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Abstract

Plants and animals have similarities in their immune system. A new protein family was reported
to be conserved across seed plants that structurally resembles animal mixed lineage kinase
domain-like (MLKL), a mediator of necroptotic cell death. The Arabidopsis MLKLs
(AtMLKLs) play a role in disease resistance mediated by TIR-type nucleotide binding—leucine-
rich repeats (NLRs). Cryo-EM structures of Arabidopsis MLKLs (AtMLKLs) reveal a
tetrameric configuration in contrast with the monomeric structure of animal MLKL. To
understand the biological meaning of the AfMLKL tetramer, I performed a structure-guided
study. Together with a newly established disease resistance assay in N. benthamiana, the data
imply that the AtMLKL tetramers represent an auto-repressed conformation of plant MLKLs
and the exposure of the N-terminal HeLLo-domain from the tetramer is an important activation
step, which could be mediated by a phosphorylation in the activation loop of the pseudokinase
domain. To elucidate the genetic relationship between helper NLRs and plant MLKLs, the
disease resistance activities of AfMLKL1 variants were examined in helper NLR null
background and eds! pad4 sagl01 null background. The plant MLKL-mediated immunity was
partially retained in the helperiess mutant background but no longer retained in the eds! pad4
sagl0] mutant in N. benthamiana. It was found that the 4/MLKL1 HeLo domain elicits Ca*"
influx in human cell line and in N. benthamiana. These data demonstrate that plant and animal
MLKLs commonly utilize the N-terminal HeLLo-domain as a signaling domain for immune
responses. Furthermore, to study the activation step, I purified N-terminal HeLo domain of
AMLKLTI and a gain-of-function variant of AfMLKLI carrying a phosphomimetic mutation in
the activation loop of the pseudokinase domain. The purified recombinant N-terminal HelLo
domain of AfMLKLI1 autonomously formed a higher-order oligomer with a 10 nm ring-like

structure. Additionally, the purified recombinant phosphomimetic variant of ArMLKL1
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retained a tetrameric configuration similar as purified recombinant A/IMLKL1 wild-type,
implying that AtMLKL does not change it conformation via phosphorylation in the

pseudokinase domain upon activation unlike animal MLKL.
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Zusammenfassung

Pflanzen und Tiere dhneln sich in ihrem Immunsystem. Zuvor wurde herausgefunden, dass eine
(neue) Proteinfamilie in Samenpflanzen konserviert ist, die strukturell tierischen MLKL
(mixed lineage kinase domain-like) Proteinen &hnelt, welche nekroptotischen Zelltod
vermitteln. Die MLKLs von Arabidopsis (AtMLKLs) spielen eine Rolle bei der
Krankheitsresistenz, die durch nukleotidbindende leucinreiche Wiederholungen (NLRs) vom
TIR-Typ vermittelt wird. Im Gegensatz zur monomeren Struktur von tierischen MLKLs zeigen
Cryo-EM-Strukturen von Arabidopsis-MLKLs (4tMLKLs) eine tetramerische Konfiguration.
Um die biologische Bedeutung des AfMLKL-Tetramers zu verstehen, habe ich eine
strukturgeleitete ~ Studie  durchgefiihrt. Zusammen mit einem neu etablierten
Krankheitsresistenz-Assay in N. benthamiana deuten die Daten darauf hin, dass die AtMLKL-
Tetramere eine autorepressive Konformation der pflanzlichen MLKLs darstellen und die
Freilegung der N-terminalen HeLo-Doméne des Tetramers ein wichtiger Aktivierungsschritt
ist, der durch eine Phosphorylierung in der Aktivierungsschleife der Pseudokinase-Doméne
vermittelt werden konnte. Um die genetische Beziehung zwischen Helfer-NLRs und Pflanzen-
MLKLs aufzukldaren, wurde die Krankheitsresistenzaktivitit von 4AtMLKL1-Varianten im
Helfer-NLR-Null-Hintergrund und eds! pad4 sag101-Null-Hintergrund untersucht. Die durch
Pflanzen-MLKL vermittelte Immunitét blieb im Hintergrund der helperless Mutante teilweise
erhalten, aber nicht mehr in der eds! pad4 sagl01 Mutante in N. benthamiana. Es wurde
festgestellt, dass die A/MLKL1 HeLo-Domine in der menschlichen Zelllinie und in M.
benthamiana einen Ca>*-Einstrom ausldst. Diese Daten zeigen, dass sowohl planzliche als auch
und tierische MLKLs die N-terminale HeLo-Doméne als Signaldoméne fiir die Immunantwort
nutzen. Desweiteren, um den Aktivierungsschritt zu untersuchen, isolierte ich die N-terminale

HeLo-Doméne von AtMLKL1 sowie eine funktionsgewinnede variante von AtMLKL1, welche
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eine phosphomimetische Mutation in der Aktievierungsschleife der Pseudokinasedomain trégt.
Die aufgereinigte, rekombinante N-terminale HeLo-Doméne von AtMLKL1 alleine bildet ein
hoher geordnetes Oligomer mit einer 10 nm ringféormigen Struktur. Desweitern, behilt die
rekombinante, phoshomimetische Variante von A/MLKLI1, wie auch die aufgereingte,
rekombinante Wildtyp-Variante von AfIMLKL1, eine tetramere Konfiguration. Dies impliziert,
dass AMMLKL im Gegensatz zu tierischem MLKL seine Konformation nicht iiber die

Phosphorylierung der Pseudokinasedoméne nach Aktivierung dndert.



Preamble

Part of this thesis has been taken from manuscripts submitted or in preparation, as listed in the
'Manuscripts for publication' section. Figures that overlap with these papers have been noted in
the figure legends to clarify my contribution to the two manuscripts referred to as the PVX
manuscript and the MLKL manuscript. Some sections have been taken with some
modifications from the papers listed above. Most of the experiments and analyses described in
this paper were carried out by myself. Those carried out by others are listed in the "9.

Contributions" section.
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1. Introduction

1. Introduction
1.1. Plant immune system in multiple layers

Plants have immune system in multiple layers to combat against invading pathogens. Higher
plants possess an enormous number of cell-surface and intracellular immune receptors to
perceive a variety of immunogenic signals associated with pathogen infections'=. First layer of
the plant immunity is pattern-triggered immunity (PTI) initiated from the recognition of highly
conserved molecules such as pathogen/microbe -associated molecular patterns
(PAMPs/MAMPs) or host-derived damage-associated molecular patterns (DAMPs) by pattern
recognition receptors (PRRs) located in the surface of the plant cell>. Pattern recognition
receptors consists of receptor-like proteins (RLPs) and receptor kinases (RKs). And the second
layer is effector-triggered immunity (ETI) induced by the recognition of pathogen effectors
delivered into the plant cells by intracellular innate immune receptors called nucleotide-binding
leucine-rich repeat receptors (NLRs)®. NLRs specifically sense the more variable pathogen
effector proteins that are delivered into the plant cell. Based on the sequence of N-terminal
domain, plant NLRs are classified into three groups: coiled-coil (CC) NLRs (CNLs), Toll/
interleukin-1 receptor (TIR) NLRs (TNLs), and the RPW8-like coiled-coil (CCr) NLRs

(RNLs)".

1.2. PAMP-triggered immunity (PTI)

Both plants and animals have evolved PAMP-triggered immunity (PTI) as the first layer of
defence system against pathogens, suggesting the importance of this system in restriction of
pathogen proliferation'’. For example, flagellin, a representative PAMP molecule from
bacterial pathogens, is recognized by both the plant receptor kinase (Flagellin Sensing 2 (FLS2)
and animal Toll-like receptor 5 (TLR5)>!!"13, In plants, FLS2 binds to the N-terminal 22 amino
acid residues of flagellin (flg22) in Gram-negative bacteria'®. The recognition of flg22 induces

the dimerization and rapid phosphorylation of FLS2 and BRASSINOSTEROID



1. Introduction
INSENSITIVE 1-associated receptor kinase 1 (BAK1), accompanied by the phosphorylation
of BIKI, a receptor-like cytoplasmic kinase (RLCK)'>'°. This activated receptor complex
initiates a rise in intracellular calcium levels, provokes the production of reactive oxygen
species (ROS), fosters the phosphorylation of mitogen-activated protein kinases (MAPKSs),
stimulates callose deposition, and orchestrates a transcriptional reconfiguration within the cell.
Consequently, this orchestrated sequence culminates in heightened resistance against
pathogenic agents** >3, Furthermore, plants recognize damage-associated molecular patterns
(DAMPs), which are released from the plant cell itself as the result of the degradation of plant
organelles following the pathogen invasion™**. For instance, pathogens damage the plant
tissues through using their cell-wall-degrading enzymes and toxins, consequently releasing the
fragments from the plant cell wall, extracellular ATP, and nicotinamide adenine dinucleotide
(NAD)®. The molecules originating from the host plants function as damage-associated
molecular patterns (DAMPs), thereby initiating immune responses. Nevertheless, pathogens
also possess a mechanism to antagonize pattern-triggered immunity (PTI), enabling the
deployment of their effectors upon infiltrating their host plants. The constituents within the PTI
signaling cascade within the host plants become subjects of assault by diverse virulence effector
proteins, which compromises plant immune system and enhances bacterial virulence®. For
example, a type III effector originating from Pseudomonas syringae, namely AvrPtoB,

degrades FLS2 via the 26S proteasome 2°.

1.3. Effector-triggered immunity (ETI)

To counter the pathogen virulent activity, plants have evolved to recognize the effectors in
cytoplasmic space. This recognition of effectors is performed by the resistance (R) proteins,
which can either directly or indirectly detect the effectors when they enter into the host plant
cell. This recognition of pathogen effectors initiates the second layer of plant immunity called

effector-triggered immunity (ETI). ETI in plants is often accompanied with strong



1. Introduction

programmed cell death (PCD) at the pathogen infection site, and the phenotype is called the
hypersensitive response’’. CNLs and TNLs sense the pathogen effectors to activate the
effector-triggered immunity. Recent structural and electrophysiology study revealed that
activated ZAR1, a type of CNLs in Arabidopsis thaliana, functions as calcium channels after
dynamic conformational change from a monomeric state to the activated pentameric funnel-
like structure, which is termed as a “resistosome”?®?°. The ZAR1 resistosome revealed the very
N-terminal domain as an executor domain for cell death?®. This activation model proposed for
CNLs is generally applicable to the activation of the other types of NLRs°. The bioinformatics
analysis revealed that a part of NLRs possess a functionally conserved motif called MADA
motif in al helix which is essential for cell death, suggesting that this activation model
proposed for CNLs is generally applicable to the other NLRs>°. Indeed, the cryo-electron
microscope analysis of the wheat CNL Sr35 in complex with the effector AvrSr35 of the wheat
stem rust pathogen revealed the conservation of resistosome pentameric structure in crops>!.
This conserved funnel-shaped resistosome directly inserts into the membranes forming a
cation-selective channel with the inner diameter of approximately 1 nm that can pass cation
channel such as calcium ion in a non-selective manner’!. The calcium influx triggered by the
resistosome is indispensable for cell death activity suggested by interference of calcium
channel activity by the approaches using chemical inhibitors and structure-guided
mutagenesis?®. CNLs such as RPM1 (Resistance to Pseudomonas syringae pv. maculicola 1),
RPS2 (Resistance to Pseudomonas syringae 2) and RPS5 (Resistance to Pseudomonas
syringae 5) requires NDR1, which implies that calcium channel formed by activated CNLs
might not the final executor of cell death®*34.. TNL-triggered immunity is initiated from the
recognition of cognate effectors by TNL receptors. Recent cryo-electron microscope analysis
of RPP1 (Recognition of Peronospora parasitica 1) and ROQ1 (Recognition of XopQ 1)

revealed that effector recognition activates TNLs to form a tetrameric resistosome structure’>->°.



1. Introduction
This TNL resistosome function as NADase holoenzyme and the NADase activity is required
for cell death activity®>2”*. In downstream of TNLs, it has been elucidated that the two
branches of EDS1 (Enhanced disease susceptibility1)-SAG101 (Senescence-Associated Gene
101)-NRG1 (N requirement gene 1) and EDS1-PAD4 (Phytoalexin Deficient4)-ADR1
(Activated Disease Resistance 1) pathway function in a cooperative manner>>*’. The recent
two publications elucidated that effector induced-TNL resistosome degrades NAD to produce
small molecules, and the small molecules act as a molecular glue between EDS1 and helper
NLRs to activate the downstream components of TNL pathway: diADPR (ADP-ribosylated
ADPR)//ADPr-ATP (ADP-ribosylated adenosine tri-phosphates) induces the direct interaction
between EDS1-SAG101 and NRGI1 while pRib-AMP/ADP (2'-(5"-phosphoribosyl)-5'-
adenosine mono-/di-phosphate) induces the direct interaction between EDS1-SAG101 and
ADRI1**2 Arabidopsis has helper NLRs, ADR1, ADRI1-L1, and ADRI-L2 induce SA
biosynthesis***. In addition to the NADase activity of TNL resistosome, it was recently
reported that TIR domains form filament structure to exhibit non-specific DNA/RNase activity,
which produces 2'3'-cAMP (Adenosine-2',3'-cyclic monophosphate)/cGMP cGMP
(Guanosine- 2', 3'- cyclic monophosphate) to induce cell death, however, the downstream

signaling component remains unknown*.

The concept of two-layered plant immune system, namely PTI and ETI, has advanced the
understanding of plant innate immunity. However, the dichotomy between PTI and ETI as well
as PAMPs and effectors is not clear in several cases suggested by the identification of different
immunogenic ligand and receptor pairs*. Furthermore, the rice Xa2l protein, which is
localized at the plasma membrane, elicits immune responses akin to effector-triggered
immunity (ETI), suggesting that PTI and ETI responses are overlapping*’. Indeed, recent

studies indicate that PTI and ETI pathways function together for antimicrobial defences* .

5



1. Introduction

Additionally, the conceptual framework of PTI/ETI proves inadequate for comprehending the
intricacies of cell non-autonomous signaling. This limitation of the PTI/ETI has provoked the
concept that the plant immune system can sense pathogen by secretion and recognition of

danger molecules for cell-cell communication®2>46-1,

1.5. Host cell death and pathogen growth restriction in plant innate immune system

Recognition of biotrophic or hemibiotrophic pathogens leads to inhibition of pathogen growth,
which is often accompanied with the cell death called hypersensitive response (HR), a form of
programmed cell death localized at the site of attempted pathogen invasion. Thus, HR is
regarded as the hallmark of the plant innate immune responses to block pathogen colonization.
The HR cell death phenotypes typically associate with multiple morphological changes that
includes similar phenotypes observed in animal cell death and the ones specific to plants such
as cytoplasmic shrinkage, chromatin condensation, mitochondrial swelling, ROS production,
vacuolization and chloroplast disruption®. For example, a type of Arabidopsis CNL, activated
ZAR1 induces alterations of vacuolar structures and ROS generation before the cell death takes
place?®. However, it is worthwhile to note that pathogen growth inhibition is not accompanied
with host cell death in many cases. For example, propagation of potato virus X is restricted
without apparent cell death phenotype when the NLR Rx recognizes the coat protein of potato

virus X °*.

1.6. Cell death and pathogen growth restriction assays to examine plant innate
immunity

To assess disease resistance activity of NLRs, bacterial viability assays have been employed in
combination with the transient R gene expression in Nicotiana benthamiana®. Bacterial
viability assays however, require a series of multiple experimental procedures, including 1)
agroinfiltration, ii) pathogen infection, iii) bacteria count, hindering high-throughput

examination of R gene functions. PVX (Potato virus X) is a single-stranded RNA virus>® and
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expression of full-length PVX cDNA via agroinfiltration-mediated gene expression allows
PVX replication in Nicotiana species®’. Insertion of a cDNA of fluorescent protein under a
duplicated copy of the viral coat protein promoter enables the visualization of PVX replication
in plants®®. Contrasting to the bacterial viability assays, in which the step of pathogen infection
takes place a few days after agroinfiltration, the steps of agroinfiltration and pathogen infection
can be performed simultaneously in the PVX disease resistance assay’’, offering a minimal
experimental procedure. Unlike bacterial pathogens, PVX proliferation in N. benthamiana is
not restricted by the intrinsic activity of the EDS1 signaling pathway shown by a virus-induced
NbEDS]I gene silencing®®. This feature increases the sensitivity to capture a milder disease
resistance activity of R genes, as contribution of the basal immunity via the NbDEDS1 pathway
to PVX is negligible. PVX proliferation in N. benthamiana has been examined by the
quantifying the amount of viral RNA®, viral coat protein®’, or an intensity quantification of
fluorescent protein from images of leave epidermis®®. However, some involve cumbersome

procedures or do not assess the amount of virus inside the leaves.

