upon infiltra-

tion with Pf0-AvrRPS4 triggering TNL immunity, no clustered

GFP signals were observed in the eds1 mutant background in

six transgenic lines (Figure 3A), despite comparable steady-state

levels of AtMLKL1-GFP protein in wild-type and eds1 back-

grounds (Figure 3B). In contrast with AtMLKL1-GFP full-length

protein, the GFP-tagged HeLo domain alone clustered around

the PM in theNb-epssmutant background (Figure 3C).We attrib-

uted this EDS1-independent clustering to autonomous self-as-

sociation of the AtMLKL1 HeLo domain as in size-exclusion

chromatography, a recombinantly expressed HeLo domain

eluted at an estimated molecular weight corresponding to



Figure 2. Structure-guided mutagenesis reveals distinct contributions of the EDS1 family and helper NLRs to the disease resistance activity

mediated by the gain-of-function variants of AtMLKL1

(A) Schematic and three-dimensional (3D) structures of AtMLKLs. Left: schematic representation of the intra-domain interfaces indicated by dashed lines. Right:

3D structure of the AtMLKL1 tetramer modeled by Alfafold2.49 As the cryo-EM structures of AtMLKL2 and AtMLKL3 are nearly identical, and the protein se-

quences of AtMLKL1, 2, and 3 are highly conserved, it is conceivable that AtMLKL1 also forms an AtMLKL3-like tetramer. The color code is identical to the left

schematic. One of four protomers is shown in color.

(B) The position of amino acid residues in the intra-domain interfaces in the AtMLKL1 protomer.

(C) Schematic representation of the inter-domain interfaces indicated by dashed lines.

(D) The position of amino acid residues in the inter-domain interfaces in the AtMLKL1 tetramer.

(E) Disease resistance assay using YFP-expressing PVX. HH+HP and HP+HB indicate AtMLKL1 variants harboring mutations at the HH+HP interfaces (G12D,

A16D, L20D, R74E, S287E, L341E, and R370E) and HP+HB interfaces (R74E, W93A, I97E, F213E, S287E, L341E, and R370E), respectively. The gain-of-function

variant S393D10 served as a positive control. GUSwas used as a negative control. The red asterisks indicate significant differences from thewild-typeAtMLKL1 at

p < 0.02, determined with Dunnett’s test. Black asterisks indicate significant differences at p < 0.01, which were determined with the Kruskal-Wallis H test.

See also Figure S2.
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Figure 3. EDS1 facilitates AtMLKL1 clustering during TNL-triggered immunity

(A) Confocal images of leaf epidermal cells ofArabidopsiswild type or eds1-12mutant expressing AtMLKL1-GFP under the native cis-regulatory sequence.White

arrowheads indicate the AtMLKL1-GFP puncta. Images were taken at 5–6 hpi with Pf0-AvrRPS4.

(B) Steady-state levels of AtMLKL1-GFP in total cell lysate from the indicated Arabidopsis lines upon infiltration with Pf0-AvrRPS4, Pf0-EV, and MgCl2. The

samples were collected at 5 hpi.

(legend continued on next page)
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approximately 15 protomers (Figures 3D and 3E). These results

prompted us to test for interaction between AtMLKL1 and the

AtEDS1-AtSAG101 functional dimer in N. benthamiana using

bimolecular fluorescence complementation (BiFC) and co-

immunoprecipitation (coIP) assays. As Arabidopsis EDS1 and

SAG101 do not co-function with N. benthamiana native

NRG1,24 we minimized interference by activated NbNRG1, by

transiently co-expressing C-terminally tagged AtMLKL1, At-

SAG101, and AtEDS1 in the Nb-epss mutant.

A BiFC assay using AtMLKL1-cYFP, AtSAG101-nYFP, and

AtEDS1-FLAG constructs detected YFP signals around the PM

and at nuclei upon infiltration with Pf0-XopQ, whereas no

marked YFP signal was detected upon infiltration with Pf0-EV

(Figure 3F). CoIP experiments also supported a in planta inter-

action between AtSAG101 and AtMLKL1 (Figures S3B and

S3C). Furthermore, co-expression of AtEDS1, AtSAG101, and

AtMLKL1 restored some Roq1-mediated resistance to Xantho-

monas campestris pv vesicatoria that carries XopQ43 in the Nb-

epss mutant background (Figure 3I). Unexpectedly, disease

resistance-inducing activity of the AtMLKL1 HeLo domain alone

was impaired in Nb-epss (Figure 3H). These results suggest that

EDS1 and SAG101 not only function in the activation step of

AtMLKL1 but are also involved in signaling downstream of acti-

vated AtMLKLs, which may constitute an immune-amplifying

feedback loop (see also discussion).

Plant MLKLs mediate [Ca2+]cyt influx in plant and
human cells
Plant MLKLs and RNLs share the N-terminal HeLo four-helix

bundle,10,29,33,34 and the latter was shown to mediate [Ca2+]cyt
influx in TNL immunity.29 Therefore, we examined the role of

plant MLKLs in [Ca2+]cyt influx in TNL immunity.32 Using mini-

mally invasive microscopic analysis, we monitored changes in

[Ca2+]cyt in leaves of wild-type and Atmlkl123 mutant plants ex-

pressing the GFP-based Ca2+ sensor GCaMP354,55 during

TNL- or CNL-triggered immune signaling. Unlike wild-type

plants, Atmlk123 mutant plants failed to mount a sustained

[Ca2+]cyt increase at 10–14 h post-infiltration with Pf0-AvrRPS4

(Figure 4A), while a transient [Ca2+]cyt increase at around 4 h

was detectable in both genotypes (Figure 4A). The transient

and sustained [Ca2+]cyt increases were a host response specific

to the Pf0-AvrRPS4 strain that activates the TNL pair RRS1/

RPS4, as the [Ca2+]cyt increases were undetectable upon infiltra-

tion of Pf0-EV (Figure 4A). In agreement with a limited contribu-

tion of AtMLKLs to CNL-triggered immunity,10 the [Ca2+]cyt in-

crease upon challenge with the Pf0-1 strain expressing

AvrRPM1(Pf0-AvrRPM1) that activates the RPM156 receptor

was similar between wild-type and Atmlk123 mutant back-
(C) Confocal images of leaf epidermis of the Nb-epss expressing AtMLKL1(HeLo)

puncta. The images were taken at 48 h after agroinfiltration.

(D) Size-exclusion chromatography profile of the 6xHis-Sumo-tagged HeLo dom

(E) Peak fractions in the size-exclusion chromatography were verified by SDS-PA

(F) BiFC assay between AtMLKL1 and AtSAG101 during TNL-triggered immunity

arrowhead and arrow, respectively.