1.7. MLKL proteins play a central role in necroptosis
1.7.1 Necroptosis

6061 'In certain types of cells,

Necroptosis is the most well-studied regulated necrosis
necroptosis-like cell death occurs compensatively when the TNFa-stimulated exogenous
apoptotic pathway is inhibited, and in 2005, Junying Yuan and colleagues identified an

162

inhibitor of necroptosis and named it Necrostatin (Nec)-1°°. Furthermore, the identification of

a serine threonine kinase called receptor interacting protein kinase-1 (RIPK1) as one of the
target factors of Nec-1 led to a breakthrough in the elucidation of its molecular mechanism%%°!.
A kinase called RIPK3, which is homologous to RIPK 1, and its substrate, mixed lineage kinase

like (MLKL), are essential for the execution of necroptosis®’. Recent analysis of tissue-specific

RIPK1 gene-deficient mice revealed that RIPK1, which has been thought to be involved in
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necroptosis, can either promote or inhibit necroptosis. During necroptosis, a protein complex
called the Necrosome is formed that contains RIPK 1, RIPK3, and MLKL. A model has been
proposed in which RIPK3, multimerized and activated by phosphorylation, phosphorylates
MLKL, which induces plasma membrane rupture via the formation of membrane pores on the
plasma membrane or the orientation of ion channels to the plasma membrane®. In the nervous
system, it has been suggested to be involved during ischemia-reperfusion injury and in
pathological conditions such as ALS (amyotrophic lateral sclerosis)®*%*%°. Necroptosis
execution occurs via a variety of pathways, but is closely related to the regulation of apoptosis.
Upon stimulation of extrinsic apoptotic pathway activation, apoptosis is executed if caspase-8
and FADD are present. Activated caspase-8 is considered to block necroptosis induction by
cleaving and inactivating molecules involved in necroptosis induction, such as RIPK1, RIPK3.
Conversely, when caspase-8 activity is lost due to compound- or virus-derived inhibitory
proteins or genetic defects, necroptosis is executed. Given that caspase-8 serves as the pivotal
suppressor of necroptosis, necroptosis has been posited as an emergent cellular backup
mechanism, functioning as a contingency strategy when the apoptotic pathway activated by
death receptors could not exterminate the infected cells. Similarly, RIPK3-MLKL-dependent
necroptosis may also occur by the innate immune pathways Toll-like receptor (TLR) 4 and
TLR3, suggesting cross-talk with pyroptosis. Thus, the execution of necroptosis is highly cell

type- and situation-dependent®’.

MLKL (Mixed-lineage Kinase Domain-like) protein is conserved in animals and plays an
essential role in execution of necroptosis, a type of programmed cell death. Necroptosis is
important for the host defence against virus and intracellular bacteria®. For example,
necroptosis plays a role in removal of simplex virus, cytomegalovirus, vaccinia virus, and

influenza A virus®’-’°, Furthermore, MLKL inhibits growth of enteropathogenic bacteria,
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Listeria monocytogenes in the gastrointestinal tract by direct interaction of MLKL with the
bacteria in the cytosol without causing the host cell death’!. Additionally, there are several
reports on positive regulatory effects of MLKL in autoinflammatory diseases. For example,
inhibition of necroptosis negatively affects psoriatic inflammation’. Particular homozygous
mutations in the Mkl gene leads to a lethal phenotype in mice’>. These multiple evidences

endow the essential role of MLKL-induced necroptosis for inflammation.

Molecular mechanism of necroptosis has been studied for decades. In necroptosis, MLKL is
activated by the upstream kinase, RIPK3, via phosphorylation of the activation loop of its
pseudokinase domain to induce conformational change from a monomer to tetramer’*’"’. This
oligomerized MLKL permeabilizes the plasma membrane via N-terminal HeLo domain,
leading to cell death’8. Many research groups have worked on how MLKL is activated at the
plasma membrane, however, it still remains unclear whether MLKL protein forms a pore or a
channel”. Multiple research groups report that MLKL permeabilizes the plasma membrane by

80.81 " A recent study

forming a pore in a phosphatidylinositolphosphate-dependent manner
suggested that MLKL forms different sizes of pores with inner diameters of around 4 nm in
necroptotic cell death stimulated by polyethylene glycols (PEGs)®?. However, in a
contradictory manner, electrophysiological studies report that MLKL is a cation-selective
channel that preferentially passes Mg?', Na*, and K*, over Ca?>" but does not pass Cl" even
though the pore should pass the ions in a non-selective manner®**. Sodium influx was also
observed in necroptosis but not in apoptosis®. Indeed, the importance of cation
permiabilization is supported by several studies. Na* influx was observed in necroptosis but

not in apoptosis®>. Also, calcium influx was reported to be necessary for necroptosis induced

by TRPM78¢ although another study denied the requirement of calcium influx for necroptosis
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by suggetsing that the smac mimetic treatment might induce observed calcium influx®.

Although the function at the plasma membrane is unclear, the MLKL-mediated ion transport

is considered to cause The unique explosion-like morphology®**’.

Animal

R :
. Necroptosis

VAV

-

Necroptolitk

stimuli 0
MLKL

Figure 1. Proposed activation model of animal MLKL, a mediator of necroptosis in animals
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The oligomeric state of the activated MLKL during necroptosis has long been controversial.
MLKL protein forms oligomers including trimers, tetramers, hexamers, and higher-order

77.78.85.86.88-90 \while one study reveals disulfide-bond dependent

oligomers during necroptosis
amyloid polymer formation®. In line with this, necrosulfonamide (NSA), a pharmacological
inhibitor of necroptosis, directly binds to human MLKL by forming covalent bond with its
Cysteine 86 residue, supporting the significance of disulfide bond-mediated oligomer
formation of MLKL in necroptosis’®. To provide an integrative view of necroptotic cell death

execution at the plasma membrane, high-resolution structure of the activated MLKLs in a

membrane-bound state is warranted.

1.8. HeLo domain containing proteins in plants

The helper NLRs, N REQUIREMENT GENE1 (NRGI1) and ACTIVATED DISEASE
RESISTANCE1 (ADRI1), are classified as the HeLo/RPWS8-like coiled-coil (CCr) NLRs
(RNLs). This CCr domain was discovered in Arabidopsis RESISTANCE TO POWDERY
MILDEW 8°!. The atypical disease resistance protein Resistance to Powdery Mildew 8.2
(RPW8.2) that does not have the canonical effector-sensing domain accumulates around the
extrahaustorial membrane (EHM) to confer disease resistance’’. Additionally, purified
recombinant protein of a RPW8 homolog, HR4™", forms an oligomer without auxillary
proteins in size-exclusion analysis®>. Furthermore, activated NRG1.1 oligomerizes in the
plasma membrane as puncta, and conferred cytoplasmisc calcium ion flux in plant and human
cells®®. Thus, the pore-forming activity at the membrane might be the conserved mechanism of
the HeLo/CCr domain- containing protein. However, how the HeLo/CCr domain- containing
protein executes cell death in atomic details remains unclear as the no structure of the

HeLo/CCr domain- containing protein at the plasma membrane is available.
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1.9. HeLo domain containing proteins in fungi

Proteins containing the HeLo domain can also be found in fungi. The most representative
proteins containing the HeLo domain in fungi are the Het-S/Het-s proteins that is involved in
self-incompatibility in a filamentous fungi, P. anserina®. The Het-S protein is composed of
the two domains, the N-terminal HeLo domain and a C-terminal amyloid, Prion-Forming
Domain (PFD). HET-s is a loss-of-function variant of Het-S with a mutation in the N-terminal
helical HeLo domain of Het-S. These paired proteins determine the allelic specificity. When
the Het-S and the HET-s interacts with each other, 21-amino acid repeat motifs in the C-
terminal PFD provokes the fibrillar B-sheet amyloid formation. The amyloid formation of Het-
S PFD serve as a structural template for the PFD of HET-S during the cell death reaction and
causes the release of an N-terminal transmembrane a-helix, which attacks the plasma
membrane®® %, In-vitro study revealed that the N-terminal domain of HET-S has an inhibitory
effect on prion-formation in both cis on its own PFD and in trans on HET-s prion propagation”’.
Crystal structure of the N-terminal domains of Het-S and Het-s revealed that both Hel.o domain
of Het-S and Het-s self-dimerize, suggesting the conserved self-oligomerization activity of N-
terminal HeLo domain across the organisms®’. Also, the isolated N-terminal HeLo domain of
Het-S without the presence of Het-s exhibits liposome leakage activity, suggesting the
capability of Het-S self-activation in the absence of Het-s seed prion to some extent although
the C-terminal PFD region of Het-s appear to facilitate the HET-S activation®®. However, the

activated form of Het-S at the plasma membrane remains unclear.

1.10. Discovery of plant MLKL proteins - Another player in TNL-triggered immunity

Recently, another HeLo domain-containing protein called plant MLKL (Mixed-lineage Kinase
Domain-like) protein was reported to be involved in TNL-triggered immunity®. The N-
terminal RPW8-like coiled-coil (CCr) domain of RNLs is structurally and functionally similar

to the HeLo domains of animal MLKLs%?326:100.101 plants and animals have similarities in their

12
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immune system. Recently, a new protein family conserved across seed plants that structurally
resembles animal mixed lineage kinase domain-like (MLKL), a mediator of necroptotic cell
death was reported. The Arabidopsis MLKLs (AtMLKLs) play a role in disease resistance
mediated by TIR-type nucleotide binding-leucine-rich repeats (NLRs) but not CNL-triggered
immunity®®. However, the genetic relationship between AfMLKLs and helper NLRs in TNL-
triggered immunity remains unclear. Cryo-EM structures of Arabidopsis MLKLs (4fMLKLs)
reveal a tetrameric configuration in contrast with the monomeric structure of animal MLKL. In
tetrameric structure, N-terminal HeLo domain was sequestered inside, suggesting that plant
MLKL tetramer is an auto-inhibited form. However, how plant MLKL is derepressed from
auto-repressed form to activated form to induce immunity and the genetic relationship between

the plant MLKL and helper NLRs in TNL-triggered immunity remains unclear”.
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A

. * -
N-terminus  Helo domain

* shared with
helper NLRs

Brace region

C-terminus Pseudokinase
domain

Mahdi et al, (2020) Cell Host Microbe

Figure 2. Key questions in plant MLKL-mediated immunity addressed in this study

(A) Plant MLKL and helper NLRs are downstream components of TNLs, however, the genetic
relationship between plant MLKLs and helper NLRs remained unclear.

(B) The Cryo-EM structure of AfMLKL tetramer may represent its auto-repressed
conformation, however, the biological meaning of AfMLKL tetramer remained unclear.

The figures were adapted from Mahdi et al®’.
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1.11. Research aims
The four research objectives (A)-(D) below were addressed in my doctoral thesis.
(A). Establishment of the quantification system of the disease resistance activity

PVX disease resistance assay offers a high operational efficiency, however, the assay still
involves laborious procedures or some do not assess the amount of virus inside the leaves. Thus,
I aimed at developing a simple plate reader-based PVX assay without the use of western

blotting.

(B). The biological meaning of plant MLKL tetramer
Cryo-EM structure of plant MLKL tetramer suggested that N-terminal domain plant MLKL

tetramer is an auto-inhibited form. However, it remains unclear how plant MLKL is activated
and whether plant and animal MLKL shares the common biochemical mechanism to execute
cell death/immune responses. I performed structure-guided approaches to examine the

biological meaning of plant MLKL tetrameric structure.

(C). Genetic analysis of plant MLKL proteins
The Arabidopsis MLKLs preferentially contribute to TNL- but not CNL-triggered immunity®’.

However, the genetic relationship between AtMLKLs and helper NLRs in TNL-triggered
immunity remains unclear. Thus, I aimed at the genetic dissection of 4tMLKLs in TNL-

triggered immunity.

(D). What is the activated plant MLKL forms in the membrane?

The structural information of HeLo-domain containing protein including animal MLKL, fungal
Het-S/Het-s, plant helper NLRs and RPWS8 in lacking, which hampers our precise
understanding of how HeLLo domain-containing proteins confer immunity in atomic resolution
across the species. Thus, I aimed at structural reconstitution of the plant MLKL HeLo domain
oligomer to provide the structural insight into the HeLo domain-containing proteins at the

plasma membrane and how cell death is executed.
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2. Results

2.1. Optimized PVX-based disease resistance assay reveals disease resistance activity of
cell death deficient RBA1 C83A variant

To quantify Potato virus X (PVX)-produced YFP in N. benthamiana leaf extracts, we sought
to optimize a fluorescence plate reader-based measurement (Figure 3A), which is simpler than
quantification by Western blot. Briefly, in this method, agrobacteria carrying the PVX-YFP
binary vector and agrobacteria carrying a resistance gene were co-infiltrated into N.
benthamiana leaves. Four days after infiltration, leaf discs were collected from the infiltrated
areas using a biopsy punch. The leaf protein extracts were used to measure YFP intensity. First,
I determined the emission spectra of leaf extracts containing PVX-YFP or PVX without
fluorescent protein (Figure 3B). The result showed that the PVX-produced YFP was in good
agreement with the canonical emission spectrum of YFP in the leaf extract, and PVX
replication in leaves did not produce fluorescence overlapping with the YFP spectrum (Figure
3B). The YFP intensity of a dilution series using a leaf protein extract from non-transformed
leaves showed that this method has a high dynamic range with a linear correlation between
fluorescence and dilution factor, and that a detergent, Triton X-100, can be omitted from the
extraction buffer (Figure 3C). Furthermore, the quantified YFP fluorescence intensities in the
plate reader-based measurement corresponded to some extent with the fluorescence images
(Figure 3D). Consistent with the previous study (Peart et al., 2002), PVX-YFP proliferation
was comparable in wild type and eds! pad4 saglOla sagl01b mutant of N. benthamiana
(Figure 3E). Co-expression of a wheat NLR, Sr35 and its cognate effector, AvrSr35 (Forderer
et al., 2022), caused host cell death in N. benthamiana in the presence of PVX-YFP (Figure
3F), suggesting that agrobacterium-mediated delivery of PVX-YFP T-DNA does not suppress
NLR-induced host cell death. Furthermore, the very low YFP intensity (average intensity +

standard error = 1991 + 402, n=4), which is nearly equivalent to the YFP intensity of leaf
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protein extract from non-transformed leaves (Figure 3C) indicates that host cell death does not

result in the production of metabolites that show autofluorescence in the YFP assay.

An Arabidopsis R protein, RBA1 (Response to HopBA1), which possesses a Toll/ interleukin-
1 receptor like domain (TIR domain) induces host cell death upon transient overexpression in
N. benthamiana®. The TIR domain of RBA1 contains NADase and nuclease activities, which
are responsible for the generation of pRib-AMP/ADP (2'-(5"-phosphoribosyl)-5'-adenosine
mono-/di-phosphate) and diADPR (ADP-ribosylated ADPR)/ADPr-ATP (ADP-ribosylated
adenosine tri-phosphates), and cyclic nucleotide monophosphates (c(NMPs) such as 2',3’-cAMP
(Adenosine-2',3'-cyclic monophosphate)/cGMP (Guanosine- 2', 3'- cyclic monophosphate),
respectively***>1%2. The two enzymatic activities of RBAI require either of two catalytic
residues, namely Cys83 and Glu86. The RBA1 Cys83, which is a highly conserved among
TIR-containing proteins, is responsible for the nuclease activity but not for the NADase activity.
In contrast, the RBA1 Glu86 is required for both catalytic activities of RBA1. The NADase
activity of RBA1 alone is not sufficient for RBA1 cell death in N. benthamiana, because the
RBA1(C83A) variant, which lacks the nuclease activity significantly loses cell death induction
in N. benthamiana upon transient expression®>. However, it remains unknown whether the
C83A substitution in RBA1, which impairs cell death induction, also impairs disease resistance

activity.

To address this question, I used the PVX-YFP-based assay to examine the disease resistance
activity of the RBA1(C83A) variant and the RBA1 (E86A) variant as a control. Interestingly,
we found that the RBA1 (C83A) variant retained disease resistance activity as wild-type RBAI,
whereas the RBA1 (E86A) barley showed disease resistance activity to PVX (Figure 3G).
These data suggest that the 2',3-cAMP/cGMP synthase activity (i.e., nuclease activity) of
RBA1 is required for host cell death but the remaining NADase activity is sufficient to confer
immunity to PVX. Furthermore, the disease resistance activity of the RBA1(C83A) variant was
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significantly impaired in the Nbepss mutant background (Figure 3G), consistent with the model

that the TIR NADase products confer immunity via the EDS1 pathway.
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Figure 3. Disease resistance assay using Potato Virus X expressing YFP in N. benthamiana

(A) Schematic representation of the disease resistance assay using Potato Virus X expressing
YFP (PVX-YFP).

(B) The emission spectra for leaf extracts expressing PVX-YFP or PVX.

(C) A linear correlation between the fluorescence and the dilution factor in a leaf lysate in the
presence and in the absence of 0.1% Triton X-100. Leaf lysate from non-transformed plants
were used for dilution.

(D) Representative fluorescence stereomicroscopic images of N. benthamiana leaves infiltrated
with PVX-YFP with corresponding YFP intensity measured with the TECAN plate reader. The
leaves were examined at four days after agroinfiltration. YFP intensity measured with TECAN
from two biologically independent samples are shown,

(E) Violin plots showing the degree of dispersion of the quantified YFP intensities from the
leaf co-expressing GUS and PVX-YFP in N. benthamiana.

(F) Expression of Sr35 and with YFP-expressing potato virus X (PVX) caused host cell death
in N. benthamiana (wild-type). B-glucuronidase (GUS), Sr35, and AvrSr35 (Forderer et al.,
2022) were expressed under an independent 35S promoter. The images were taken at 4 days
after infiltration of Agrobacteria. The numbers indicate the number of leaves that exhibits cell
death out of the total numbers.

(G) A non-cell death inducing RBA (Response to HopBA1) variant (C38A), which lacks the
2°,3’-cAMP/cGMP synthetase activity but retains the NADase activity (Yu et al., 2022), retains
PVX resistance activity. Bar plots indicate the results of four independent replicates for wild-
type and three independent replicates for wild-type and epss mutant of N. benthamiana.
Asterisks depict significant differences between treatments as determined by analysis of
variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) test (p < 0.05)

The figure is taken from the Figure 1 in the PVX manuscript.
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2.2. The HeL.o domain of Arabidopsis and human MLKL exhibit EDS1-dependent
disease resistance activity

Plant MLKL is a multi-domain protein, comprising the N-terminal HeLo domain, followed by
the brace, the pseudokinase, and the intrinsically disordered (ID) regions (Figure 1A, from
Mahdi et al.*®). To determine the domain(s) responsible disease resistance activity, I tested
whether A/MLKL was able suppress the PVX proliferation by co-expressing C-terminally HA-
tagged A/MLKLI truncated variants with a PVX variant expressing YFP (Figure 4A). We
measured the YFP intensity of the leaf lysate as a proxy of the disease resistance activity of
AtMLKLI1 truncates. The HeLo domain alone and the HeLo plus brace domain variants
significantly reduced the intensity of YFP comparted to the full-length AfMLKL1 protein while
neither the HeLo with brace and pseudokinase (H+B+P) variants, the variant lacking the HeLo
domain (B+P+ID) exhibited the enhanced disease resistance activity (Figure 4B). Notably,
expression of AtMLKL1 HeLo domain with the PVX did not cause the apparent cell death
phenotype in N. benthamiana (Figure 4C). Next, to examine the genetic requirement of plant
MLKL, the disease resistance activity of the HeLo domain was measured in the eds! pad4
sagl01 mutant background. Intriguingly, the disease resistance activity of the HeLo domain
was barely detected in the eds! pad4 sagl(01 mutant background (Figure 4D), suggesting that
EDSI1 circuit also contribute to the downstream signaling of the activated form of plant MLKLs.
Taken together, these results suggested that plant MLKL use N-terminal domain as a signaling
domain for immunity similar to animal MLKL3!. Indeed, a previous study reported that the N-
terminal HeLo domain (amino acids 1-125) and HeLo plus Brace domain (amino acids 1-180)
of human MLKL (HsMLKL) exhibits cell death activity and localizes at the plasma membrane
in human cells. They exploited the human MLKL structure homology model that was built
based on crystal structure of mouse MLKL?®""1%%, The structural model predicted by AlphaFold2

confirmed that the previously defined truncated constructs of human MLKL (1-125) and (1-
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180) does not disrupt the protein structure as the boundaries are located in the loop region
between the domains (Figure 4E). By using these truncated constructs, I examined whether
human MLKL has disease resistance activity in N. benthamiana. Strikingly, human MLKL N-
terminal HeL.o domain and HeLo plus Brace domain also suppressed PVX propagation (Figure
4F), suggesting that human and plant MLKL shares the HeLo domain as a common signaling

domain for immunity.
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Figure 4. The HeLo domain of Arabidopsis and human MLKL exhibit disease resistance activity

1-180

(A) Schematic representation of agrobacterium-mediated truncated AtMLKL variants and YFP-tagged
PVX. (B) Disease resistance activity of plant MLKL truncation constructs. (C) Expression of
AtMLKL1 HeLo with the YFP expressing potato virus X (PVX) did not cause host cell death in N.
benthamiana (wild type). GUS and AtMLKL1 variants were expressed under the constitutive 35S
promoter. The PVX was expressed using pSfinx vector. The images were taken at 4 days after
infiltration of Agrobacteria. (D) Disease resistance activity against YFP expressing PVX by the C-
terminally HA-tagged HeLo domain of AfMLKL1was impaired in the eds! pad4 sagl0la sagl01b
mutant of N. benthamiana. The proteins were expressed under the constitutive 35S promoter. (E) A
structure of full-length human MLKL predicted by AlphaFold2. (F) Expression of HsMLKL variants
under the constitutive 35S promoter confer resistance to the YFP expressing potato virus X (PVX). The
figures are used in the Figure 1, Figure 3, and Figure S2 in the MLKL manuscript.
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2.3. Structure-guided mutagenesis revealed the activation mechanism of plant MLKL
tetramer

As the PVX-based disease resistance assay with the truncated A/MLKL1 variants (Figure 5B)
suggests that the HeLo domain functions as a signaling domain of plant MLKLs. To test
whether the exposure of the HeLo domains from the tetramer is a pivotal activation step of
plant MLKLs, we performed a structure-guided mutagenesis in an attempt to disrupt the
autorepression by mutating the key residues responsible for the auto-repression. Each
AtMLKL]1 protomers are packed by two intra-domains interfaces. The first interface is
positioned between the HeLo domain and the pseudokinase domain (HP interface), and the 2nd
interface is located between the HelLo domain and the brace domain (HB interface) (Figure
5A). In HP interface, 4 amino acid residues mediate the interaction between the subdomains
(Figure 5B left). In HB interface, three hydrophobic residues (W93, 197, and F213) that form
hydrophobic clusters mediate the interaction between the subdomains (Figure 5B right). In
addition, the A/MLKL tetramer is packed by two inter-domains interfaces between the
protomers (Figure 5C). The first interface is positioned between the two HeLo domains (HH
interface). HH interface is mediated by hydrophobic packing of two antiparallel al helices of
the HeLo domains of the AfMLKL3 homodimers (Figure 5D top). To disrupt these interfaces,
the residues responsible for the interfaces were substituted with charged aspartate or glutamate
or electrically neutral alanine. The combinatorial mutation in the HP + HH interfaces exhibited
an increased disease resistance to YFP expressing PVX compared to the wild type AtMLKL1
in N. benthamiana (Figure 5E). Similar to the above mutation, the mutation in the HP + HB
interfaces also resulted in increased disease resistance. Phosphorylation in the activation loop
of the pseudokinase domain is an initial step in MLKL-dependent necroptosis in animals.
Furthermore, the previously identified gain-of-function variant carrying a phosphomimetic

mutation (S393D) in the activation loop of the pseudokinase domain® exhibited increased
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disease resistance activity in this assay (Figure SE). We noticed that expression of AtMLKL1
variants with the PVX did not cause host cell death in N. benthamiana (Supplementary Figure
1). These data supported the structure-guided hypothesis that the tetrameric configuration of
wild-type AtMLKLs, in which the HeLo domains are buried represents an auto-repressed state
of this protein family. Furthermore, both the intra- and inter-domain interfaces contribute to the
auto-repression of AIMLKL tetramer, and AfMLKLs would undergo a conformational change

that leads to the exposure of the HeLo domains during their activation.

2.4. The gain-of-function variants of Ar/MLKL1 and the helper NLRs exhibits distinctive
contributions to the EDS1 signaling

TNL-triggered immunity can recruit helper NLRs of the ADR1 (Activated Disease Resistance
1) and NRGI1 (N-required Gene 1) families as well as plant MLKLs for downstream
signaling* 4> However, the genetic and functional relationship between plant MLKL and
helper NLR in TNL-triggered immunity has remained unclear”. To examine the genetic and
functional relationship between plant MLKL and helper NLR, I examined the disease resistance
activity of gain-of-function variants of AfMLKLI in the adr! nrgl knockout mutant and in the
edsl pad4 sagl01 mutant of N. benthamiana. Intriguingly, the disease resistance activity of the
gain-of function variants of AMLKL1 was largely retained in the adr! nrgl mutant
background, while the resistance activity was barely detected in the eds! pad4 sagl01 mutant
background (Figure 5E). These data suggest that helper NLRs and plant MLKLs can function
at downstream signaling of the TNL-triggered immunity in a parallel manner while plant

MLKLs are integrated in EDS1 signal amplification loop.
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Figure 5. Structure-guided mutagenesis revealed distinctive contributions of the EDS1
family and the helper NLRs to the disease resistance activity mediated by the gain-of-
function variants of AfMLKL1

(A) Left: Schematic representation of the intra-domain interfaces indicated by blue dashed lines. Right:
Tertiary structure of the AfMLKL3 tetramer. As the cryo-EM structures of AfMLKL2 and AtMLKL3
are nearly identical and the protein sequences of A/MLKL1, 2, and 3 are highly conserved, it is
reasonable to predict that AfMLKLI also forms an AtMLKL3 like tetramer. One of four protomers is
shown in colors. The color code is identical to Fig. 1a. (B) The position of amino acid residues in the
intra-domain interfaces. (C) Schematic representation of the inter-domain interfaces indicated by red
dashed lines. (D) The position of amino acid residues in the inter-domain interfaces. (E) Disease
resistance activity of AfMLKL]1 variants carrying mutations at either intra- or inter-domain interfaces
to the YFP expressing PVX. All AtMLKLI1 variants were C-terminally tagged with HA epitope. The
YFP intensity of the leaf lysate was measured as a proxy of the disease resistance activity. HH+HP and
HP+HB indicate the mutant AtMLKL1 variants harboring mutations at the HH+HP interfaces and
HP+HB interfaces, respectively. The previously identified gain-of-function variant carrying a
phosphomimetic mutation (S393D from Mahdi et al.” in the activation loop of the pseudokinase domain
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was used as a control. The red asterisks indicate significant differences from the AtMLKL1 wild type.
The figure is used in the Figure 2 in the MLKL manuscript.
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2.5. Plant MLKL mediates cytoplasmic calcium influx

Cytoplasmic calcium ion ([Ca®"]cy) is a ubiquitous 2nd messenger involved in various signaling
pathways including disease resistance and cell death!**!%, With a newly established minimally
invasive microscopic analysis, we monitored changes of [Ca?*]ey in leaves of wild type and
Atmlkl123 mutant plants expressing the GFP-based Ca*" sensor, GCaMP3'%!197 during TNL
and CNL-triggered immunity. I found that unlike the wild type plants, the Atmlkl23 mutant
plants failed to mount the sustained [Ca*"]cy: increase at 10-14 hours post infiltration with the
Pf0-1 strain expressing AvrRps4 (Figure 6A), while the transient [Ca?']cy: increase at around
4 hours were detectable in both genotypes (Figure 6A). The transient and sustained [Ca?*]eyt
increases were a host response specific to the Pf0-1-AvrRps4 strain that activates the TNL pair
RRS1/RPS4, as those [Ca*"]cyt increases were undetectable upon infiltration of the Pf0-1 strain
without effectors (Figure 4A). Strikingly, in agreement with the limited contribution of
AMMLKLs to CNL-triggered immunity®®, the [Ca?"]cy: increase upon the Pf0-1 strain expressing
AvrRpm] that activates a CNL, RPMI1 receptor'® were similar between the wild type and the
Atmlk123 mutant backgrounds (Figure 6B). I noted that in wild type the patterns of [Ca*"]cyt
influx were markedly different in response to the two strains, implying the distinctive
contributions of those TNL and CNL receptors to [Ca**]cyt influx. As the N-terminal HeLo
domain of AfMLKLI1 confers disease resistance (Figure 4D), we subsequently tested whether
the N-terminal HeLo domain of A4#MLKLs are able to elicit [Ca*"]cyt influx in human HEK 293
cells. I took an advantage of an experimental system that enables a chemical (i.e., Rapamycin)
induced de-repression of the HeLo domain activity in which, an inhibitory domain fused to the
HeLo domain is removed by a rapamycin-induced split-ubiquitin dimerization (Figure 6E).
Strikingly, upon rapamycin treatment, the N-terminal HeLo domain alone as wells as the HeLo
domain plus the brace region of AfMLKL1 induced [Ca*']cy: influx in human HEK293T cells

(Figure 6C, D). Notably, the HeLLo domain plus the brace region of human MLKL (HsMLKL)
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also elicited [Ca?" eyt influx in human HEK293T (Figure 6C, D). Furthermore, we detected an
induced GCaMP?3 signal in the stable transgenic N. benthamiana plants expressing GCaMP3'%
upon expression of the HeLo domain of AfMLKLI1 (Figure 6F). Taken together, it is plausible

that plant MLKLs confer immunity through the HeLo-domain mediated [Ca**]cy: influx during

TNL-triggered immunity.
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Figure 6. Plant MLKLSs are mediator of cytoplasmic calcium ion influx

(A) and (B) A time course signal analysis of GCaMP3 in leaves of the Col-0 expressing
GCaMP3 and two independent A¢tmlkl123 transgenic lines expressing GCaMP3 generated in
this study. Average and SE at each time points upon infiltration with (A), Pf0-1 expressing
AvrRPS4 (Pf0-AvrRps4) or (b), Pf0-1 expressing AvrRpm1 (Pf0-AvrRpm1) are shown. Pf0-1
carrying empty vector (Pf0-EV) was used as a negative control. (C) and (D) the N-terminal
HeLo domain alone and the HeLo domain plus the brace region of A/MLKLI1 induced
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[Ca2+]cyt influx in human HEK293T cells. (D) mock control. A-c, the mean and the standard
error of the replicates are shown. (E). Schematic representation of the Rapamycin-induced
release of N-terminal tag free protein of interest (POI) used in ¢ and d. After transfection of the
construct the N-terminal FRB-N-Ub and the C-terminal FKBP-C-Ub-POI are separated by the
2A self-cleavage. Rapamycin treatment leads to dimerization of FRB/FKBP, by which the
formerly bisected ubiquitin can fuse together that allows deubiquitinases to cleave and release
protein of interest (POI). (F) GCaMP3 signal in N. benthamiana upon expression of the HeLo
domain and the full length AfMLKL1 under the B-estradiol inducible promoter. The average
and £ SE are indicated ((HeLo (n=13), full length (n=8), Mock (n = 17)). For the mock control
non-transformed agrobacteria was used. A one-way ANOVA followed by post-hoc Tukey HSD
test (p = 0.05) was conducted. The figure is used in the Figure 4 in the MLKL manuscript.
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2.6. Recombinant AfIMLKL1-HeLo domain forms a higher-order oligomer

Arabidopsis MLKL utilizes N-terminal HeLo domain as a signaling domain for immunity and
calcium influx (Figure 4D and F, and Figure 6C). However, how plant MLKL triggers calcium
influx and disease resistance activity was unclear. Thus, to understand the underlying
mechanism, the characterization of recombinant HeLo domain of Arabidopsis MLKL1 was
performed. To examine whether plant MLKL self-oligomerizes in-vitro, 1 performed gel-
filtration analysis of purified recombinant protein HeLo domain of Arabidopsis MLKLI1. Gel
filtration analysis suggested that AfMLKL1 HeLo domains form a higher-order oligomer,
which composes c.a. 15 protomers (Figure 7A). The purified recombinant NHis6Sumo-
AtMLKLI1(HeLo) domain appeared to be suitable for functional characterization with little
contamination (Figure 7B). His6Sumo tag cleavage from His6Sumo-4tMLKL1(HeLo) using
GST-HRV3C enzyme produced the bands of cleaved A/MLKL1(HeLo) and His6-Sumo tag at
the position of correct molecular weight in SDS-PAGE gel (Figure 7C), suggesting that the
purified His6Sumo-4tMLKL1(HeLo) recombinant protein in Figure 5A is the target protein.
Electron microscope analysis using negatives staining suggested that His6Sumo-HeLo domain
of AMLKL1 domain might be assembled into a c.a.10 nm ring-like structure (Figure 7D and
E). Next, to obtain high-resolution 3D structure of the oligomer, I performed cryo-EM analysis
with two different types of grids for the protein. The Cryo-EM grids of the protein was prepared
using the copper grids with and without 2 nm carbon support layer. The protein particles were
observed on the copper grids with 2 nm carbon support layer (Figure 8 A). and the ice thickness
on grids was suitable for imaging and particle analysis (Figure 8B). However, the Cryo-EM
particle analysis suggested that the particles of the purified His6Sumo-HeLo domain of
AMLKLI is heterogeneous, and that the protein needs to be stabilized (Figure 8A). One reason
might be the lack of lipids that could stabilize the protein or lipid environment as membrane

environment is critical for proper function of membrane proteins''°.
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Figure 7. Purified recombinant AZMLKL1 HeLo domains form a higher-order oligomer

(A) Size-exclusion chromatography profile of the 6xHis-Sumo-tagged HeLo domain of
AtMLKLI. Position of standard molecular weight is indicated. (B) The proteins in peak
fractions in the size-exclusion chromatography were verified by SDS-PAGE. (C) Cleavage of
N-terminal His6Sumo tag from NHis6Sumo-AfMLKL1HeLo by GST-PPase at different time
points of 0, 2, 24 hours. (D) A negative staining electron microscope image of the grids coated
with the purified HeLo domain oligomer protein. The particles of the c.a. 10 nm ring-like
structures are marked with red circles. (E) Enlarged individual particle images of the ring-like
structures. The figure is used in the Figure 3 in the MLKL manuscript.
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Figure 8. Cryo-EM analysis of purified recombinant Af/MLKL1-HelL.o domain higher-
order oligomer