(G) Quantification of the number of cells with YFP signals in BiFC assay upon the

(H) Disease resistance assay against PVX for the HeLo domain of AtMLKL1 in th

(I and J) Reconstitution of AtEDS1-, AtSAG101-, and AtMLKL1-mediated immu

positive control.24 n = 10 to 12 from three independent experiments. Different le

See also Figure S3.
grounds (Figure 4B). We noted that in the wild-type plants, the

patterns of [Ca2+]cyt influx were markedly different in response

to Pf0-AvrRPS4 and Pf0-AvrRPM1 strains, implying distinct

impacts of these TNL and CNL receptors on [Ca2+]cyt influx.

NRG1.1 andNRG1.2 RNLs are required for full activity of multiple

TNLs (e.g., RPP2, RPP4, and RPS4) in Arabidopsis.50 Our anal-

ysis did not detect a transient [Ca2+]cyt increase in the leaves of

the nrg1.1,1.2mutant expressing GCaMP3, whereas an increase

in [Ca2+]cyt at 12–14 h post-infiltration was detected (Figure S4A).

This increase may result in a delayed but sustained [Ca2+]cyt in-

crease in the nrg1.1,1.2 mutant. Taken together, our data

demonstrate that AtMLKL1 and the RNLs differentially regulate

AvrRPS4-dependent [Ca2+]cyt.

As the HeLo domain of AtMLKL1 is indispensable for both im-

munity and clustering at the PM (Figure 1), we tested whether the

HeLo domains of AtMLKLs can elicit [Ca2+]cyt influx in human

HEK 293 cells. We took advantage of an experimental system

that enables chemical (i.e., rapamycin)-induced de-repression

of HeLo domain activity (Figures 4E and S4B–S4D). Upon rapa-

mycin treatment, the N-terminal HeLo domain and HeLo domain

plus the brace region of AtMLKL1 induced [Ca2+]cyt influx in hu-

man HEK293T cells (Figures 4C and 4D). Notably, the HeLo

domain with the brace region of human MLKL (HsMLKL) also eli-

cited [Ca2+]cyt influx in HEK293T cells (Figures 4C and 4D).

Whereas the HeLo domain with the brace region of HsMLKL

caused necroptotic cell death, neither the HeLo domain of

AtMLKL1 nor the HeLo domain with the brace region ofAtMLKLs

caused cell death in HEK293T cells (Figures 4E and S4D). There-

fore, plant MLKL-mediated [Ca2+]cyt influx in HEK293T cells is

not a consequence of cell death. We detected an induced

GCaMP3 signal in stable transgenic N. benthamiana plants ex-

pressing GCaMP357 upon expression of the AtMLKL1 HeLo

domain (Figures 4E and S4F). Taken together, the data suggest

that plant MLKLs are recruited by TNL, but not CNL, receptors

for signaling leading to pathogen resistance and that plant

MLKLs contribute to TNL immunity through HeLo-domain-medi-

ated [Ca2+]cyt influx.

DISCUSSION

We show here that PM-localized plant MLKLs are mediators of

[Ca2+]cyt influx. AtMLKLs are preferentially engaged by TNL-

but not CNL-triggered immunity.10 Consistent with its disease

resistance phenotype, theAtmlkl null mutant is defective inmedi-

ating sustained Ca2+ influx during TNL (i.e., RPS4)-triggered im-

munity and not CNL (i.e., RPM1)-triggered immunity (Figures 4A

and 4B). The involvement of plantMLKLs in TNL-triggered immu-

nity is well supported by the observation that an EDS1-SAG101
-GFP. No avirulent pathogens were challenged. White arrowheads indicate the

ain of AtMLKL1. The position of the molecular weight marker is indicated.

GE.

. Enhanced YFP signals around the PM and at nuclei are indicated by the white

infiltration with Pf0-EV (n = 18) or Pf0-XopQ (n = 22).

e Nb-epss.

nity in Nb-epss against the X. c. vesicatoria (Xcv) strain. AtNRG1 served as a

tters indicate statistically significant differences at p < 0.05.
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Figure 4. Plant MLKLs are mediators of

cytoplasmic calcium ion influx

(A and B) A time-course fluorescent signal analysis

in the leaves of Col-0 expressing GCaMP355 and

two independent Atmlkl123 transgenic lines ex-

pressing GCaMP3 upon infiltration with (A) Pf0-

AvrRPS4 or (B) Pf0-AvrRPM1. The mean and the

standard error (SE) from at least three replicates

are shown.

(C and D) Live-cell [Ca2+]cyt measurement in hu-

man cells using Fluo-4-AM. The N-terminal HeLo

domain and the HeLo domain with brace region of

AtMLKL1 induced [Ca2+]cyt influx in human

HEK293T cells. (D) mock control. The mean and

the SE from at least three replicates are shown.

(E) Schematic representation of the rapamycin-

induced release of the N-terminal tag-free protein

of interest (POI) used in (C) and (D). The N-terminal

FKBP–rapamycin binding (FRB)-N-Ub and the

C-terminal FK506 binding protein (FKBP)-C-Ub-

POI are separated by the 2A self-cleaving pep-

tides. Rapamycin leads to dimerization of FRB/

FKBP, by which the formerly bisected ubiquitin

can fuse together, allowing deubiquitinases to

cleave and release POI.

(F) GCaMP3 signal in N. benthamiana upon

expression of the HeLo domain and the full-length

AtMLKL1 under a ß-estradiol inducible promoter.

The mean and ± SE are indicated (HeLo [n = 13],

full-length [n = 8], mock [n = 17]). Mock: non-

transformed agrobacteria.

(G and H) Model for plant MLKL-mediated [Ca2+]cyt
influx during TNL-triggered immunity. TNL-medi-

ated immunity associated with disease resistance

can be classified into two phases: (G) signal initi-

ation phase upon recognition of pathogen effector

and (H) signal amplification phase. (1) TNL re-

sistosomes generate NAD+-derived small mole-

cules. (2) Binding of small molecules by EDS1-

SAG101 dimers leads to a conformational

change in SAG101, which promotes NRG1 asso-

ciation and formation of the NRG1 resistosome, a

calcium-permeable cation channel. (3) Plant

MLKLs form EDS1-dependent higher-order oligo-

mers at the PM. (4) MLKLs and NRG1 confer

[Ca2+]cyt influx during TNL-mediated immunity in a

parallel manner. (5) Several genes encoding TNLs

and TIR-only proteins, which are transcriptionally

upregulated during immunity, contribute to an

EDS1-dependent feedback amplification of the

defense signal. (6) The increased amount of MLKL

proteins would contribute to MLKL-dependent

sustained [Ca2+]cyt increase during TNL-triggered

immunity. Besides protein levels, another, non-

mutually-exclusive explanation for the MLKL-

dependent sustained [Ca2+]cyt increase is that

structural variations in the TIR products may allow

distinct EDS1 receptor complexes to preferentially

activate MLKLs over RNLs. For simplicity, the

EDS1-PAD4 dimers and the putative ADR1 re-

sistosome are omitted from this model.

See also Figure S4.
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receptor complex that is targeted by TIR enzyme-generated

products is required for AtMLKL1 clustering at the PM

(Figures 3A and 3B). ID proteins can undergo liquid-liquid phase

separation (LLPS), a concentration-dependent mechanism

responsible for the formation of membrane-free condensates.58

Although AtMLKL1 contains an ID region (Figure 1A), the forma-

tion of AtMLKL1 condensates (i.e., puncta) appears to be inde-

pendent of protein concentration (Figure 1F), and its formation re-

quires EDS1 (Figure 3A). Therefore, it is unlikely that AtMLKL1

condensates are assembled via LLPS. In animals, the upstream

kinase RIPK3 phosphorylates the activation loop of the pseudo-

kinase domain, inducing oligomerization of MLKL mono-

mers.40,59–62 We envisage that an EDS1 complex might recruit

upstream kinase(s) to trigger conformational changes in plant

MLKLs, leading to the exposure of its HeLo signaling domains,

which possess a propensity for self-oligomerization (Figures 3D

and 3E) as well as for triggering Ca2+ influx in plant and human

cells (Figures 4C–4F).

Consistent with our earlier study,10 full-length AtMLKL1 asso-

ciates with microtubules, and the C-terminal ID region is not

required for this association (Figures 1G and S1F). Previous

work has shown that BRI1-BIK1 brassinosteroid receptor and

FLS2-BIK1 immune receptor complexes are trafficked to distinct

PM nanodomains under steady-state conditions, and only the

former complex associates with microtubules.63 Similar to the

BRI1-BIK1 complex, AtMLKL1-GFP localizes to the PM prior to

pathogen challenge (Figures S1A and S1D). Therefore, traf-

ficking of AtMLKL1 via microtubule-related machinery to a spe-

cific PM nanodomain may be a prerequisite for clustering of

AtMLKL1 at the PM. In the BiFC assay, AtMLKL1 associates

with AtSAG101 in nuclei (Figure 3F), despite the absence of a nu-

clear localization signal in AtMLKL1. The Arabidopsis EDS1-

SAG101 dimer has been shown to localize in both the cytoplasm

and nucleus.64,65 Therefore, the stable BiFC complex containing

AtMLKL1 and AtSAG101, and probably AtEDS1, can be traf-

ficked to the nucleus, which is facilitated by the EDS1-SAG101

dimer. A similar stable BiFC complex was detected in the nuclei

for NRG1 and EDS1-SAG101.66 As AtMLKL1-GFP does not

localize to the nucleus before or after TNL activation in A. thaliana

andN. benthamiana (Figures 1B and S1A), nuclear localization of

AtMLKL1 may be transient, if it occurs at all.

In necroptosis, oligomerized MLKL permeabilizes the PM via

incompletely characterized mechanisms,67–69 although it is clear

that itsN-terminalHeLodomain is indispensable.70,71Variousolig-

omeric states of activated MLKL have been reported (trimers, tet-

ramers, hexamers, higher-order oligomers, or disulfide-bond-

dependent amyloid polymers).60,62,71–75 TheHeLo-domain helices

of mouse, human, and plant MLKLs can be classified as amphi-

pathic helices, carrying segregated hydrophilic and hydrophobic

surfaces.8,68 Oligomerization of amphipathic helical proteins is

often linked to their activities inmembrane lysis.76–78 In ferroptosis,

another type of programmed cell death in animals,8 partial PM

damage results in the formation of a transient pore that causes

cytosolic Ca2+ influx.79 A similar mechanism might underlie plant

MLKL-mediated cytosolic Ca2+ influx. The Atmlkl123 mutant ex-

hibits a pronounced sensitivity to filamentous pathogens

compared with bacterial pathogens,10 suggesting that the contri-

bution of plant MLKLs to TNL-triggered immunity varies depend-

ing on themode of pathogen infection.80,81 Our minimally invasive
microscopy-based monitoring of [Ca2+]cyt using GCaMP3 re-

vealed two distinctive AvrRPS4-dependent [Ca2+]cyt increases: a

transient [Ca2+]cyt increase and a sustained [Ca2+]cyt increase (Fig-

ure 4A). Intriguingly, a transient [Ca2+]cyt increasepeaks at 4 h after

pathogen challenge in both wild type and the Atmlkl null mutant,

while the sustained [Ca2+]cyt increase starting at 10 h after path-

ogen challenge is absent in the Atmlkl123mutant (Figure 4A).

Instead, a transient [Ca2+]cyt increase is retained in the Atmlkl123

mutant (Figure 4A), which may partially compensate for the lack

of thesustained [Ca2+]cyt increase. Therefore, thedefect insustain-

ing [Ca2+]cyt inAtmlkl123might account for the varying susceptibil-

ity of the Atmlklmutant to different types of pathogenic microbes.

Additionally, our data suggest that the transient [Ca2+]cyt increase

peaking at 4 h is mediated by RNLs (Figure S4A).

Taken together, we propose amodel for how two distinct HeLo-

domain-containing protein families, namely plant MLKL and RNL,

contribute to TNL-mediated immune signaling (Figures 4G and

4H). Recent studies showed that TIR-domain-containing proteins,

which are often transcriptionally upregulated during ETI, amplify

immunesignalsat thesitesofpathogen infectionand/orpropagate

the signals from thepathogen infection site todistal tissues.3,4,22,23

Therefore, TNL-mediated immunity can be separated into two

phases: (1) a signal initiation phase (Figure 4G) and (2) a signal

amplification phase (Figure 4H). We show that AtMLKLs and

RNLs confer TNL-mediated immunity in a parallel manner

(Figure 2E). This is also supported by the reconstitution of Arabi-

dopsis MLKL-EDS1 signaling in N. benthamiana (Figures 3I and

3J). As an Arabidopsis EDS1-SAG101 does not substitute for Nb

EDS1-SAG101, which activates endogenous helper NbNRG1 in

N. benthamiana,24 the AtMLKL1-mediated immunity to Xcv ex-

pressing XopQ effector in the Nb-epss (Figure 3I) is independent

of NbNRG1.