(A) 2D Classification of cryo-EM of the 6xHis-Sumo-tagged HelLo domain AfMLKL1 higher-
order oligomer. (B) The relative ice thickness of the cryo-EM grids with HeLo domain
oligomers.
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2.7. HeLo domain and full-length plant MLKL protein bind to distinct phospholipid
species

Phospholipids play a pivotal role in the plant membrane!!!. In plant immunity, the phospholipid
signaling coordinates membrane trafficking and regulate the trafficking of the localization of
at the plasma membrane in plant defence!'?!!3, Phosphatidylinositol phosphates play essential
roles in the membrane in animals as well. For instance, PI(4,5)P> plays a central role in
maintaining the surface charge of the membrane, and PI4P and PI(3,4,5)P3 redundantly
contribute to the function as well''>. Animal MLKL localizes at and permiablilizes the plasma
membrane to induce cell death in a phosphatidyl inositol-dependent manner’#77-7881.85.114.115
Plant MLKLs translocate to the plasma membrane when TNL pathway is activated. Therefore,
it is tempting to hypothesize that plant MLKL use the phospholipids at the plasma membrane
to induce resistance activity in a similar manner as animal MLKL. To examine this hypothesis,
I investigated whether plant MLKL proteins have the phospholipid binding capacity using the
fill-length and the truncated N-terminal HeLo domain of AfMLKL3-His6 recombinant proteins
in vitro. Lipid overlay assay suggested that full-length AfMLKL3-His6 recombinant protein
binds mainly to phosphatidylserine and the truncated HeLo-His6 of AfMLKL3 domain binds
to phosphatidylinositol phosphates (PIPs) (Figure 9A and B) in a mutually exclusive manner,
supporting the cryo-EM structural observation that the HeLo domain is located inside the
tetrameric structure. There are several chemical derivatives in phosphatidyl inositol phosphates,
depending on the number and place of phosphates on the carbon ring attached with the acyl
chain (Figure 9C). The increase in signal intensity of the spots on the membrane was dependent
on the number of phosphates that compose PIPs with strongest binding capacity with
PI1(3,4,5)P3 in the lipid overlay assay using the truncated N-terminal HeLo domain protein
(Figure 9B), implying that the binding affinity of the N-terminal HeLo domain to the PIPs is

determined through the electrostatic property of the PIPs. However, in plants, presence of
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PtdIn(3,4)P, and PtdIn(3,4,5)P; has not yet been reported''®. MAP-dOCRL(*Drosophila
melanogaster orthologue of human oculocerebrorenal syndrome of Lowe 1) deprives PI(4,5)P
at the plasma membrane!!”. To examine whether plant MLKL HeLo domain requires
phosphatidyl inositol phosphates in a similar manner as animal MLKL to exhibit immune
responses®!, I investigated whether co-expression of MAP-mCherry-dOCRL that depletes
PI1(4,5)P; from the plasma membrane alters the resistance activity conferred by the Arabidopsis
MLKL HeLo domain in N. benthamiana using PVX-based assay. Co-expression of MAP-
mCherry-dOCRL with HeLLo domain did not alter the HeLo-domain-mediated suppression of
the proliferation of PVX in N. benthamiana, suggesting that plant MLKL HeL.o domain does

not require PI(4,5)P for disease resistance activity unlike animal MLKL (Figure 9D).
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Figure 9. The HeLLo domain associates with phosphatidylinositol phosphates (PIPs), while
the full-length ArMLKL associates with phosphatidylserine (PS)

(A)(B) Lipid overlay assays of recombinant AfMLKL3 variants. Recombinant full-length
AMLKL3-CHis6 (A) and truncated 4tMLKL3(HeLo)-CHis6 (B) were incubated with PIP
strip. Immunodetection was performed with the anti-His tag antibody with exposure time of 30,
and, 90 seconds, respectively. (C) Chemical structure of phosphatidylinositol 4,5-biphosphates.
(D) Disease resistance activity of co-expression of 4A/MLKL1 WT/HeLo domain alone and
dOCRL, lipid depriving enzyme. Different letters indicate statistically significant difference at
p < 0.05, which was determined with single-factor ANOVA followed by Tukey’s test. Co-
expression was induced under pBiFCt transient expression vectors under independent 35S
promoter.
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2.8. Phosphomimetic variant of A/IMLKL1(S393D) retains a tetrameric configuration

Phosphomimetic mutation in Serine 393 in the pseudokinase domain of AtMLKL1 exhibited
enhanced cell death in Arabidopsis protoplasts and resistance to powdery mildew pathogen®.
Consistently, the phosphomimetic AfMLKL1(S393D) variant showed increased disease
resistance activity using PVX, supporting the previous observation (Figure SE). Animal MLKL
is reported to change its conformation from monomer to tetramer in a phosphorylation-
dependent manner, during its activation in necroptosis’’. Furthermore, structure-guided
mutagenesis approach implied that the AtMLKL tetramers represent an auto-repressed
conformation of plant MLKLs and the exposure of the N-terminal HeLo-domain from the
tetramer is an important activation step (Figure 4B and Figure 5E). The multiple lines of
evidence provoked the hypothesis that the phosphorylation-induced conformational change in
the activation loop is the conserved activation mechanism of plant and animal MLKL. Given
that the activation loop is located far away from the HeLo domain in the tetrameric AfMLKL2
and 3, this suggests that modifications of this portion of the pseudokinase domain may function
to allosterically relieve the autoinhibition of AfMLKLs, leading to exposure of the HeLo
domain. To further study the activation step, I purified a gain-of-function variant of AtMLKL1
carrying a phosphomimetic mutation in the activation loop of the pseudokinase domain for
Cryo-EM. In contrary to this hypothesis, the phosphomimetic variant appeared to retain
triangular shape in negative staining image and eluted in a fraction, corresponding with the
molecular weight of a tetramer position, suggesting that the phosphomimetic variant retains a
tetrameric configuration (Figure 10). The result suggests that phospholyration of plant MLKL
protein does not lead to direct conformational changes of the protein such as the exposure of
HeLo domain although animal MLKL is subject to dynamic conformational change upon
phosphorylation. The data might suggest that plant MLKL protein might require different

activation steps other than phosphorylsation for full-activation.
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Negative staining image

Figure 10. Recombinant phosphomimetic variant of His6Sumo-4/MLKL1(S393D)

Negative staining image of purified recombinant phosphomimetic variant His6Sumo-
AMLKLI (S393D) (Left) Purified recombinant phosphomimetic variant of His6Sumo-
AMLKLI1(S393D) eluted in the tetramer position in gel filtration analysis using Superose 6
Increase column (Right)
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2.9. Cell death activity of AfMLKL1 does not correlate with immune response

Cryo-EM structures of Arabidopsis MLKLs (AtMLKLs) reveal a tetrameric configuration in
contrast with the monomeric structure of animal MLKL. In tetrameric structure, N-terminal
HeLo domain was sequestered inside, suggesting that plant MLKL tetramer is an auto-inhibited
form. The combinatorial mutation in the HP + HH and HP + HB interfaces exhibited an
increased disease resistance to YFP expressing PVX compared to the wild-type AfMLKL1 in
N. benthamiana (Figure 5E). In parallel, I examined whether the cell death activity of the
AtMLKLI1 variants using luciferase-based viability assay of the Arabidopsis mesophyll
protoplasts isolated from the triple mutant Atmlkll23. The mutation in either HB or HP
interface that disrupt the intra-domain interaction resulted in enhanced cell death compared
with wild-type AfMLKL1. The mutation in HH interface, one of the inter-domain interfaces,
resulted in enhanced cell death compared with wild-type but the mutation in BB interface did
not result in enhanced cell death. Next, I examined whether the variants that harbour the
mutations in multiple interfaces exhibit increase in the cell death activity compared with the
variants that possess the mutations in one of the interfaces. The variants, HB+HH and HP*+HB
showed enhanced cell death compared with wild-type AtMLKL1 but did not show significantly
different cell death activity compared with the variants that harbour mutation in one of the
interfaces. This result suggested that disruption of one of the interfaces responsible for intra-
domain interaction or inter-domain interaction is sufficient to de-repress the AfMLKL tetramer
to exhibit the cell death activity. In western-blotting, protein expression was detectable (Figure
11F). However, the identified gain-of-function variant of HP+HH and HP+HB for the disease
resistance activity in N. benthamiana (Figure SE) did not exhibit enhanced cell death activity

in protoplasts.
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Figure 11. Cell death activity of 4ZMLKL1 variants designed by structure-guided
mutagenesis

(A) Tertiary structure of AtMLKLI1 tetramer (left) and schematic representation of the intra-domain
interfaces in A/MLKL1 protomer (right). One of four protomers is shown in colors. Blue dashed lines
indicate two intra-domain interfaces in AfMLKL1 protomer. The interfaces exist between HeLo and
Pseudokinase domains (HP interface) and between HeLo and Brace domains (HB interface),
respectively (B) The location of amino acid residues at the HP and HB interfaces (C) Schematic
representation of the inter-domain interfaces in AfMLKLI tetramer. Red dashed lines indicate the two-
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inter-domain interfaces in AfMLKL1 tetramer The interfaces exist between HeLo domains (HH
interface) and between Brace domains (BB interface), respectively (D) The location of amino acid
residues at the HH and BB interfaces. (E) Cell death activity of A/MLKL1 variants in mesophyll
protoplasts of Atmlki123. Luciferase and AtMLKL1 expression constructs were co-transfected into
protoplasts of Armlki123 and luciferase activity relative to empty vector control was measured as a
proxy of cell viability at 13-16 hours post transfection. The C-terminally HA tagged variants were
expressed under the control of the constitutive cauliflower mosaic virus 35S promoter. (E) The positions
of the mutated residues, which were substituted to glutamic acid (E) are indicated in Figure 11B and.
HP* is a HP interface variant (S287E, L341E, and R370E) that harbors mutations only in the
Pseudokinase domain, Data represent mean +-s.e.m. Significant differences between the samples were
analyzed using Kruskal-Wallis (KW) analysis followed by the Dunnett test. Calculated KW P-value =
0.001776 (*P<0.05, **P<0.01 in Dunette test). (F) Western blot analysis of the C-terminally HA-tagged
AtMLKLI variants. Total protein extracts were collected from mesophyll protoplasts of Atmlkl123 at
seven hours post transfection.
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Supplementary Figure 1: Expression of AfMLKIL1 variants in N. benthamiana with PVX

Expression of AtrMLKLI1 variants with the YFP expressing potato virus X (PVX) did not cause host cell
death in N. benthamiana (wild type). GUS and AtMLKI1 variants were expressed under the constitutive
35S promoter. the PVX was expressed using pSfinx vector. The images were taken at 4 days after
infiltration of Agrobacteria. The figure is used in the Figure S2 in the MLKL manuscript.
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4.1. Inhibition and activation of plant and animal MLKL proteins

In this study, structure-guided mutagenesis approach approach has validated the hypothesis that
the full-length MLKL tetrameic form represents an inactive form, and showed that intra-
domain or inter-domain interactions within the A/MLKL tetramer is responsible for the auto-
repression of A/MLKL tetramer function. Furthermore, the result indicated that exposure of
HeLo domain is a key activation step of plant MLKLs (Figure SE). In animals, MLKL is
activated through phosphorylation by RIPK3 in the activation loop of the pseudokinase domain.
The phosphorylated MLKL undergoes conformational change from a monomer to a
tetramer’>’’. However, the size-exclusion analysis and the electron microscope analysis of the
recombinant phosphomimetic variant of A/MLKL1 (Figure 10) revealed that the
phosphomimetic 4/MLKL1 variant retains a tetrameric configuration, suggesting that
phosphorylation of plant MLKL does not induce dynamic conformational change of plant
MLKL proteins from the tetrameric state unlike animal MLKL. This result implies that
phosphorylation of MLKL might be a priming step for its activation and plant MLKL protein
requires multiple activation steps for full-activation. Alternatively, the phosphorylation of plant
MLKL might alter the binding affinity with the EDS1 receptor complex that might comprise
the activation of plant MLKL protein given that plant MLKLs are preferentially engaged by

TNL- but not CNL-triggered immunity®.

4.2. Oligomerization and membrane damage mediated by HeL.o domain
The oligomerized animal MLKL permeabilizes the PM via incompletely characterized

mechanisms’®%0

although it is in a general consensus in the field that the N-terminal HeLo
domain is indispensable for immunity and cell death”"°. The HeLo-domain helices of mouse,

human, and plant MLKLs can be classified as an amphipathic helix, carrying both but

segregated hydrophilic and hydrophobic surfaces®®!%*. This amphipathic nature of helical
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proteins often leads to their oligomerization with their membrane lytic activities!*+!!8119,

Indeed, the plant MLKL N-terminal HeLo domain protein drives the self-oligomerization of
the protein in vitro (Figure 7B). In ferroptosis, other type of programmed cell death in animals,
partial PM damage results in formation of a transient pore at PM that causes cytosolic Ca*"
fluxes'?’. Therefore, a partial PM damage by the oligomerized HeLo domains of plant MLKL
could be the underlying mechanism for the plant MLKL-mediated cytosolic Ca*" influx. In
animals, this membrane lytic activity of animal MLKL is dependent on binding capacity to
phosphatidylinositol phosphates mediated by HeLo domain®!. Similarly, plant MLKL N-
terminal HeLo domain preferentially binds to the phosphatidyl inositol phosphates (Figure 9B).
Thus, it is tempting to hypothesize that plant MLKL HeLo domain permeabilizes the
phosphatidylinositol ~ 4,5-bisphosphates. However, the enzymatic deprivation of
phosphatidylinositol 4,5-bisphosphates at the plasma membrane did not affect the immune
upregulation mediated by HeLo domain (Figure 9D), denying the involvement of
phosphatidylinositol 4,5-bisphosphates at the plasma membrane in HeLo domain-mediated
immune upregulation. This might suggest that the plant MLKL HeLo domain uses different
phosphatidyl inositol species other than phosphatidylinositol 4,5-bisphosphates to induce the
immune upregulation. Alternatively, the enzymatic deprivation of phosphatidylinositol 4,5-
bisphosphates at the plasma membrane by dOCRL was not efficiently executed in the tested
experiment condition. It would be informative to test whether plant MLKL N-terminal HeLo
domain exhibits lytic activity in vitro by liposome permeabilization assay in a manner

depending on phosphatidylinositol phosphates similar as the animal MLKL HeLo domain®'.

4.3. Activated MLKL pore might release DAMPs
The HeLo domain of AfMLKL1 possess a self-clustering activity to form a higher-order
oligomer with an approx.15 protomers (Figure 7A). Furthermore, negative staining analysis

suggested that the particles of the HeLo domain can form a higher-order oligomer with a pore-
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like structure with the diameter of c.a. 10 nm (Figure 7D), which is large enough for small
molecules such as DAMPs to pass through although the requires structure determination in
atomic resolution. The major types of plant DAMPs include extracellular ATP, oligomeric
plant cell-wall-derived pectin termed oligogalacturonides (OGs), and fragments of chitin!?!-123,
Furthermore, HeLLo domain forms a punctate structure that is similar to the punctate structure
of full-length AfMLKL1 upon activation of TNL pathway, indicating that self-clustering
activity of HeLo domain is a signature of plant MLKL activation. In pyroptosis, gasdermin
pores release immunogenic peptides, IL1-B (Interleukin-1 beta) and IL-18 (Interleukin-
18)!?4125 The cryo-EM structure of Gasdemin D revealed that the pore has the inner diameter
of 22 nm and the electrostatic property of the membrane pore allows preferential passage of
IL1-B and IL-18 over the precursors'?*. Plants release the immunogenic peptides called
phytocytokines that correspond to the cytokines in animals. Plant Elicitor Peptides (Peps),
which were originally identified from endogenous peptides in Arabidopsis thaliana, induce
amplification of defence signaling like PTI when recognized by its cognate receptors, A¢tPep-
Receptors (AfPepRs)'?*!?7. Plant elicitor peptides (Peps) are prominent phytocytokines that
trigger plant defences when recognized by the leucine-rich repeat RKs (LRR-RKs) PEPR1 and
PEPR2!%. 4fPROPEP genes show tissue-specific expression patterns'?. APEPR1 and
AfPEPR2 are present in all tissues, suggesting functionality of the system throughout the
plant'3°. 4/PROPEP genes do not encode N-terminal signal peptides for secretion!?%!27:130 This
has led to the assumption that the peptides are only released upon tissue damage. However,
AfPROPEP3 is likely to be released upon treatment with AtPep1 or AfPep2, or upon bacterial
infection'!, suggesting that A/PROPEP3 may be released as a leaderless peptide in a tissue
non-destructive manner? similar to the secretion of IL1-B through the gasdermin pore. In
consistent with this, plant MLKL-mediated immunity is engaged by EDSI1 signaling.