PlantMLKLsandRNLsmediate [Ca2+]cyt influx inTNL-mediated

immunity (Figures 4A and S4A), but MLKLs contribute to the sus-

tained and intensified [Ca2+]cyt influx (Figure 4A). TIR-derived sig-

nal(s) propagation toneighboring cells22,82 could increase the sum

ofGCaMP3fluorescence (thusCa2+signaling) in certain regionsor

cell types of the leaf. Thismight explain why the Atmlkl123mutant

is much more susceptible to filamentous pathogens (e.g., pow-

dery mildew), which actively spread from infected cells to neigh-

boring healthy cells, than a leaf-infiltrating bacterial pathogen,

(e.g., P. syringae), which localizes at the inoculation site within

the time frame of an experiment.10 Increased levels of MLKL pro-

teins (Figure 2F) would contribute to an MLKL-dependent sus-

tained [Ca2+]cyt increase during RPS4-triggered immunity (Fig-

ure 4A). Besides MLKL protein elevation, another possibility is

that structural variations in TIR-produced metabolites could

enable distinctive EDS1 receptor complexes to preferentially acti-

vate MLKLs over RNLs. The plant TIR-produced metabolites

Phosphoribosyl-AMP (pRib-AMP) and ADP-ribosylated-ATP

(ADRr-ATP) promote association of EDS1 receptors with the

downstreamRNLsNRG1andADR1,27,28while plant TIR-onlypro-

teins like BdTIR generate �100-fold more 20 cyclic adenosine

diphosphate ribose (20cADPR), in planta relative to TIR domains

from TNL proteins.17,83 Moreover, plant TIR-only proteins are

also linked with abiotic stress responses.84,85 A recent study

showed that AtMLKL1 mediates an abiotic stress response (i.e.,

salt stress),86 lending further support to the notion that plant

MLKLs are integral signaling components of the TIR pathway.
Cell Host & Microbe 32, 1–13, April 10, 2024 9
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Liu, P., Shen, Q.-H., Micluta, M.A., Somssich, I.E., et al. (2011). Coiled-

Coil Domain-Dependent Homodimerization of Intracellular Barley

Immune Receptors Defines a Minimal Functional Module for Triggering

Cell Death. Cell Host Microbe 9, 187–199.

96. Förderer, A., Li, E., Lawson, A.W., Deng, Y.N., Sun, Y., Logemann, E.,

Zhang, X., Wen, J., Han, Z., Chang, J., et al. (2022). A wheat resistosome

defines common principles of immune receptor channels. Nature 610,

532–539.

97. Liu, D., Shi, L., Han, C., Yu, J., Li, D., and Zhang, Y. (2012). Validation of

reference genes for gene expression studies in virus-infected Nicotiana

benthamiana using quantitative real-time PCR. PLoS One 7, e46451.

98. Onozuka, N., Ohki, T., Oka, N., and Maoka, T. (2021). One-step real-time

multiplex reverse transcription-polymerase chain reaction assay with

melt curve analysis for detection of potato leafroll virus, potato virus S,

potato virus X, and potato virus Y. Virol. J. 18, 131.

99. Yoo, S.-D., Cho, Y.-H., and Sheen, J. (2007). Arabidopsis mesophyll pro-

toplasts: a versatile cell system for transient gene expression analysis.

Nat. Protoc. 2, 1565–1572.

100. Durocher, Y., Perret, S., and Kamen, A. (2002). High-level and high-

throughput recombinant protein production by transient transfection of

suspension-growing human 293-EBNA1 cells. Nucleic Acids Res. 30, E9.

101. Repetto, G., del Peso, A., and Zurita, J.L. (2008). Neutral red uptake

assay for the estimation of cell viability/cytotoxicity. Nat. Protoc. 3,

1125–1131.
Cell Host & Microbe 32, 1–13, April 10, 2024 13

http://refhub.elsevier.com/S1931-3128(24)00059-3/sref81
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref81
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref82
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref82
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref82
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref83
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref83
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref83
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref83
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref84
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref85
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref86
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref86
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref86
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref86
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref87
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref88
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref88
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref88
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref88
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref89
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref89
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref89
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref89
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref90
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref90
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref90
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref91
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref91
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref91
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref92
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref92
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref92
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref92
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref93
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref93
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref93
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref94
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref94
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref94
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref94
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref94
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref95
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref95
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref95
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref95
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref95
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref96
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref96
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref96
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref96
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref97
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref97
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref97
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref98
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref98
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref98
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref98
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref99
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref99
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref99
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref100
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref100
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref100
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref101
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref101
http://refhub.elsevier.com/S1931-3128(24)00059-3/sref101


ll
OPEN ACCESS Short article

Please cite this article in press as: Shen et al., Cytoplasmic calcium influx mediated by plant MLKLs confers TNL-triggered immunity, Cell Host &
Microbe (2024), https://doi.org/10.1016/j.chom.2024.02.016
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat Monoclonal Anti-HA Sigma-Aldrich Cat# 11867423001

Goat Anti-Rat Sigma-Aldrich Cat# AP136P

Rabbit Polyclonal Anti-GFP Abcam Cat# ab6556

Goat Anti-Rabbit Sigma-Aldrich Cat# A9169

Mouse Monoclonal Anti-FLAG Sigma-Aldrich Cat# F1804

Goat Anti-Mouse Sigma-Aldrich Cat# A9316

Horseradish peroxidase (HRP)-coupled Anti-DYKDDDDK Miltenyi Biotec Cat# 130-101-572

Horseradish peroxidase (HRP)-coupled Anti-HA Miltenyi Biotec Cat# 130-091-972

Mouse monoclonal Anti- Alpha-Tubulin Sigma-Aldrich Cat# T6074

HRP-coupled Anti-mouse Cell Signaling Technology Cat# 7076S

Bacterial and virus strains

Chemically Competent E. coli MPIPZ stock N/A

Electrically Competent A. tumefaciens GV3101 (pMP90RK or pMP90Rgent) MPIPZ stock N/A

Pseudomonas syringae pv. tomato (Pst) DC3000 Mahdi et al.10 N/A

Xanthomonas campestris pv vesicatoria (Xcv 85-10) Thieme et al.87 N/A

P. fluorescens 0-1 expressing empty vector (Pf0-EV) Saucet et al.42 N/A

P. fluorescens 0-1 expressing AvrRps4 (Pf0-AvrRps4) Saucet et al.42 N/A

P. fluorescens 0-1 expressing AvrRpm1(Pf0-AvrRpm1) Grant et al.56 N/A

P. fluorescens 0-1 expressing XopQ (Pf0-XopQ) Schultink et al.43 N/A

Biological samples

Arabidopsis thaliana leaves Arabidopsis thaliana N/A

Arabidopsis thaliana protoplasts Arabidopsis thaliana N/A

Nicotiana benthamiana leaves Nicotiana benthamiana N/A

Chemicals, peptides, and recombinant proteins

Brefeldin A Sigma-Aldrich Cat# B6542

Cycloheximide Sigma-Aldrich Cat# 239763-M

Chitin (NA-COS-Y) Mahdi et al.10 N/A

Flagellin epitope flg22 MPIPZ stock N/A

Oryzalin Sigma-Aldrich Cat# 36182

Fluo-4 AM AAT Bioquest Cat# 20551

FM4-64 Sigma-Aldrich Cat# SCT127

Critical commercial assays

RNeasy Plant Mini Kit QIAGEN Cat# 74904

4x Laemmli Sample Buffer Bio-Rad Cat# 1610747

GFP Selector magnetic beads NanoTag Cat# N0310

Experimental models: Cell lines

Sf21 insect cells Invitrogen Cat# 11497013

Human embryonic kidney, HEK293T ATCC CRL-3216�

Experimental models: Organisms/strains

Arabidopsis: Col-0 MPIPZ stock N/A

Arabidopsis: mlkl123 Mahdi et al.10 N/A

Arabidopsis: MLKL1-GFP Mahdi et al.10 N/A

Arabidopsis: eds1-12 Ordon et al.53 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: MLKL1-GFP in eds1-12 This paper N/A

Arabidopsis: 35S::Helo-GFP in mlkl123 This paper N/A

Arabidopsis: 35S::GCaMP3 in Col-0 Vincent et al.55 N/A

Arabidopsis: 35S::GCaMP3 in mlkl123 This paper N/A

Arabidopsis: 35S::GCaMP3 in nrg1.1,1.2 This paper N/A

Nicotiana: WT This paper N/A

Nicotiana: eds1a, pad4, sag101a, sag101b Lapin et al.24 N/A

Nicotiana: 35S::GCaMP3 in WT DeFalco et al.57 N/A

Oligonucleotides

See Table S1 for primers This paper N/A

Recombinant DNA

pUC19-AvrRps4-3xFLAG Xing et al.88 N/A

pAMPAT-35S-mClover3 This paper N/A

pAMPAT-35S-HeLo-mClover3 This paper N/A

pAMPAT-35S-HeLoBrace-mClover3 This paper N/A

pAMPAT-35S-HeLoBracePseudokinase-mClover3 This paper N/A

pAMPAT-35S-AtMLKL1-mClover3 This paper N/A

pAMPAT-35S-BracePseudokinaseID-mClover3 This paper N/A

pAMPAT-35S-HeLo-3xHA This paper N/A

pAMPAT-35S-HeLoBrace-3xHA This paper N/A

pAMPAT-35S-HeLoBracePseudokinase-3xHA This paper N/A

pAMPAT-35S-AtMLKL1-3xHA This paper N/A

pAMPAT-35S-BracePseudokinaseID-3xHA This paper N/A

pXCSG-35S-HB-3xHA This paper N/A

pXCSG-35S-HP-3xHA This paper N/A

pXCSG-35S-HH-3xHA This paper N/A

pXCSG-35S-HH+HP-3xHA This paper N/A

pXCSG-35S-HP+HB-3xHA This paper N/A

pXCSG-35S-S393D-3xHA This paper N/A

pSfinx-mYFP This paper N/A

pAMPAT-35S-AtMLKL1-cYFP This paper N/A

pESPY-35S-AtSAG101-nYFP This paper N/A

pXCSG-AtEDS1-FLAG Lapin et al.24 N/A

pXCSG-AtSAG101-FLAG Lapin et al.24 N/A

pXCSG-AtNRG1.1-3xHA Lapin et al.24 N/A

pXCSG-GUS-FLAG Lapin et al.24 N/A

pBIN20-35S-GCaMP3 Vincent et al.55 N/A

pMDC7-HeLo-3xHA This paper N/A

pGWB517-35S-P19 This paper N/A

pGWB517-35S-CMV2b This paper N/A

pcDNA�5/FRT/TO- HsMLKL (HeLo+Brace)-FLAG This paper N/A

pcDNA�5/FRT/TO- AtMLKL (HeLo)-FLAG This paper N/A

pcDNA�5/FRT/TO- AtMLKL (HeLo+Brace)-FLAG This paper N/A

Software and algorithms

Fiji Schindelin et al.89 https://fiji.sc/

R studio RStudioTeam, 2018 http://www.rstudio.com/

Alfafold2 Jumper et al.49 https://alphafold.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Takaki

Maekawa (tmaekawa@uni-koeln.de).

Materials availability
All unique reagents generated in this study, including plasmid vectors used to generate transgenic plants, are available from the lead

contact with a completed Materials Transfer Agreement.

Data and code availability
This paper does not report original code. All the R codes and additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Arabidopsis thaliana and growth conditions
The Arabidopsis thaliana complementation line expressing AtMLKL1-GFP under the native cis-regulatory sequence in Atmlkl1 back-

ground was described previously.10 Using the floral dip method,90 Arabidopsis Col-0 (wild-type) and the eds1-12mutant53 were trans-

formedbyAgrobacterium tumefaciens strainGV3101pMP90RK91 carrying the aboveAtMLKL1-GFP complementation construct. Simi-

larly, theAtmlkl123 triplemutant10 andAtnrg1.1,1.2 doublemutant24were transformed byA. tumefaciens strainGV3101pMP90Rgent91

carrying pBIN20::CaMV35S:GCaMP3.55 Wild-type A. thaliana plants transformed with pBIN20::CaMV35S:GCaMP3 were generated

previously.55 Plant growth conditions were described previously.41 To screen transgenic Arabidopsis plants, surface-sterilized seeds

(washed 3 times with 75% ethanol, followed by washing 4 times with MilliQ water) were sown on half strength Murashige and Skoog

agar plates with appropriate antibiotics. MS plates with seeds were placed at 4 �C for 2 days and transferred to growth chambers

with following conditions: 10 h light, 14 h dark, 100-150 mmol m-2 s-1, 22 �C, 65% humidity.

Nicotiana benthamiana and growth conditions
N. benthamiana seeds of the wild-type, transgenic line andmutants described in the key resources table were sown onmoist soil and

covered with a plastic lid until the seeds germinated. N. benthamiana plants transformed with pBIN20::CaMV35S:GCaMP3 were

generated previously.57 Plants were grown in a greenhouse chamber under the following conditions: 14 h light, 10 h dark, 100-

150 mmol m-2 s-1, 23�C, 65% humidity. Plants 4-5 weeks old were used for all experiments.

Pathogen strains and growth conditions
Pseudomonas syringae pv. Tomato DC3000 (Pst) DC3000, Pseudomonas fluorescens 0-1 (Pf0-1) strain and Xanthomonas campest-

ris pv. vesicatoria (Xcv 85-10) described in the key resources table were grown on selective nutrient yeast glycerol agar (NYGA) me-

dium (5 g peptone, 3 g yeast extract, 20 ml glycerol for 1 L, pH 7.0, 1.5% (w/v) agar for plating) plates with the appropriate antibiotics

at 28 �C for 1 day. The selective antibiotic for PstDC3000 cultivation is 100 mg/ml rifampicin. The selective antibiotics for Pf0-EV, Pf0-

AvrRPS4 and Pf0-XopQ cultivation are 5 mg/ml tetracycline, 25 mg/ml gentamycin and 30 mg/ml chloramphenicol. The selective an-

tibiotics for Pf0-AvrRpm1 cultivation are 5 mg/ml tetracycline, 50 mg/ml carbenicillin and 25 mg/ml kanamycin. The selective antibiotics

for Xcv cultivation are 100 mg/ml rifampicin and 150 mg/ml streptomycin. The plates containing the pathogens were kept in a fridge at

4 �C. Before each experiment, bacteria were streaked onto fresh selective NYGA plates and grown overnight.