PROPEP3 is a peptide with 96 amino acid residues with flexibility that can be smaller than 10
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nm in one length, suggested by a predicted structure in AlphaFold2 (Figure 12A and B). Itis a
reasonable hypothesis that the PROPEP3 molecules might pass through the pore mediated by
HeLo-domain of plant MLKL, implying the potential link between DAMP signaling and plant
MLKL-mediated immunity. In this scenario, plant MLKL function as a connecting point of
PTI and ETI in plant immunity mediated via pore formation. Consistently, recent studies
suggest the link between PEP1 and NLR triggered immunity***°. Thus, to determine the precise
size and architecture of the plant MLKL HeLo domain oligomer on the membrane and the
electrostatic property of the pore surface is crucial for precise understanding of how plant

MLKL contributes to the immune signaling.
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Figure 12. Predicted PROPEP3 structures by AlphaFold2 with different orientations

In the panel (A) and (B), the longest distances between the two regions in the PROPEP3 peptide are
described (A: 94.8 A, B: 47.2 A). The color in the structure represents the model confidence.
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4.4. Plant MLKL mediates sustained calcium influx
MLKLs and RNLs appear to confer cytoplasmic Ca®" influx in either phase of TNL-mediated
immunity. It might be reasoned that the MLKL-dependent sustained [Ca?*]cyc increase (Figure
6A) is that structural variations of the TIR-produced metabolites may influence the selection
of client proteins for the EDS1-receptors. The plant TIR-produced metabolites pRib-AMP and
ADPr-ATP promote association of EDS1-receptors with the downstream RNLs, NRG1 and
ADR1*#? while plant TIR-only proteins like BATIR generate ~100-fold more v-cADPR
(2'cADPR) in planta relative to TIR-domains from TNL proteins®®. Furthermore, plant TIR-
only proteins also generate 2',3'-cNMPs linked with abiotic stress response*>!*2. Therefore, it
is tempting to speculate that the considerable variations in composition and structure of TIR-
products in the course of pathogen challenge allows distinctive EDS1-receptor complexes to

preferentially activate MLKLs over RNLs.

4.5. Plant MLKL pathway as a backup mechanism in TNL-triggered immunity

Animal MLKL-mediated necroptosis has evolved as a backup pathway in case apoptosis is not
activated. Plant MLKL pathway in TNL-triggered immunity might have evolved to function as
a backup pathway to counteract the effector-mediated suppression of the immune signaling
pathway by the invading pathogens similar to animal necroptosis. In Arabidopsis, the helper
NLRs, ADRI1 and its 2 paralogs ADR1-LIKE 1 (ADR1-L1) and ADRI-LIKE 2 (ADR1-L2)
function downstream of TNLs in a redundant manner®*133134 Recently, it was found that the
Pseudomonas syringae AvrPtoB effector suppresses cell death mediated by helper NLRs,
ADRI1-L1- and ADR1-L2"*° while RNLs and plant MLKLs can function in signaling
downstream of TNL in a parallel fashion (Figure 5E). However, even when the function of
helper NLRs is restricted, plant MLKLSs still retains their function as downstream components
in effector-triggered immunity as a backup mechanism, which might contribute to the

robustness of ETI.
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4.6. Bifurcation of TIR-mediated cell death and immune response

Host cell death is associated with the plant immune responses in many cases. However, cell
death and pathogen growth restriction have been uncoupled in several cases>”!**. I found that
the RBA1 (C83A) cell death deficient variant retained disease resistance activity like wild-type
RBAI, whereas the RBA1 (E86A) barely showed disease resistance activity (Figure 3G).
RBA1 TIR domain exhibits NADase to generate 2'-(5"-phosphoribosyl)-5'-adenosine
monophosphate (pRib-AMP),and nuclease activity to produce diphosphate (pRib-ADP) and
cyclic nucleotide monophosphates (c(NMPs) such as 2',3’-cAMP/cGMP, respectively, to induce
cell death®® 4192 The data suggest that the 2',3'-cAMP/cGMP synthase activity (i.e., nuclease
activity) of RBA1 is required for host cell death and the remaining NADase activity is sufficient
to confer immunity to PVX. Furthermore, the disease resistance activity of the RBA1(C83A)
variant was significantly compromised in the Nbepss mutant background (Figure 3G),
supporting the previous finding that the TIR NADase products activate the EDSI1 signaling
pathway. In summary, my study based on the modified method of PVX assay has uncoupled
cell death and immune responses mediated by RBA1 C83A cell death deficient variant.
Consistently, Arabidopsis TNL SNC1 (Suppressor of nprl-1, constitutive 1) does not require
the 2',3-cAMP/cGMP synthetase activity for immune signaling'*®. Therefore, it is tempting to
speculate that 2',3-cAMP/cGMP produced by TIR nuclease activity may target different
downstream components than EDS1 and that the signaling molecules produced by TIR
nuclease and NADase activity promote cell death and the immune response pathway,
respectively, to bifurcate the cell death and immune response pathways. Non-mutually
exclusive explanation is that both the TIR NADase and TIR 2',3'-cAMP/cGMP synthase
activitities might be required for TIR-mediated cell death response to cross the threshold
between cell death and immune response while the TIR NADase activity comprises the primary

immune signaling.
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4.7. Advantages of PVX-based disease resistance assay to assess the plant immune
response
PVX disease resistance assay offers a high operational efficiency, however, the assay still
involves laborious procedures or some do not assess the amount of virus inside the leaves. In
the modified method of plate reader-based PVX assay described enabled rapid measurement of
the disease resistance activity. The modified assay can ignore the effect of endogenous EDS1
signaling pathway as suggested by a virus-induced NhEDSI gene silencing®® and the
comparable vial load in wild type and eds! pad4 sagl01 saga 101 in N. benthamiana (Figure
3E). This characteristic allows the assessment of milder moderate resistance activity.
Furthermore, the samples can be stored in a freezer until its use, which allows measurement of
disease resistance activity of multiple R genes. I emphasize that disease resistance assays are
not exclusive to the widely used cell death assay in the N. benthamiana transient gene
expression system, but rather complementary to understanding cell death-independent

immunity of R proteins.
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5.1. Enzymes
All enzymes used are listed in Table 2.1. These were stored at -20 °C and freshly thawed

before use.

Table 2.1 | Enzymes for protoplast isolation.

Name Supplier
Macerozyme R-10 Yakurt Pharmaceutical
Cellulase R-10 Duchefa Biochemie

5.2. Antibodies
Table 2.2 lists the primary and secondary antibodies used for immunoblot detection. Stock

solutions of antibodies were stored at -20 °C in aliquots and freshly thawed before use.

Table 2.2 | Antibodies

Name Supplier Indetifier
Rat monoclonal a-HA Sigma-Aldrich, MO, USA AB 390918
Mouse monoclonal a-6X His Abcam AB 18184
Goat a-rat [gG-HRP Sigma-Aldrich, MO, USA AB 91300
Goat o-mouse IgG-HRP Santa Cruz Biotechnology, TX, USA AB 2687626

5.3. Oligonucleotides
Oligonucleotides were purchased from Sigma-Aldrich. Lyophilise d primers were

resuspended in Mili Q water to a final concentration of 10 uM.

5.4. Buffers and Solutions
Buffers and solutions frequently used in this thesis are listed in Table 2.3.

Table 2.3 | Buffers and solutions for DNA and protein separation in electrophoresis

Buffer Components Purpose

50x TAE Tris base (2 M), acetic acid (1 M), EDTA (50 Agarose gel
buffer mM) electrophoresis
1< TBS-T Tris-HCI pH 7.4 (20 mM), NaCl (150 mM),

buffer Tween 20 (0.1% (w/v)) Western blotting

10x TGS buffer Tris base (0.25 M), Glycine (1.9 M), SDS (35 mM) SDS-PAGE
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Table 2.4. Solutions for cell death assay in Arabidopsis mesophyll protoplast

Buffer

Composition

Enzyme solution
Wash solution

T1 solution

T2 solution
Regeneration
solution

10mM MES, 0.6M mannitol, 20mM KCI, 1,5% Cellulase R-10, 0,5%

Macerozyme R-10, 10 mM CaCl2, 0.1% BSA

2 mM MES, 154 mM NaCl, 125 mM CaCl2, 5 mM KClI
4 mM MES, 0.4M mannitol , 15 mM MgCI2
40% PEG4000, 0.2M mannitol, 100 mM CaClI2

4mM MES, 0.6M mannitol, 20 mM KCI

5.5. Materials for recombinant protein expression

Table 2.5 | Untransformed E.coli strains.

Bacterial strains

Supplier Genotype

E. coli DH5a

BL21 (DE3)
E. coli DH10Bac

F- ompT hsdSB(rB- mB-) gal dem (DE3) pPRARE
E. coli Rosetta (DE3) Koncz (Cam®)

F— ¢80lacZAM15 A(lacZY A-
argF)U169 recAl endAl

Thermo hsdR17(tK—, mK+) phoA supE44 A—thi-

1 gyrA96 relAl
NEB F—ompT hsdSB (rB—, mB-) gal dem (DE3)

F-mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74
Thermo recAl endAl araD139 A(ara, leu)7697 galU galK A-rpsL

nupG/pMON14272/pMON7124

Table 2.6 | Empty plasmids vector for protein expression in E.coli and insect cell

Gene

Vector Tag

Sequence origin

AMLKL1(WT)

AMLKL3(WT)

AMLKLI1(HeLo) pFastBacl = N-terminal His6Sumo tag

pFastBacl  N-terminal His6Sumo tag

N-terminal GST tag and C-teriminal His6
AMMLKL3(HeLo) pGEX6p-1 tag
N-terminal GST tag and C-teriminal His6

pGEX6p-1 tag

Coding sequence
Coding sequence

Coding sequence

Coding sequence

Table 2.7 | Media for E. coli and A. tumefaciens culture.

Name Supplier
LB Broth with agar (Lennox) Sigma
LB media (Lennox) Roth

Table 2.8 | Media for Arabidopsis thaliana culture.
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Name Supplier
Murashige and Skoog Basal Medium Sigma

Table 2.9 | Empty plasmids for A. tumefaciens transformation.

Constructs Resistance
pPAMPAT-35s-GW-3HA Carbenicillin
PAMPAT-35S-AMMLKL1(wild-type)-3HA Carbenicillin

Table 2.10 | Media and chemicals for insect cell culture.

Name Supplier

S£-900 II SFM Gibco /Thermo fisher Scientific
X-treme Gene HP DNA transfection reagent Sigma

Antibiotic Antimycotic Solution, stabilized Sigma

Fetal Bovine Serum, qualified, heat-inactivated Thermo

Table 2.11 Resins and columns for recombinant protein purification

Name Supplier

Glutathione Sepharose 4B Cytiva/Sigma

HisPur Cobalt Resin Thermo Fisher Scientific
Superdex 200 Increase 10/300 GL Cytiva/GE healthcare
Superose 6 Increase 10/300 GL Cytiva/GE healthcare
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6.1 Molecular Cloning

6.1.1 PCR (Polymerase Chain Reaction)

All the PCR for molecular cloning were performed using KOD one PCR Master Mix (sigma)

according to manufacturers’ instructions. A typical reaction mixture and the thermocycling

conditions are described as follows.

Table 2.12 PCR reaction mixture using KOD one PCR Master Mix in 50 pl

Component Volume
KOD one PCR Master Mix 25 ul

10 uM Forward primers 1.5 ul
10 uM Reverse primers 1.5 ul
10 ng/ul Template 1 ul
Mili Q 21 ul

Table 2.13 Thermocycling setting for PCR using KOD one PCR Master Mix

Stage Temperature  Time Number of cycles
Initial denaturation 98 °C 30 seconds 1
Denaturation 98 °C 10 seconds

Annealing 60 °C 5 seconds 30
Extension 68 °C 5 seconds/kb

final extension 68 °C 1 minute 1

6.1.2 Site-directed mutagenesis
Point mutations were introduced using Q5 Site-Directed Mutagenesis Kit (NEB) according to

manufacturer's instructions. Mutagenesis PCR was performed with wild-type gene sequence as
template and mutagenic primers. After mutagenesis PCR, KLD enzyme reaction mixture was
added into DHS5a competent cells for transformation and plated on LB plates with appropriate

antibiotics for colony isolation.

Table 2.14 Site-directed mutagenesis PCR reaction mixture in 50 pl

Component Volume
QS5 Hot Start High-Fidelity 2X Master Mix 12.5 ul
10 uM Forward primers 1.25 ul
10 uM Reverse primers 1.25 ul
10 ng/ul Template Il
Mili Q oul
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Table 2.15 Thermocycling setting for PCR using QS5 Site-Directed Mutagenesis Kit (NEB)

Stage Temperature Time Number of cycles
Initial denaturation 98 °C 30 seconds 1
Denaturation 98 °C 10 seconds

Annealing 55°C 30 seconds 30
Extension 72 °C 30 seconds/kb

final extension 72 °C 2 minutes 1

6.1.3. Purification of PCR products
PCR products were purified using the NucleoSpin Gel and PCR Clean-up (Macherey Nagel)

following the manufacturer’s instructions.

6.1.4 Agarose gel electrophoresis
To separate the DNA fragments after PCR, agarose gel electrophoresis was performed. First,

gels were prepared at a concentration of 1% (w/v) agarose in 1 xXTAE buffer, supplemented with
10 ul SYBR Green for a total volume of 100 ml. Samples were mixed with 6 x loading dye
before loading them onto the gel. Agarose gel electrophoresis was performed with running
condition at 180 V for 20 minutes and visualized by Gel Doc XR-+Imager (Bio-Rad).

GeneRuler 1kb Plus (Thermo Fisher Scientific) was used as a gene marker.

6.1.5 DNA extraction from agarose gels
The PCR amplified DNA fragments separated by electrophoresis were cut out from the agarose

gel and purified with the PCR clean-up and gel extraction kit (Macherey Nagel) according to

manufacturer's instructions.

6.1.6 Plasmid DNA isolation from bacteria
For all the plasmid DNA preparation, NucleoSpin Plasmid Kit (Macherey-Nagel) was used

according to manufacturer's instructions.

6.1.7 Seamless cloning
The primers were designed to have 15-20 bases overlapping regions in vector and insert. Linear

insert and linear vector were prepared individually by PCR amplification and subject to agarose
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electrophoresis. In-Fusion reaction was performed using In-Fusion Snap Assembly master

mixes (Takara Bio) following the manufacturer’s instructions.

6.1.8 Plasmid construction for full-length and Hel.o domain of AtfMLKIL1 in insect cells
The N-terminal domain of AfMLKLI (residues 1-133) with N-terminal His6-Sumo tag in the

pFastBac1 vector (Invitrogen) was generated by PCR using pFastBacl vector (Invitrogen)

encoding full-length AfMLKLI coding sequence as a template.

6.1.9 Plasmid construction for full-length and HeLo domain of A#fMLKL3 in E.coli
The N-terminal domain of AtfMLKL3 (residues 1-133) with N-terminal GST tag in the

pGEX-6p-1 vector (Invitrogen) was generated by PCR using pGEX-6p-1 vector (Invitrogen)

encoding full-length A/MLKLI coding sequence as a template.

6.1.10 Plasmid construction for cell death assay in protoplasts and Nicotiana
Benthamiana
The coding sequences 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 Af/MLKL1 and the S393D variants of AMLKL1 were cloned
into pXCSG-3HA" using LR Clonase II or (Thermo Fisher Scientific) or In-Fusion cloning
(Takara Clontech). Coding sequences of A thalina without stop codons were initially cloned

into pENTR/D-TOPO (Thermo Fisher Scientific).

6.1.11 DNA sequencing analysis
The sequences of plasmid sequences were verified by sequencing service offered by Eurofins

Genomics using its Mix2Seq Kit.s

6.2 Disease resistance assay using potato virus X
The monomeric YFP coding region was amplified from pXCSG-YFP!*® by PCR using the

primers containing the Sfil recognition sites (SiTA-mYFPf:
TTGGCCATTATGGCCATGGTGAGCAAGGGCGAGGA, SfilB-mYFPr:
TTGGCCGAGGCGGCCTTACTTGTACAGCTCGTCCA) and the PCR product was digested

with Sfil (NEB) and ligated into the SfilA and SfiIB sites of the binary PVX-based expression
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vector. The resulting plasmid designated as pSfinx-mYFP was transformed into A. tumefaciens
strain GV3101 pSoup'*®. 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,
WO3A, I97E, F213E, S287E, L341E, R370E) variant of AfMLKL1 and the S393D variants of
AtMLKL1 were cloned into pXCSG-3HA"*" using LR Clonase II or (Thermo Fisher Scientific)
or In-Fusion cloning (Takara Clontech). The resulting plasmids were transformed into A.
tumefaciens strain GV3101 pMP9ORK!'*. The A. tumefaciens strain carrying pSfinx-mYFP
(OD600 = 0.001) and the A. tumefaciens strain carrysing either of GUS or AtMLKL]1 variants
(OD600 = 0.6) were co-infiltrated into leaves of wild type, adrl nrgl mutant'*!, or edsI pad4
sagl01a sagl01b mutant'*? of N. benthamiana (Nbepss). 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 -80°C freezer until use.
The leaf-discs were ground using a pestle or Retsch mill, and 200 pl of the extraction buffer
(50 mM Tris-HCI pH 8.40 150 mM NaCl, proteinase inhibitor (Roche: cOmplet, EDTA-free
Protease Inhibitor Cocktail)) was added. The resulting lysate was centrifuged for 5 min at
30,000 x g and 80 pul of the supernatant was loaded into 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.
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6.3. Recombinant protein expression and purification and its characterization
6.3.1 Protein expression of full-length and HelL.o domain of ArMLKL1 in insect cells
Insect cell protein expression system was employed to express the recombinant protein of the

full-length His6Sumo-AtMLKL1 protein and the truncated His6Sumo-AtMLKL1(HeLo)
protein. The genes were cloned into pFastBac.l Bacmid isolation was performed with
isopropanol precipitation method instead of using commercial kit to obtain the plasmid with
high purity for efficient insect cell transformation. YFP fluorescence was used as a proxy for
viral infection in insect cells. To increase the titer, PO P1, P2 virus were generated and P2 virus
was generally used for protein expression. Protein expression was induced by the P2
baculovirus at a ratio of 1:40 (virus:cells, v:v) in Sf-900 II SFM media (Gibco/Thermo fisher

scientific) supplemented with 10% FBS to increase protein expression amount.

6.3.2 Protein expression of full-length and HelL.o domain of AfIMLKL3 in E.coli
E. coli protein expression system was employed to express the recombinant protein of full-

length GST-AtMLKL3-His6 and truncated GST-AtMLKL3(HeLo)-His6 proteins. Rosetta
(DE3) was transformed with the expression vectors, pGEX-6p-1-4fMLKL3-His6 and pGEX-
6p-1-AtMLKL3HeLo-His6 for full-length and truncated HeLo domain protein expression,
respectively. Transformant selection was performed on LB agar supplemented with 50 pg/ml
ampicillin and chloramphenicol and grown at 37°C for overnight. An isolated single colony
was picked up to prepare a pre-culture in LB containing 50 ug/ml ampicillin and
chloramphenicol. The pre-culture was inoculated with new LB media containing 50 ug/ml
ampicillin and chloramphenicol and grown at 37°C until OD600 reaches 0.8, and then, the
protein expression was induced by 1 mM IPTG (Isopropyl B-D-1-thiogalactopyranoside) and

grown at 18°C for overnight. The cell pellet was stored at -80°C until use.
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Full-length wild-type, phosphomimetic S393D variant, and N-terminal HeLo domain of
AtMLKL1 with N-terminal His6Sumo tag was generated by standard PCR-based cloning
strategy and its identity was confirmed by sequencing. The protein was expressed in Sf21 insect
cells using the vector pFastBacl (Invitrogen). One litre of cells was infected with 20 ml
baculovirus at 28°C. After growth at 28°C for 48 hours, the cells were harvested, re-suspended
in a buffer containing 50 mM Tris-HCI pH 8.0 and 300 mM NaCl and lysed by French Press
press at 2,000 bar by passing the filter 2 times. After centrifuging for 1 hour at 15,000g, 4°C
the AfMLKL1 variants with N-terminal His6Sumo tag were purified from the supernatant using
His tag affinity chromatography with HisPur Cobalt Resin (Thermofisher Scientific). The
protein was further purified by gel filtration (Superose 6, 10/30; GE Healthcare). For cryo-EM
investigations, the purified protein was concentrated to 0.3 mg/mL in buffer containing 50 mM

HEPES pH 8.0 and 150 mM NacCl.

E.coli cells expressing full-length and truncated GST-AMLKL3-His6 were disrupted by
French press at 1,400 bar by passing the filter 2 times. After centrifuging for 1 hour at 15,000g,
4°C, the proteins were purified from the supernatant using GST affinity chromatography with
Glutathione Sepharose 4B (Cytiva/Sigma). N-terminal GST tag was cleaved by GST-tagged
HRV3C, and C-terminally His-tagged full-length and truncated N-terminal HeLo domain of

AMLKL3 on-column.
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Protein quality was examined by SDS-PAGE analysis. The protein samples were mixed with
4xSDS-PAGE loading buffer (Bio-Rad), then loaded on 12% TGX Stain-Free polyacrylamide
gels (Bio-Rad) without boing step to avoid aggregation. and run in SDS running buffer at 280
V for 30 minutes. PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) was used as

a protein marker.

Proteins were separated by SDS-PAGE based on their electrophoretic mobility. The samples
were mixed with 4xSDS-PAGE loading buffer (Bio-Rad), then loaded on 10% polyacrylamide
gels without boing step to avoid aggregation. and run in SDS running buffer at 100 V for 60-
90 minutes and the gel was transferred to nitrocellulose membrane. The membrane was blocked
with TBS-T buffer containing 3% non- fat dry milk at room temperature for 2 hours, probed
with peroxidase-conjugated anti-HA antibody overnight at 4°C. Detection was performed with

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).

Lipid overlay assay was performed with full-length and truncated N-terminal HeLo domain
from AfMLKL3 with C-terminal His6 tag using commercially available PIP strip (Echelon
Biosciences, Cat. no: P-6001) according to manufacturer instructions. In short, the PIP strip
membranes were blocked using fatty acid-free 3% bovine serum albumin (BSA) in TBS-T for
1 h followed by incubation with c.a. 100 ng of full-length 4AtMLKL3 and truncated N-terminal
HeLo domain from AfMLKL3 diluted in 3% BSA in TBS-T for 1 h. Next, the membranes were
washed in TBS-T for 40 min and the bound proteins were visualized with anti-His antibodies
(abcam, Cat. no: ab18184) in a ratio of 1:10000 in TBS-T for 1h. All steps were performed at

room temperature other than recombinant protein preparation steps.
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For preliminary electron microscopic analysis to examine the protein particles, negative
staining method was used for grid preparation. 6 pl of protein at a concentration of about mg/ml,
was applied to glow-discharged carbon film coated ECF400-Cu-50 grids (ScienceServices) for
45 seconds followed by staining procedure with 2 % uranyl acetate solution. Grids were washed
with 6 pl of MiliQ twice and dried until microscope observation. Protein particle observation
on the grids were performed using a Hitachi H-7650 120 kV transmission electron microscope

(TEM) and AMT XR-41 camera.

Table 2.16 Thermocycling setting for PCR using Q5 Site-Directed Mutagenesis Kit (NEB)

Grids Supplier Article Number  Purpose
Quantifoil R1.2/1.3 on Cu 300 mesh grid Quantifoil N1-C14nCu30-01 Cryo-EM
Quantifoil R 1.2/1.3 plus C2 on 300

copper mesh Quantifoil X-101-Cu300C2  Cryo-EM

TEM Grids, Carbon Film coated, 400

Mesh, Cu ScienceServices ECF400-Cu-50 Negative Staining

Cryo-EM sample was prepared with purified NHis6Sumo-AtMLKL1 oligomer at a
concentration of about 0.5 mg/ml, 3 ul of protein was applied to holey carbon grids (Quantifoil
Cu 1.2/1.3, 300 mesh) after glow-discharge for 30 seconds. Grids were then blotted on filter
paper (TED PELLA, INC.) for 2.5 seconds in 8 °C with 100% humidity and flash-frozen in
liquid ethane using FEI Vitrobot Marked IV. Titan Krios microscope was operated with
accelerating voltage at 300 kV, equipped with Falconlll camera to collect micrographs. A
nominal magnification of 96,000% was used to obtain the images with a pixel size of 0.862
[A/px]. Defocus range values started from -0.5 pm to -2.5 um. Exposure rate of data collection
was 23 electron per pixel per second. The exposure time was 43.24 seconds dose-fractionated

into 42 sub-frames with total electron exposure of 35.47 electrons/AZ.
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6.4. Protoplast based cell death assay
The procedure of Arabidopsis protoplast isolation, transient gene expression and luciferase

activity measurement were performed as described previously!*. The preparation of the
expression gene is described in Protoplasts were isolated from the leaves of four-week-old

Arabidopsis plants grown in liquid 1 x Murashige and Skoog medium.
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Dear Editor,

R (resistance) proteins, such as intracellular NLRs (nucleotide-binding leucine-rich repeat receptors),
are integral components of the plant innate immune system (van Wersch et a., 2020). Host responses
following R protein activation include the generation of reactive oxygen species, sustained increasesin
cytosolic Ca®*, transcriptional reprogramming and, typically, rapid host cell death at sites of pathogen
infection, which together ultimately lead to pathogen growth restriction (Wang et al., 2023). To assess
the activity of R proteins, agroinfiltration-mediated transient gene expression assays have been widely
used in Nicotiana species (e.g., N. benthamiana). In these transient assays, host cell death is often
chosen as an indicator of R protein activity from the host responses mentioned above, in part because
of the ease of experimentation. However, the extent to which host cell death is a proxy for disease
resistance signaling has long been debated, as host cell death and pathogen growth restriction can be
uncoupled in several cases (Bendahmane et al., 1999; Coll et al., 2010; Heidrich et a., 2011, Maekawa

et a., 2023). To assess the disease resistance activity of R proteins, bacterial growth assays have been
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employed in combination with transient R gene expression in N. benthamiana (Sun et al., 2021).
Bacterial growth assays, however, require multiple experimental procedures, including agroinfiltration,
pathogen infection and bacterial counts, which hinders high-throughput studies of R gene-mediated
disease resistance. Here, we report a simple plate reader-based assay to assess R gene-mediated
disease resistance activity against PV X (Potato virus X) that expresses YFP (PVX-YFP). Unlike
bacterial pathogens, PV X proliferation in N. benthamiana is not restricted by the intrinsic activity of
the EDSL1 signaling pathway as previously shown by virus-induced NbEDSI gene silencing (Peart et
al., 2002) and as we consistently show in this study using a Nbedsl gene knockout mutant. This
feature would increase the sensitivity of the assay, allowing it to capture a weak-to-moderate disease
resistance activity of R proteins, as the contribution of basal immunity to PVX via the NbEDS1
pathway is negligible. Using this assay, we show that a non-cell death-inducing mutant of the R
protein of RBA1 (Response to HopBA1), which lacks 2',3'-cCAMP/cGMP synthetase activity but

retains NADase activity, confers PV X resistance in an EDSL1 signaling pathway-dependent manner.

PVX is a single-stranded RNA virus and expression of full-length PV X cDNA via agroinfiltration-
mediated gene expression allows PV X replication in Nicotiana species (Larsen and Curtis, 2012).
Insertion of a cDNA of fluorescent protein under a duplicated copy of the viral coat protein promoter
allows tracking of PVX replication in plants (Peart et al., 2002). Unlike bacteria growth assays in
Nicotiana species, in which pathogen infection takes place a few days after agroinfiltration, in the
PV X disease resistance assay agroinfiltration and pathogen infection can be performed simultaneously
(Collier et a., 2011), with minimal experimental efforts. In this study, we generated a binary vector
that allows for PV X replication along with monomeric Y FP expression and used Y FP intensity as a
proxy for PVX vira load. To quantify PVX-produced YFP in N. benthamiana leaf extracts, we
optimized a fluorescence plate reader-based measurement (Fig. 1A), which is simpler than
guantification by western blot. Briefly, in this method agrobacteria carrying the PV X-YFP binary
vector and agrobacteria carrying a R gene were co-infiltrated into N. benthamiana leaves. Four days

after infiltration, leaf discs were collected from the infiltrated areas using a biopsy punch. The leaf
2
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protein extracts were used to measure Y FP intensity (detailed method is described in the Supplemental
Methods). First, we determined the emission spectra of leaf extracts containing PVX-YFP or PVX
without fluorescent protein (Fig. 1B). The emission spectrum of PVX-produced Y FP was in good
agreement with the canonical spectrum of YFP in the leaf extract, and PV X replication in leaves did
not produce fluorescence that overlapped with the Y FP spectrum (Fig. 1B). The YFP intensity of a
dilution series using a leaf protein extract from non-transformed leaves showed that this method has a
high dynamic range with a linear correlation between fluorescence and dilution factor and that a
detergent, Triton X-100, can be omitted from the extraction buffer (Fig. 1C). Furthermore, the
guantified Y FP fluorescence intensities in the plate reader-based measurement corresponded to some
extent with the fluorescence images (Fig. 1D). Consistent with a previous study (Peart et al., 2002),
PV X-Y FP proliferation was comparable in wild type and the edsl pad4 sagl0la sag101b mutant of N.
benthamiana (Fig. 1E). Co-expression of a wheat NLR, Sr35 and its cognate effector, AvrSr35
(Forderer et al., 2022), caused host cell death in N. benthamiana in the presence of PVX-YFP (Fig.
1F), suggesting that agrobacterium-mediated delivery of PVX-YFP T-DNA does not suppress NLR-
induced host cell death. Furthermore, the very low Y FP intensity (average intensity + standard error =
1991 + 402, n=4), which is nearly equivalent to the YFP intensity of leaf protein extract from non-
trandformed leaves (Fig. 1C), indicates that host cell death does not result in the production of

metabolites that show autofluorescence in the Y FP assay.

An Arabidopsis R protein, RBA1 (Response to HopBA1), which possesses a Toll/ interleukin-1
receptor like domain (TIR domain) induces host cell death upon transient overexpression in N.
benthamiana (Nishimura et al., 2017, Yu et a., 2022). The TIR domain of RBA1 harbors NADase and
nuclease activities, which are responsible for the generation of pRib-AMP/ADP and diADPR/ADPr-
ATP and cyclic nucleotide monophosphates (C(NMPs) such as 2',3'-cCAMP/cGMP, respectively (Wan et
al., 2019; Tian and Li, 2022; Yu et a., 2022). The two enzymatic activities of RBA1 require one of
two catalytic residues, namely, Cys83 or Glu86. The RBA1 Cys33, which is a highly conserved

among TIR-containing proteins, is responsible for nuclease activity but not for NADase activity. In
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contrast, RBA1 Glu86 isrequired for both catalytic activities of RBAL1. The NADase activity of RBA1
alone is not sufficient for RBAL cell death in N. benthamiana, because the RBA1(C83A) variant,
which lacks nuclease activity, is significantly impaired in cell death induction in N. benthamiana upon
transient expression (Yu et al., 2022). However, it remains unknown whether the C83A substitution in

RBA1, which impairs cell death induction, also impairs disease resistance activity.

To address this question, we used the PV X-Y FP-based assay to examine the disease resistance activity
of the RBA1(C83A) variant and the RBA1 (E86A) variant as a control. Interestingly, we found that
the RBA1 (C83A) variant retained the same disease resistance activity as wild-type RBA1, whereas
the RBA1 (E86A) barley showed disease resistance activity to PV X (Fig. 1G). These data suggest that
the 2',3'-cCAMP/cGMP synthase activity (i.e., nuclease activity) of RBAL isrequired for host cell death
but that the remaining NADase activity is sufficient to confer immunity to PV X. Furthermore, the
disease resistance activity of the RBA1(C83A) variant was significantly impaired in the Nbepss
mutant background (Fig. 1G), consistent with the model that TIR NADase products confer immunity
via the EDS1 pathway (Huang et al., 2023). In summary, our results have uncoupled the disease
resistance activity of RBAL1 from the host cell death that is induced by the 2',.3'-cAMP/cGMP
synthetase activity. Similar to RBAL, the Arabidopsis TIR-containing NLR SNC1 (Suppressor of
nprl-1 conditutive 1) does not seem to require 2',.3'-CAMP/cGMP synthetase activity (i.e., nuclease
activity) for disease resistance (Tian et al., 2022). Therefore, it is possible that 2',3'-cCAMP/cGMP
produced by TIR enzymes may be sensed by cell death-inducing receptor(s) other than the EDS1
receptor complexes that sense the TIR NADase products. Another possibility is that there may be a
threshold for cell death. In this scenario, both TIR NADase and 2',3'-CAMP/cGMP synthase activities
are required to reach the threshold for cell death induction. Finally, we would like to emphasize that
disease resistance assays are not intended as a replacement for the widely used cell death assay in the
N. benthamiana and N. benthamiana transient gene expression system; rather, these two assays should
be seen as playing complementary roles in illuminating the cell death-independent immunity of R

proteins.
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Figure 1. Discaseres stance assay using Potato Virus X expressing Y FP in N. benthamiana.

A) Schematic representation of the disease resistance assay using Potato Virus X expressing Y FP
(PVX-YFP).

B) The emission spectrafor leaf extracts expressing PVX-YFP or PV X.

C) A linear correlation between fluorescence and dilution factor in a leaf lysate in the presence and in
the absence of 0.1% Triton X-100. Leaf lysates from non-transformed plants were used for dilution.

D) Representative fluorescence stereomicroscopic images of N. benthamiana leaves infiltrated with
PV X-Y FP with corresponding Y FP intensity measured with the TECAN plate reader. The leaves were
examined at four days after agroinfiltration. Y FP intensity measured with the plate reader from two
biologically independent samplesis shown.

E) Violin plots showing the degree of dispersion of the quantified Y FP intensities from leaves co-
expressing GUS and PV X-YFP in N. benthamiana.

F) Expression of Sr35 and Y FP-expressing potato virus X (PVX) caused host cell death in N.
benthamiana (wild-type). B-glucuronidase (GUS), Sr35, and AvrSr35 (Forderer et al., 2022) were
expressed under an independent 35S promoter. The images were taken at four days after infiltration of
Agrobacteria. The numbers indicate the numbers of leaves that exhibited cell death out of the total
numbers.