Agrobacterium tumefaciens growth condition
Agrobacterium cultures were plated on the Yeast Extract Beef (YEB) medium (5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g

sucrose, 2 ml MgSO4 (1 M), pH 7.2, 1 % (w/v) agar for plating) plates with the corresponding antibiotics of the plasmid described

in the key resources table in an appropriate concentration. Plates were incubated in 28 �C for 2 to 3 days until single colonies

were visible.

Human cell and culture conditions
Human embryonic kidney (HEK293T; ATCC� CRL-3216�) cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM; In-

vitrogen) supplemented with 10% fetal-bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) and maintained at 37 �C, 95%
humidity and 5% CO2.

METHOD DETAILS

Ca2+ imaging in leaves
The GCaMP3 signal was acquired in a temperature-controlled (22�C) dark room by amotorized fluorescence stereomicroscope Nikon

SMZ25 equipped with a 0.5 x objective lens (SHR Plan Apo, WD:71, Nikon) and a high-resolution Nikon DS-Ri2 camera. GCaMP3 was
e3 Cell Host & Microbe 32, 1–13.e1–e6, April 10, 2024
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excitedusingaNikonGFP-BPfilter cube, EX: 470/40andEM:525/50.Every5min, theGCaMP3signalwasacquiredandanalyzedby the

NIS-Elements Advanced Research microscope imaging software. In the figure, data from every 30 min are shown. For the time-lapse

measurement for A. thaliana, 4–6-week-old plants were used. Immediately after the infiltration of bacterial suspension, the detached

leaves were arranged on a piece of black cardboard that was placed over a wet paper tissue before being placed in a plastic Petri

dish. After adjustment of exposure time (usually to 5 s), the measurement was started. During the experiment, the Petri dish was closed

with a lid. For the image analysis, Fiji software89 was used to adjust brightness and contrast. Furthermore, for all leaves, an individual

Region of Interest (ROI) was defined and fluorescence levels were displayed by ‘Plot Z-axis profile’. For the bacterial infiltration, the

OD600wasadjusted to0.2withautoclavedmilliQwater.Theabaxial sidesof the leaveswere infiltratedwith thebacterial suspensionusing

a 1-ml needleless syringe. The site wounded by the syringe as well as the infiltrated area was marked with a permanent marker.

ß-estradiol-based transient protein expression in N. benthamiana for Ca2+ imaging
Agrobacterium culture and agroinfiltration were essentially described previously.92 A. tumefaciens strain GV3101 pMP90RK carrying

the ß-estradiol-inducible constructs (pMDC7-GW-3xHA93) of AtMLKL1 variants or an empty vector (OD600 = 0.8) were co-infiltrated

into leaves of N. benthamiana expressing GCaMP357 with A. tumefaciens strain GV3101 pMP90RK carrying pGWB517::

CaMV35S:CMV2b (OD600 = 0.2) and pGWB517:35S:P19 (OD600 = 0.2). A needleless 1-ml syringe was used for infiltrations. One

leaf was infiltrated a maximum of six times, without overlapping infiltration sites. For the ß-estradiol application, the infiltrated leaves

were sprayed with 200 mMß-estradiol solution containing 0.002% [v/v] Silwet L-77 two days after infiltration with A. tumefaciens. The

GCaMP3 signal was measured as described above. Leaves samples were collected by harvesting five 6-mm leaf-discs using a bi-

opsy punch from the infiltrated areas. The collected leaf discs were snap-frozen using liquid nitrogen and kept in a -80�C freezer until

protein extraction.

Immunoblotting (N. benthamiana)
For protein extraction in N. benthamiana, the samples were ground to fine powder, and 250 ml of urea–SDS extraction buffer (50 mM

Tris-HCl pH 6.8, 2% SDS, 8 M urea, 2% b-mercaptoethanol, 5% glycerol) was added to the tube containing the sample powder. All

samples were subsequently incubated at room temperature (RT) for 10 min with shaking and without further boiling. The resulting

lysate was centrifuged 2 times at 16,000 x g for 10 min at RT. After each centrifugation the supernatant was transferred to a new

tube. The protein concentration was determined by a Bradford protein assay using BSA (Thermo Scientific Albumin Standard Kit)

as a standard and measuring the absorbance at 600 nm.

The proteins were separated by SDS-PAGE. Electrophoresis was performed at 100 V for 60-90 min, and proteins were transferred

to polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked in 5%milk TBS-T for 3 h and incubated overnight

at 4�Cwith the appropriate primary antibody in 5% nonfat dry milk TBS-T. The appropriate horseradish (HRP)-conjugated secondary

antibody was applied for 2 h in 5%milk TBS-T.Membrane detection was performed using SuperSignalWest FemtoMaximumSensi-

tivity Substrate (Thermo Fisher Scientific) and the ChemiDoc MP imaging system (Biorad). Equal protein transfer was monitored by

staining membranes with Ponceau S or Coomassie Brilliant Blue. The following antibodies were used in immunoblot assays: mono-

clonal rat anti-HA antibody (Sigma Aldrich) diluted 1:4,000, goat anti-rat peroxidase antibody (Sigma-Aldrich) diluted 1:5,000,

polyclonal rabbit anti-GFP antibody (Abcam) diluted 1:4,000, goat anti-rabbit peroxidase antibody (Sigma-Aldrich) diluted

1:5,000, monoclonal mouse anti-FLAG antibody (Sigma-Aldrich) diluted 1:3,000, goat anti-mouse alkaline phosphatase antibody

diluted 1:5,000 (Sigma-Aldrich).

Immunoblotting (A. thaliana)
For protein extraction inA. thaliana, the samples were ground to fine powder, and an equal volume of 2x Laemmli Sample Buffer (Bio-

Rad) with 10% 2-mercaptoethanol was added to the tube containing the sample powder. All samples were subsequently boiled at

65�C for 10 min. After this, the procedure was the same as described for immunoblotting in N. benthamiana.