G) A non-cell death-inducing RBA (Response to HopBA1) variant (C38A), which lacks 2',3'-
CAMP/cGMP synthetase activity but retains NADase activity (Yu et al., 2022) and PV X resistance
activity. Bar plots describe the results of four independent replicates for wild type and three
independent replicates for wild type and the epss mutant of N. benthamiana. Asterisks depict
significant differences between treatments as determined by analysis of variance (ANOVA) followed
by Tukey’s honest significant difference (HSD) test (p < 0.05).
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Supplemental M ethods

The monomeric YFP coding region was amplified from pXCSG-YFP (Feys et a., 2005) by PCR
using primers containing the Sl recognition sites (SfilA-mY FPf:
TTGGCCATTATGGCCATGGTGAGCAAGGGCGAGGA, SfilB-mY FPr:
TTGGCCGAGGCGGCCTTACTTGTACAGCTCGTCCA), and the PCR product was digested with
Sfil (NEB) and ligated into the SfilA and SfilB sites of the binary PV X-based expression vector
(Takken et al., 2000). The Agrobacterium tumefaciens strain GV3101 pMP90RK (Koncz and Schell,
1986) carrying pSfinx-mY FP (ODgy = 0.001) and the A. tumefaciens strain GV3101 pMP90RK
(Koncz and Schell, 1986) carrying resistance genes (ODgopo = 0.6) were co-infiltrated into leaves of
Nicotiana benthamiana. At four 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 pl of the extraction buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, proteinase
inhibitor (Roche: cOmplet, EDTA-free Protease Inhibitor Cocktail)) were added. The resulting lysate
was centrifuged for 5 min at 18,000 x g at 4 °C. The supernatant was transferred into a new tube and
centrifuged for 5 min at 18,000 x g a 4 °C. Then, 80 pl of the supernatant were loaded into a black 96
well plate (Corning: CLS3915-100EA). A fluorescence microplate reader (TECAN: Tecan infinite 200

pro) was used to measure Y FP intensity. We configured excitation/emission spectra of 516/560 nm
8
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with the Tecan infinite 200 pro. While we note that excitation/emission spectra of 500/540 nm can be
similarly used in place of 516/560 nm, the excitation/emission spectra of 516/530 nm, which are
theoretically optimal for YFP, did not detect the Y FP intensity. This may be due to the small Stokes
shifts of YFPs. The emission spectra of leaf extracts with expression of PVX-YFP or PV X shown in
Fig. 1C were determined by a confocal microscope using the lambda scan function (Leica,
STELLARIS 5). The fluorescence stereomicroscopic images of the abaxial leaf surface of N.
benthamiana shown in Fig. 1D were obtained using a fluorescence stereomicroscope (Leica, MZ16
FA) with a GFP filter equipped with a CCD color sensor. In this assay, we infiltrated the Agrobacteria
carrying pSfinx-mY FP with ODgy = 0.01, 0.001 or 0.0001 and the samples were examined at four
days after infiltration. For the Sr35 assay in Fig. 1F, A. tumefaciens strain GV3101 pMP9O0RK
carrying Sr35 (ODggo = 0.5) and AvrSr35(ODegy = 0.075) (Forderer et al., 2022) were co-infiltrated
with A. tumefaciens carrying pSfinx-mY FP (ODgg = 0.001). The images and leaf samples were taken
at four days after infiltration of Agrobacteria. For the RBA assay in Fig. 1F, A. tumefaciens strain
carrying pSfinx-mY FP (ODgg = 0.001) and the A. tumefaciens strain carrying either of GUS or RBA1
wild-type, C83A, and E86A (ODgyo = 0.6) were co-infiltrated into leaves of wild type or the edsl pad4

sagl0la sag101b mutant (Gantner et al., 2019) of N. benthamiana (Nbepss).
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Summary [147/150 words]

The plant homologue of vertebrate necroptosis inducer MLKL (mixed lineage kinase domain-
like) contributes to downstream steps in TNL (Toll-interleukin 1-receptor domain NLR)
receptor-triggered immunity. Here, we show that Arabidopsis MLKL1 (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 RNLs (RPWS8-like HeLo-domain containing NLRs) and that the
AtMLKL N-terminal HeLo domain is indispensable for both immunity and clustering. We show
that the AtMLKL HeLo domain mediates cytoplasmic Ca?* ([Ca?*]ey) influx in plant and human
cells, and AtMLKLs are responsible for sustained [Ca?*].y: influx during TNL-triggered but not
CNL-triggered immunity. Our study reveals parallel immune signaling functions of plant MLKLs
and RNLs as mediators of [Ca?*].y: influx and a potentially common role of the HeLo domain
fold in Ca?*-signal relay of diverse organisms.

e Arabidopsis MLKL1 clusters into puncta at the plasma membrane upon TNL activation
in an EDS1-dependent manner.

o Arabidopsis MLKLs (AtMLKLSs) confer immunity in parallel with RPW8-type helper
NLRs.

e Arabidopsis MLKLs promote a sustained [Ca?'].: influx after activation of TNL receptor
but not CNL receptor immunity.

e The N-terminal HeLo domain of AtMLKL1 is indispensable for [Ca?*]., influx in plant
and human cells, and for TNL-induced MLKL1 clustering at the plasma membrane.
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Introduction

In plants, a two-layered immune mechanism comprising pathogen-associated molecular
pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI)'® effectively
detects and combats pathogenic microbes. In many cases, ETI is initiated by intracellular
nucleotide-binding leucine-rich repeat (NLR) receptors upon detection of pathogen race-
specific effectors.”® Three major classes of plant NLRs — TNLs, CNLs, and RNLs — are defined
by the presence of either a Toll/interleukin 1 receptor (TIR)-like domain, a coiled-coil (CC)
domain or an RPWS8-like CC domain (also known as HeLo domain) at the N-terminus,
respectively.®1% Activation of NLRs involves conformational changes in these multi-domain
proteins, leading to the assembly of supramolecular complexes called “resistosomes”.!15
Activated CNLs such as ZAR1 form pentameric resistosomes which function as non-selective
calcium ion (Ca?')-permeable channels at the plasma membrane (PM).!*!¢ By contrast,
pathogen-activated TNLs such as Arabidopsis RPP1 and N. benthamiana Rogl form
tetrameric resistosomes which have TIR-encoded nicotinamide adenine dinucleotide
hydrolase (NADase) activity producing nucleotide signaling intermediates for defense
promotion.t’?! Besides TNLs, plant genomes encode a number of shorter TIR-NB-ARC
domain-containing (TIR-NB) and TIR-only proteins.” Accumulating evidence suggests that
TIR domain-containing enzymes, which are often transcriptionally upregulated during PTI
and ETI, amplify immune signals at sites of pathogen infection and/or propagate signals
from a pathogen infection site to distal tissues.®>*2223 Therefore, TIR-mediated enzymatic
activity plays a pivotal role in plant innate immunity.

The execution of TNL and TIR enzyme-triggered immune signaling requires the lipase-like
proteins EDS1(Enhanced Disease Susceptibility 1), SAG101 (Senescence Associated gene
101) and PAD4 (Phytoalexin Deficient4) and ADRI1(Activated Disease Resistant 1)- or
NRG1(N Requirement Gene 1)-family RNLs.?*?® 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.?”?8 This promotes EDS1-SAG101 and EDS1-PAD4 facilitated
conformational changes in ADR1 and NRG1, respectively, leading to their oligomerization.?*
28 QOligomerized RNLs are enriched in puncta on the PM and mediate cytoplasmic Ca?*
([Ca?"]eyr) influx in plant and human cells.?®3! In plant innate immunity, the signatures of
cytoplasmic Ca?* influx are eventually decoded into distinct downstream outputs including host
cell death.??32 We recently showed that the plant homologue of animal necroptosis inducer
MLKL (mixed lineage kinase domain-like) contributes to TNL-triggered immunity.® Despite
their roles in TNL-mediated EDS1-dependent immunity, the functional relationship between
RNLs and MLKLs is not known.

Plant MLKLs and RNLs share a characteristic N-terminal four-helix bundle in a coiled-coil
arrangement, which is structurally similar to the N-terminal HeLo executor domain (named after
the fungal Het and LopB proteins) of animal MLKL, an inducer of lytic cell death.10293334 HelLo
domain containing proteins occur in diverse organisms, exemplified by fungal HET-S%3 and
a viral MLKL-like protein.®” Plant and animal MLKLs have an N-terminal HeLo domain followed
by a brace region and a pseudokinase domain.%%3 plant MLKLs additionally possess a C-
terminal intrinsically disordered (ID) region that is missing in animal counterparts.® The Cryo-
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EM structures of wild-type AtMLKLs revealed a tetrameric configuration, in which the N-
terminal HeLo domains are completely buried (Figure 1A), suggesting that the tetrameric
structure represents an auto-repressed configuration of plant MLKLs.® However, the mode of
MLKL activation and its immune activity remain obscure.

Here, we describe N-terminal HeLo domain-dependent clustering of Arabidopsis MLKL1
(AtMLKL1) at the PM upon TNL activation in Arabidopsis and Nicotiana benthamiana. Genetic
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-oligomerize, is
indispensable for AtMLKL-mediated immunity. Furthermore, we detect a TNL activation-
dependent interaction between the EDS1-SAG101 dimer and AtMLKL1, suggesting a
mechanistic explanation for the lack of AtMLKL1 clustering on the PM in an edsl1 null mutant.
Finally, we show that the HeLo domain of plant MLKL mediates cytoplasmic Ca?* influx in plant
and human cells and that plant MLKLs facilitate sustained cytoplasmic Ca?* influx during TNL-
triggered immunity but not CNL-triggered immunity.
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Results

Arabidopsis MLKL1 clusters at the plasma membrane (PM) during TNL-triggered
immunity in a HeLo domain-dependent manner

As Arabidopsis MLKLs (AtMLKLs) confer TNL-triggered immunity,’® we investigated the
subcellular dynamics of AtMLKLs during TNL-mediated immunity (Figure 1). We utilized a
previously established Arabidopsis complementation line expressing AtMLKL1-GFP under the
native cis-regulatory sequence in an Atmlkll background® and Nicotiana benthamiana
transiently expressing AtMLKL1-GFP under a constitutive caulifower mosaic virus 35S
promoter. We chose AtMLKL1 for subsequent experiments due to the lower expression of
AtMLKL2 and 3 under native conditions®4°, which hinders microscopic examination. We
detected a greater number of clustered GFP signals (i.e., GFP puncta) in leaf epidermal cells
of the Arabidopsis line and N. benthamiana upon infiltration with Pseudomonas fluorescens
Pf0-1 (Pf0-1) expressing bacterial effectors AvrRps4 and XopQ, respectively (Figures 1B, 1C
and Figure S1A). AvrRps4 is recognized by the TNL pair RRS1/RPS4 in Arabidopsis and XopQ
by TNL Rogl in N. benthamiana*#?, In addition to the leaf epidermis, AtMLKL1-GFP formed
clusters in leaf mesophyll cells upon expression of AvrRps4 in protoplasts derived from the
Arabidopsis complementation line (Figures S1B and S1C). Clustered AtMLKL1-GFP signals
overlapped with fluorescence signals of the plasma membrane (PM) tracer, FM4-64* in
plasmolyzed epidermal cells, indicating that AtMLKL1 clusters into puncta at the plasma
membrane (Figure 1D). Furthermore, the localization of the AtMLKL1-GFP signals in the
brefeldin A (BFA)-induced vesicle compartment known as the BFA body** (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.*® We noted a transient
and slight increase of puncta formation upon infiltration with the Pf0-1 strain without effectors
(Figure 1E), suggesting that PAMP-triggered immunity also facilitates AtMLKL1 puncta
formation. AtIMLKL1-GFP accumulation in leaves of the Arabidopsis line were comparable at
each time point upon infiltration with the Pf0-1 strain expressing AvrRps4, Pf0-1 without an
effector 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
immune response.

Plant MLKL is a multi-domain protein comprising an N-terminal HeLo domain followed by the
brace, pseudokinase, and intrinsically disordered (ID) regions'® (Figure 1A). To determine
which domain(s) are responsible for AtMLKL1 self-oligomerization (potentially explaining
induced puncta formation) and/or PM localization, we transiently expressed a series of C-
terminally GFP-tagged AtMLKL1 truncated variants in N. benthamiana without an immune
trigger (Figure 1G). We found that the HeL.o 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 and immunoblotting (Figure S1E).
Consistent with previous observations,'® full-length AtMLKL1 and the H+B+P variants
associated with microtubules (Figures 1G and S1F). Taken together, these results

5
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demonstrate that the N-terminal HeLo domain is necessary and sufficient for the puncta
formation and PM localization of AtMLKL1.

We next sought to determine which domain(s) of AtMLK1L are responsible for disease
resistance activity. Overexpression of helper NLRs (e.g., ADR1 and NRG1) that contain the
HeLo domain at their N-terminus conferred disease resistance against potato virus X (PVX) in
the absence of host cell death.**” Therefore, we tested whether AtMLKL is able to suppress
PVX proliferation by co-expressing C-terminally HA-tagged AtMLKL1 or its truncated variants
with a PVX variant expressing YFP. We measured the YFP intensity of the leaf lysates as a
proxy for viral accumulation and thus disease resistance activity of AtMLKL1 forms (Figure 1H).
The HeLo domain alone (H) and the HelLo with brace (H+B) variants produced a lower YFP
intensity compared to full-length AtIMLKL1 protein, indicating these variants have disease
resistance activity (Figure 1H). By contrast, the HeLo with brace and pseudokinase (H+B+P)
variant, the variant lacking the HeLo domain (B+P+ID) and the variant lacking the HeLo domain
and brace (P+ID) did not limit PVX-YFP proliferation (Figure 1H). The HeLo domain also
conferred disease resistance against Pst DC3000 in the Atmlkl123 mutant background (Figure
11). Taken together, our data suggest that the tetrameric configuration of wild-type AtMLKLSs,
in which the HeLo domains are buried (Figure 1A), represents an auto-repressed state of this
protein family and that AtMLKLs undergo a drastic conformational change which exposes the
HeLo domains for resistance signaling activity.
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Figure 1. Arabidopsis MLKL1 form clusters at the plasma membrane (PM) during TNL-triggered immunity
in a HeLo domain-dependent manner.

(A) Top panel: Schematic representations of AtMLKLs. Bottom panel: Cryo-EM structure of a protomer of the
AtMLKL3 tetramer (PDB: 6KA4). Subdomains of AtMLKLs are shown in different colors. Yellow: HeLo domain,
Purple: Brace region, Green: pseudokinase domain, dark yellow: the intrinsically disordered (ID) region. The ID
region does not appear in the Cryo-EM structures likely due to its instability.

(B) Left panels: Top-view of leaf epidermal cells of Arabidopsis complementation line expressing AtMLKL1-GFP
under the native cis-regulatory sequence in Atmlkll background'® upon challenge of P. fluorescens Pf0-1
expressing AvrRPS4 (PfO-AvrRps4) or P. fluorescens Pf0-1 carrying empty vector (PfO-EV) at 5 hours post
infiltration (hpi). Right panels; Top-view of leaf epidermal cells of N. benthamiana transiently expressing AtMLKL1-
GFP under the constitutive 35S promoter upon challenge of P. fluorescens Pf0-1 expressing XopQ or P. fluorescens
Pf0-1 carrying empty vector (EV) at 5 hpi.

(C) Left: Quantification of AtMLKL1-GFP puncta number in the Arabidopsis complementation line at 5 hpi upon the
infiltration of PfO-AvrRPS4 (n=29) or Pf0O-EV (n=15). Right: Quantification of AtMLKL1-GFP puncta humber in N.
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benthamiana at 7hpi upon infiltration of PfO-XopQ (n=12) and PfO-EV (n=9). Asterisks indicate significant
differences at p <0.001 which were determined with single-factor ANOVA followed by Tukey’s test.

(D) Clustered AtMLKL1-GFP signals overlapping with the fluorescence signals of the plasma membrane (PM) tracer,
FM4-64 in the plasmolyzed epidermal cells. The red and light blue arrows indicate PM and cell wall, respectively.
White arrowheads indicate the AtMLKL1-GFP puncta.

(E) A time-course quantification of AIMLKL1-GFP puncta number in the Arabidopsis complementation line.

(F) Steady-state levels of AtIMLKL1-GFP were comparable at each examined time point upon infiltration with the
Pf0-1 strain expressing AvrRps4, P. fluorescens Pf0-1 carrying empty vector (EV), and the mock treatment in total
cell lysate from the Arabidopsis complementation line.

(G) The N-terminal HeLo-domain is sufficient and necessary for puncta formation in N. benthamiana. The C-
terminally mClover3-tagged truncated AtMLKL1 variants were expressed under the constitutive 35S promoter in N.
benthamiana. No avirulent pathogens were challenged. The images were taken at 48 hours post Agrobacterium
infiltration. White arrowheads indicate the AtMLKL1-GFP puncta. H: HeLo domain alone, H+B: HelLo with brace,
H+B+P: HeLo with brace and pseudokinase, B+P+ID: AtMLKL1 lacking the HeLo domain.

(H) The N-terminal HeLo-domain of AtMLKL1 exhibited disease resistance activity against YFP expressing Potato
virus X (PVX) in N. benthamiana. All AtMLKL1 variants were C-terminally tagged with HA epitope. The YFP intensity
of the leaf lysate was measured as a proxy of the disease resistance activity.