Pathogen infection assays using YFP-expressing Potato virus X
The monomeric YFP coding region was amplified from pXCSG-YFP65 by PCR using the primers containing the SfiI recognition sites

and the PCR product was digested with SfiI (NEB) and ligated into the SfiIA and SfiIB sites of the binary PVX-based expression vec-

tor.94 The resulting plasmid designated as pSfinx-mYFP was transformed into A. tumefaciens strain GV3101 pSoup.94 The coding

regions of GUS (Thermo Fisher Scientific), the HH+HP (G12D, A16D, L20D, R74E, S287E, L341E, R370E) variant of AtMLKL1, the

HP+HB (R74E, W93A, I97E, F213E, S287E, L341E, R370E) variant of AtMLKL1, and the S393D variants of AtMLKL1 were cloned

into pXCSG-3HA95 using LR Clonase II (Thermo Fisher Scientific) or In-Fusion cloning (Takara Clontech). The resulting plasmids

were transformed into A. tumefaciens strain GV3101 pMP90RK.91 The A. tumefaciens strain carrying pSfinx-mYFP (OD600 =

0.001) and the A. tumefaciens strain carrying either GUS or AtMLKL1 variants (OD600 = 0.6) were co-infiltrated into leaves of wild-

type, adr1 nrg1 mutant,52 or eds1 pad4 sag101a sag101b mutant24 of N. benthamiana. The A. tumefaciens strains each carrying

Sr35 (OD600 = 0.075) and AvrSr35 (OD600 = 0.5)96 were used as controls.

At 4 days after infiltration, ten 5-mm leaf discs per condition were collected using a biopsy punch from the infiltrated areas. The

collected leaf discs were snap-frozen using liquid nitrogen and kept in a -80 �C freezer until use. The leaf discs were ground using

a pestle or Retsch mill, and 200 ml of the extraction buffer (50 mM Tris-HCl pH 8.40, 150 mMNaCl, proteinase inhibitor (Roche: cOm-

plet, EDTA-free Protease Inhibitor Cocktail)) were added. The resulting lysate was centrifuged at 30,000 x g for 5 min and 80 ml of the
Cell Host & Microbe 32, 1–13.e1–e6, April 10, 2024 e4



ll
OPEN ACCESS Short article

Please cite this article in press as: Shen et al., Cytoplasmic calcium influx mediated by plant MLKLs confers TNL-triggered immunity, Cell Host &
Microbe (2024), https://doi.org/10.1016/j.chom.2024.02.016
supernatant was loaded into a black 96 well plate (Corning: CLS3915-100EA). The fluorescence microplate reader (TECAN: Tecan

infinite 200 pro) was used to measure YFP intensity (excitation: 516 nm and emission: 560 nm). YFP intensity was used as a proxy for

PVX viral load.

For correlation analysis between YFP intensity and RNA encoding the coat protein (CP) of PVX, different concentrations of

A. tumefaciens containing pSfinx-mYFP (OD600 = 0.0001, 0.001, 0.01) were infiltrated into the abaxial side of N. benthamiana leaves.

Four days after infiltration, 20 5-mm leaf discs per condition were collected from the infiltrated leaves, and ten randomly selected leaf

discs were used for protein and RNA extraction, respectively. RNA extraction, reverse transcription, and qPCRwere performed as pre-

viously described.41The relativeexpressionofRNAencodingCPwasnormalized to theNbF-BOXgene,whichwaspreviouslydescribed

to be highly constant in virus-infectedN. benthamiana plants.97 The gene-specific primers (in 5’ to 3’ direction) were as follows:PVX CP

(fw: TTCGACTTCTTCAATGGAGTC, rv: TCCAGTGATACGACCTCG),98 NbF-BOX (fw: GGCACTCACAAACGTCTATTTC, rv: ACCTGG

GAGGCATCCTGCTTAT).97

Recombinant protein expression in insect cells and size-exclusion analysis
AtMLKL1 (residues 1–133) with an N-terminal His6-SUMO tag construct in the pFastBac1 vector (Invitrogen) was generated using a

standard PCR-based cloning strategy. The protein was expressed in Sf21 insect cells. One litre of cells was infected with 20 ml ba-

culovirus at 28 �C. After 48 h of growth at 28 �C, the cells were harvested and resuspended in a buffer containing 50 mM Tris-HCl pH

8.0 and 300mMNaCl, and lysed by sonication. The soluble fraction was purified from the cell lysate using cobalt affinity resin (HisPur

Cobalt Resin). The protein was subsequently subjected to size-exclusion analysis (Cytiva: Superose 6 Increase 10/300 GL).

Confocal microscopy
Transfected protoplasts in a chamber slide (Nunc Lab-Tek, Thermo Fisher Scientific) with incubation buffer, i.e. WI solution,99 or 2–

6 mm leaf discs prepared from rosette leaves of Arabidopsis or Nicotiana plants with or without pathogen challenge were observed

under a confocal microscope (LSM880, Carl Zeiss, Germany) equipped with a 40x water-immersion and a 63x oil-immersion objec-

tive. Lambda stack images were obtained for spectral imaging. Images were analyzed and processed with ZEN Software (Carl Zeiss)

and Fiji.89

Construction of plasmids with AtMLKL1 variants
Unless otherwise specified, coding sequences (CDS) of AtMLKL1 variants without stop codons were initially cloned into pENTR/D-

TOPO, pDONR221, or pDONR207 (Thermo Fisher Scientific). For mClover3-tagged AtMLKL1 variants, CDS were cloned into

D-TOPO-mClover3 using In-Fusion cloning (Takara Clontech). Entry clones were transferred into the Gateway cloning-compatible

pAMPAT-GW-3xHA or pAMPAT-GW expression vectors.95 The delineation of domain boundaries of AtMLKL1 is as follows,

HeLo: aa 1–133, Brace: aa 134–220, Pseudokinase aa 221–567, Intrinsically disordered (ID) region aa 568–717.

Transient gene expression in protoplasts
Protoplasts were isolated from the leaves of 4-week-old Arabidopsis thaliana complementation line expressing AtMLKL1-GFP under

the native cis-regulatory sequence in the Atmlkl1 background. Transfection was as previously described.99 The AvrRps4 gene was

fused with the FLAG epitope on the pUC19 vector,88 kindly provided by Dr. Jane Parker’s lab. Immunoblotting was performed as

described above.

Bimolecular fluorescence complementation (BiFC) assays
Agrobacteria delivering BiFC constructs AtEDS1-FLAG (OD600 = 0.2), AtSAG101-nYFP (OD600 = 0.2), and AtMLKL-cYFP (OD600 =

0.8) were infiltrated into leaves of N. benthamiana quadruple mutant eds1a pad4 sag101a sag101b (Nb-epss).24 At 48 hpi, Pf0-

XopQ or Pf0-EV (OD600 = 0.3) were infiltrated into the same leaf zone. At 6-8 hpi of Pf0-1 strain, leaf discs were used to observe fluo-

rescence under a confocal microscope (LSM880, Carl Zeiss, Germany).

Pathogen infection assays (Pst DC3000)
Pseudomonas syringae pv. tomato (Pst) DC3000 was syringe-infiltrated into Arabidopsis leaves at OD600 = 0.0005 in 10 mMMgCl2.

Bacterial titers were determined at 3 dpi. The released Pseudomonas bacteria were diluted and plated onto NYGA plates supple-

mented with 100 mg/L rifampicin and 25 mg/L kanamycin.

Xanthomonas growth assay in N. benthamiana

Xanthomonas campestris pv vesicatoria (Xcv 85-10)87 was kindly provided by Ulla Bonas and Johannes Stuttmann at University of

Halle. The Xcv growth assays in N. benthamiana quadruple mutant eds1a pad4 sag101a sag101b (Nb-epss) in the presence of agro-

bacteria-delivering proteins AtEDS1-FLAG (OD600 = 0.2), AtSAG101-FLAG (OD600 = 0.2), AtNRG1-HA (OD600 = 0.5) and AtMLKL-

GFP (OD600 = 0.8) were performed as described previously.24,26 Xcv strains were syringe-infiltrated into same leaf zone of transient

expression protein at OD600 = 0.0005 in 10 mMMgCl2. Samples were collected at 6 days after Xcv infiltration. The released bacteria

were diluted and the dilutions were plated on fresh selective NYGA plates.
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Drug treatments
Drugs were used at the following concentrations: 50 mMCHX, 50 mMBFA, 1mg/ml chitin, 5 mM flg22. AtMLKL1-GFP seedlings were

treated with various mixed working solutions for 1 h. Before observation under a confocal microscope (LSM880, Carl Zeiss, Ger-

many), samples were immersed in 10 mM FM4-64 for 10 min. Plasmolysis was induced by 0.8 M mannitol for 25 min.

Immunoprecipitation assays
Protein was purified from 1.0 g infiltratedN. benthamiana leaves. Samples were ground to fine powder by amortar and pestle in liquid

nitrogen. Then, 2 ml of extraction buffer (10% glycerol, 50 mM Tris-HCl pH 7.5, 5 mMMgCl2, 150 mMNaCl, 10 mMDTT, 0.25%NP-

40, 0.25% TritonX-100, 0.6 mM PMSF, 20 mM MG132, 1x Plant protease cocktail (11873580001, MilliporeSigma)) were added. Ly-

sates were incubated on ice for 10 min and were centrifuged for 10 min at 13000 3 g, two times. The 50 ml aliquots of the filtered

supernatant were taken as input samples. Co-IPs were conducted for 2 h with 20 ml GFP magnetic beads (NanoTag) under constant

rotation. Beads were washed 4 times in wash buffer (same as extraction buffer but without DTT, PMSF, MG132 and 50mM NaCl).

Immunoblotting was performed as described for immunoblotting in N. benthamiana.

Plasmid construction for protein expression in human cell culture
The expression constructs of the C-terminally FLAG-tagged HsMLKL (HeLo+Brace) and AtMLKL1 truncations (Helo only, HeLo+

Brace, and full length) were generated by PCR in combination with In-Fusion cloning (Takara Clontech). Phusion DNA Polymerase

(New England Biolabs) was used for PCR. For protein expression in human cell culture, all purified PCR products were cloned

into the pcDNA5/FRT/TO vector (ThermoFisher) together with the purified CIUDAD PCR construct (unpublished, AG Hofmann, Fig-

ure 4E) using In-Fusion (Takara Clontech).

Plasmid transfection into HEK293T cells
HEK293T cells were transfected using PEI.100 In brief, 1 mg/ml (PEI: DNA = 2.5:1) transfection mix was added in DMEM supplemented

with 5%FBS and 0.5% antibiotics to the cells. Transfection reagent was replacedwith DMEM (10%FBS and 1%antibiotics) 5 h after

transfection.

Immunoblotting (human cells)
HEK293Tcellswere lysed in1xLaemmli samplebuffer (125 mMTris-HCl,pH6.8, 20%glycerol, 4%SDS,0.03%bromophenolblue,20ml/

ml ß-mercaptoethanol). Thewhole-cell lysateswere sonicated, boiled for 10minutes, and thenproteinswere resolvedby sodiumdodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After transfer of separated proteins onto PVDF membranes, membranes were

blocked in 5% blocking solution (5% milk powder in PBS-T) and then probed for FLAG, HA and tubulin using horseradish peroxidase

(HRP)-coupled anti-DYKDDDDK antibody (Miltenyi Biotec), horseradish peroxidase (HRP)-coupled anti-HA antibody (Miltenyi Biotec),

anti-alpha-tubulin (Sigma Aldrich) and the appropriate HRP-coupled anti-mouse antibody (Cell Signaling Technology). Proteinswere de-

tected using enhanced chemiluminescence (ECL; BiozymWesternBright) and signals were collected using GelDoc Imager (BioRad).

Live-cell cytoplasmic Ca2+ imaging in human cells
HEK293T cells were seeded into 48 well plates (VWR; 10062-898) and transfected 24 h before live-cell imaging. The medium was

supplemented with 1 mM Fluo-4-AM (AAT Bioquest) a cell-permeable fluorescent Ca2+ indicator. Fluo-4 with the AM group is able

to cross PM by diffusion and intracellular esterases cleave the AM group and trap the dye inside cells. Ca2+ binding enhances the

fluorescence of Fluo-4. Directly before the measurement, 5 mg/ml rapamycin (Apollo Scientific; 53123-88-9) were added to the trans-

fected cells. Cytoplasmic calcium ions were measured with IncuCyte S3 live-cell imaging. Cells were imaged using the 10x objective

and bright field, green, and red channel settings. Cytoplasmic calcium ions were measured at 10-min intervals. Analysis was per-

formed in Excel by calculating the mean and the standard error of the replicates.

Cell viability assay in human cells
For cell viability assays, HEK293T cells were seeded in 48-well plates and transfected with the various AtMLKL plasmids. 24 h after

transfection, 5 mg/ml rapamycin were added and after a further 24 h the neutral red assay101 was performed. In brief, 40 mg/ml neural

red solution (Fluka; 553-24-2) were added to the cells followed by incubation for 2–3 h at 37 �C, 95%humidity and 5%CO2. Neural red

solution was aspirated, cells were washed once with 1x PBS, and destaining solution (50% ethanol, 1% glacial acetic acid) was

added. To extract the neural red, the plate was placed onto a rocker for at least 15 minutes. To evaluate cell viability, the absorbance

of neutral red extract at 540 nm was measured in a plate reader (TECAN Infinite F200Pro).

QUANTIFICATION AND STATISTICAL ANALYSIS

ANOVA with Turkey’s HSD test, one sample t-test and two-tailed student’s t-test were used to determine statistical significance as

indicated in the respective figure legends, unless otherwise specified. The exact number of experimental replicates was noted in the

corresponding figure legends.
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