() The N-terminal HeLo-domain of AtMLKL1 conferred disease resistance against Pst DC3000 in A. thaliana
mlkl123 triple mutant background.
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Figure S1. Subcellular localization of monomeric GFP-tagged AtMLKL1, related to Figure 1.

(A) A time-course imaging of leaf epidermal cells of the Arabidopsis complementation line expressing AtMLKL1-
GFP under the native cis-regulatory sequence in Atmlkll background (Mahdi et al., 2020) upon challenge of P.
fluorescens Pf0-1 expressing AvrRPS4 (PfO-AvrRps4) or P. fluorescens Pf0-1 carrying empty vector (PfO-EV) and
treated with MgClz. hpi; hours post infiltration. White arrowheads indicate the AtMLKL1-GFP puncta. The brightness
of images was adjusted.

(B) Left: formation of AtMLKL1-GFP puncta in leaf mesophyll cells upon transfection of the C-terminally FLAG-
tagged AvrRps4 expression plasmid into protoplasts derived from the Arabidopsis complementation line. The
images were taken at 6—8 hours post transfection. Right: frequency of protoplasts with the GFP puncta. The number
of the GFP puncta are varied from 0 to > 4 per protoplast. White arrowheads indicate the AtMLKL1-GFP puncta.
(C) Immunoblotting of AvrRps4-FLAG in protoplasts. The samples were collected at 4 hours post transfection.

(D) Trafficking of AtMLKL1 to PM by the Golgi and trans-Golgi network/early endosome-mediated secretory
pathway. The localization of AtMLKL1-GFP signals in the Brefeldin A (BFA)-induced compartment known as the
BFA body implies that the Arabidopsis MLKLs are trafficked to the PM by the Golgi and trans-Golgi network/early
endosome-mediated secretory pathway and can be endocytosed from PM. Furthermore, the presence of the
AtMLKL1-GFP signals in BFA bodies upon co-application of BFA and CHX (cycloheximide) implies that the PM-
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localized AtMLKL1 can be endocytosed from PM. BFA: brefeldin A, an inhibitor of exocytosis. CHX: cycloheximide.
White arrows indicate the GFP signals overlapping with BFA bodies.

(E) Immunoblotting of the AtMLKL1 truncated variants used in Figure 1E. The constructs were transfected into
protoplasts prepared from the Atmlkl123 triple mutant and samples were collected at 8 hours post transfection.

(F) The C-terminally mClover3-tagged full length AtMLKL1 and the H+B+P variants associate with microtubules in
N. benthamiana. The filamentous structures were undetectable at 30 minutes after application of 20 uM of the
microtubule inhibitor oryzalin.

Arabidopsis MLKL structure-guided mutagenesis reveals an EDS1-dependent and
RPW8-type helper NLR-independent disease resistance activity

As the disease resistance assay with the truncated AtMLKI1 variants (Figure 1 H and )
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 the
autorepression. A closer inspection of the cryo-EM structure identified 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 between the HeLo domain and the pseudokinase, which were named the HP
interface and the HB interface, respectively, while one inter-domain interaction mediated by an
interface between HeLo domains is named the HH interface. Among residues involved in the
interactions, we substituted the hydrophobic residues with charged glutamate or aspartate.

Consistent with our AtMLKL activation model, the combinatorial mutation in the HP + HH
interfaces exhibited an increased disease resistance to YFP-expressing PVX compared to the
wild type AtMLKL1 in N. benthamiana (Figure 2E). Similar to the above mutation, mutation in
the HP + HB interfaces also resulted in increased disease resistance. Phosphorylation in the
activation loop of the pseudokinase domain is an initial step in MLKL-dependent necroptosis
in animals. Furthermore, the previously identified gain-of-function variant carrying a
phosphomimetic mutation in the activation loop of the pseudokinase domain'® (S393D) also
showed increased disease resistance activity in this assay (Figure 2E). These gain-of function
variants conferred disease resistance against PVX in the absence of host cell death (Figure
S2A).

Pathogen-activated TNL receptors recruit EDS1 dimers with RPW8-type helper NLRs (RNLS)
of the ADR1 and NRG1 families for downstream signaling.10272847-49However, the genetic
relationship between RNLs and MLKLs as well as between EDS1 and MLKLs in immunity
remains unclear. Therefore we next tested whether the gain-of function variants of AtMLKL1
confer immunity in adrl nrgl knockout mutant® and edsl pad4 sagl0lab (Nb-epss) mutant
of N. benthamiana® using the PVX-based disease resistance assay. We found that the
disease resistance activity of the gain-of function variants was largely retained in the adrl nrgl
mutant background, while the resistance activity was barely detected 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 S2B). Taken together, our structure-guided analysis further supports the idea that
AtMLKL tetramers represent an auto-repressed conformation of plant MLKLs. Moreover, these
data imply that RNLs and plant MLKLs can function in signaling downstream of TNL in a
parallel fashion.
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Figure 2. Structure-guided mutagenesis reveals distinctive contributions of the EDS1 family and helper
NLRs to the disease resistance activity mediated by the gain-of-function variants of AtMLKL1.

(A) Left: Schematic representation of the intra-domain interfaces indicated by blue dashed lines. Right: Tertiary
structure of the AtMLKL1 tetramer modeled by Alfafold2.5? The color code is identical to A. One of four protomers
is shown in color. As the cryo-EM structures of AtMLKL2 and AtMLKL3 are nearly identical and the protein
sequences of AtMLKL1, 2, and 3 are highly conserved, it is conceivable that AtMLKL1 also forms an AtMLKL3 like
tetramer.

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

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

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

(E) Disease resistance activity of AtMLKL1 variants carrying mutations at either intra- or inter-domain interfaces
against YFP-expressing PVX. All AtMLKL1 variants were C-terminally tagged with HA epitope. The YFP intensity
of the leaf lysate was measured as a proxy for the disease resistance activity. HH+HP and HP+HB indicate the
mutant AtMLKL1 variants harboring mutations at the HH+HP interfaces and HP+HB interfaces, respectively. The
previously identified gain-of-function variant carrying a phosphomimetic mutation (S393D from Mahdi et al.) in the
activation loop of the pseudokinase domain was used as a control. The red asterisks indicate significant differences
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from the AtMLKL1 wild type at p<0.02 determined with Dunnett's test. Black asterisks indicate significant
differences at p <0.01 which were determined with Kruskal-Wallis H test.
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Figure S2. Expression of HsMLKL and AtMLKL1 variants in N. benthamiana, related to Figure 2.

(A) Expression of AtMLKL1 variants with YFP-expressing potato virus X (PVX) did not cause host cell death in N. benthamiana
(wild type). GUS and AtMLKI1 variants were expressed under a constitutive 35S promoter. PVX was expressed using the pSfincs
vector.%® ). The cell death mediated by co-expression of Sr35 and AvrSr35° was not suppressed by PVX.

The images were taken at 4 days after infiltration of Agrobacteria.

(B) Expression of HsMLKL variants under a constitutive 35S promoter confer resistance to YFP-expressing potato virus X (PVX).
Red asterisks indicate significant differences at p <0.01, which were determined with Dunnett's test.

The EDSL circuit is required for AtMLKL1 clustering during TNL-triggered immunity

As the disease resistance activity of AtMLKL1 is dependent on EDS1 family in N. benthamiana
(Figure 2E), we next investigated whether EDSL is required for the subcellular relocalization
and oligomerization of AtMLKL1 during TNL-mediated immunity. For this we transformed the
Arabidopsis eds1-12% mutant with a construct that complements the Atmlkll mutation,
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restoring endogenous levels of the C-terminally GFP-tagged AtMLKL1.1° Upon infiltration with
the PfO-1 strain expressing AvrRps4, no clustered GFP signals were observed in the edsl
mutant background in six transgenic lines (Figure 3A), despite comparable steady-state levels
of AtIMLKL1-GFP protein in the wild type and edsl background (Figure 3B). In contrast with
the full-length protein, the GFP-tagged HeLo domain alone clustered around the PM in the Nb-
epss mutant background (Figure 3C). We attributed this EDS1-independent clustering to
autonomous self-association of the AtMLKL1 HelLo domain as in size-exclusion
chromatography, a recombinantly expressed HeLo domain eluted at an estimated molecular
weight corresponding to approximately 15 protomers (Figures 3D and 3E). These results
prompted us to test an interaction between AtMLKL1 and the EDS1-SAG101 functional dimer
in N. benthamiana using bimolecular fluorescence complementation (BiFC) and co-
immunoprecipitation (co-IP) assays. As Arabidopsis EDS1 and SAG101 do not co-function
with N. benthamiana native NRG1 ?*and both ADR1 and NRG1 helper NLRs are dispensable
for AtMLKL1 resistance activity (Figure 2E), we minimized interference by activated NoNRG1
(leading to cell death), by transiently co-expressing C-terminally tagged AtMLKL1, AtSAG101,
and AtEDSL1 in the Nb-epss mutant.

The BiFC assay using AtMLKL1-cYFP, AtSAG101-nYFP and EDS1-FLAG constructs detected
YFP signals around the PM and at nuclei upon infiltration with the Pf0-1 strain expressing
XopQ, whereas no marked YFP signal was detected upon infiltration with the Pf0-1 strain
without effectors (Figure 3F). The co-immunoprecipitation experiment supports an in planta
interaction between AtSAG101 and AtMLKL1 (Figures S3B and S3C). Further, co-expression
of AtEDS1, AtSAG101, and AtMLKL1 restored some Rogl-mediated resistance to
Xanthomonas campestris pv vesicatoria that natively carry XopQ?* in the Nb-epss mutant
background (Figure 3I). Therefore, it is conceivable that the BiFC and Co-IP experiments were
conducted under a biologically relevant condition. Unexpectedly, disease resistance inducing
activity of AtMLKL1 HelLo domain alone was impaired in Nb-epss (Figure 3H). These results
suggest that an EDS1-dependent feedback circuit likely further contributes to signaling
downstream of activated MLKLs (see also discussion).
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Figure 3. EDS1 facilitates AtMLKL1 clustering during TNL-triggered immunity.

(A) Confocal images of leaf epidermal cells of Arabidopsis wild type or eds1-12 mutant expressing AIMLKL1-GFP
under the native cis-regulatory sequence. White arrowheads indicate the AtMLKL1-GFP puncta. Images were taken
at 5-6 hours post infiltration of PfO-AvrRps4.

(B) Steady-state levels of AIMLKL1-GFP in total cell lysate from the indicated Arabidopsis lines were comparable
upon infiltration with the PfO-1 strain expressing AvrRps4, P. fluorescens PfO-1 carrying empty vector (EV), and
MgClz. The samples were collected at 5 hours post infiltration.

(C) Confocal images of leaf epidermal cells of the edsl pad4 saglOla sagl10lb mutant of N. benthamiana
expressing the C-terminally mClover3-tagged HeLo domain of AtMLKL1. No avirulent pathogens were challenged.
White arrowheads indicate the AtMLKL1-GFP puncta. The images were taken at 48 hours post agrobacterium
infiltration.

(D) Size-exclusion chromatography profile of the 6xHis-Sumo-tagged HeLo domain of AtMLKL1. Position of
standard molecular weight marker is indicated.

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

(F) Bimolecular fluorescence complementation assays. AtMLKL1-cYFP, AtSAG101-nYFP, and AtEDS1-FLAG
were co-expressed under a constitutive 35S promoter in the edsl pad4 saglOlab (Nb-epss) mutant of N.
benthamiana. Enhanced YFP signals around PM and at nuclei indicated by the white arrowhead and arrow,
respectively, were detected upon infiltration with the PfO-1 strain expressing XopQ.
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(G) Quantification of number of cells with YFP signals at 48 hpi upon infiltration of PfO-EV (n=18) or Pf0-XopQ
(n=22). Asterisks indicate significant differences at p <0.001, which were determined with single-factor ANOVA
followed by Tukey’s test.

(H) Disease resistance activity against YFP-expressing PVX by the C-terminally HA-tagged HeLo domain of
AtMLKL1 was impaired in the eds1 pad4 sag10la sag101b mutant of N. benthamiana. The proteins were expressed
under the constitutive 35S promoter.

(I and J) Reconstitution of AtEDS1-, AtSAG101- and AtMLKL1-mediated immunity in the edsl pad4 sagl0Ola
sag101b mutant of N. benthamiana in response to the Xcv strain carrying XopQ that is recognized by the Roql
TNL. Different letters indicate statistically significant difference at p < 0.05, which was determined with single-factor
ANOVA followed by Tukey’s test.
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Figure S3. Co-immunoprecipitation of a protein complex containing AtEDS1, AtSAG101, and AtMLKL1 and
restoration of AtEDS1-, AtSAG101- and AtMLKL1-mediated immunity upon XopQ recognition by TNL Roq1l
in N. benthamiana, related to Figure 3. (A) The experimental procedure of the co-immunoprecipitation experiment.
AtMLKL1-mClover3, AtEDS1-FLAG, AtSAG101-FLAG and GUS-FLAG were co-expressed in the edsl pad4
sagl0la sag101b mutant of N. benthamiana. Two days after infiltration of Agrobacteria, Pf0O-1 EV, Pf0-1 XopQ1
strains were infiltrated. Non- infiltrated leaves were used a control. The leaf samples were collected at 7 hours after
Pf0-1 challenge. (B) Immunoblotting of the input samples. Due to the overlap with the Rubisco large subunit around
50 kDa, the AtSAG101-FLAG single was partially masked. *Because of the lower expression, the input AtMLKL1-
mClover3 was enriched with Anti-GFP beads prior to immunoblotting, which is independent from the Co-IP shown
in (C). (C) Immunoprecipitation with anti-GFP beads followed by immunoblotting. The indicated antibodies were
used for the immunoblotting. Lack of GUS-FLAG signal suggests a specific co-immunoprecipitation of AtMLKL1-
AtEDS1-AtSAG101.

Plant MLKLs mediate cytoplasmic calcium ion influx in plant and human cells

Plant MLKLs and RNLs share the N-terminal HeLo four-helix bundle!23334 and the latter was
shown to mediate cytoplasmic Ca?* ([Ca?']ey) influx in TNL immunity.?® Therefore, we
examined the role of plant MLKLs in [Ca?"]c,: influx in TNL immunity .32 Using minimally invasive
microscopic analysis, we monitored dynamic changes in [Ca?*].y: in leaves of wild type and
Atmlkl123 mutant plants expressing the GFP-based Ca?* sensor GCaMP3 *%°7 during TNL and
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CNL-triggered immune signaling. Unlike in wild type plants, the Atmlk123 mutant plants failed
to mount a sustained [Ca?']o: increase at 10-14 h post infiltration with the Pf0-1 strain
expressing AvrRps4 (Figure 4A), while a transient [Ca?'].: increase at around 4 h was
detectable in both genotypes (Figure 4A). The transient and sustained [Ca?*]. increases were
a host response specific to the PfO-AvrRps4 strain that activates the TNL pair RRS1/RPS4, as
the [Ca?"]o increases were undetectable upon infiltration of the PfO-1 strain without effectors
(Figure 4A). In agreement with the limited contribution of AtMLKLs to CNL-triggered
immunity,’° the [Ca?*].y: increase upon challenge with a Pf0-1 strain expressing AvrRpm1(Pf0-
AvrRpm1) that activates the RPM1 receptor®® were similar between the wild type and the
Atmlk123 mutant backgrounds (Figure 4B). We noted that in wild type the patterns of [Ca®*]ey
influx were markedly different in response to the PfO-AvrRps4 and PfO-AvrRpml strains,
implying distinctive impacts of these TNL and CNL receptors on [Ca?*]ey: influx.

As the N-terminal HeLo domain of AtMLKL1 is indispensable for both immunity and clustering
at the PM (Figure 1), we tested whether the N-terminal HeLo domains of AtMLKLs are able to
elicit [Ca?*]eyt influx in human HEK 293 cells. We took an advantage of an experimental system
that enables chemical (i.e., rapamycin)-induced de-repression of HeLo domain activity (Figure
4E and S4A-C). Upon rapamycin treatment, the N-terminal HeLo domain and HeLo domain
plus the brace region of AtMLKL1 induced [Ca?"]¢y influx in human HEK293T cells (Figures 4C,
4D). Notably, the HeLo domain plus the brace region of human MLKL (HsMLKL) also elicited
[Ca?*]eyt influx in human HEK293T (Figures 4C and 4D). Whereas the HeLo domain plus the
brace region of HsMLKL caused necroptotic cell death, neither the HeLo domain of AtMLKL1
nor the HeLo domain plus the brace region of AtMLKL 1, 2, 3 caused cell death in HEK293T
cells (Figures S4D and4E). Therefore, plant MLKL mediated [Ca?*]¢y: influx in human HEK293T
cells is not a consequence of cell death. We detected an induced GCaMP3 signal in the
stable transgenic N. benthamiana plants expressing GCaMP3°° 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 downstream signaling leading to
pathogen resistance and that plant MLKLs contribute to TNL immunity through HeLo domain-
mediated [Ca?*]e, influx.
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Figure 4. Plant MLKLs are mediators of cytoplasmic calcium ion influx.

(A and B) A time course signal analysis of GCaMP3 in the leaves of Col-0 expressing GCaMP3%° and two
independent Atmlkl123 transgenic lines expressing GCaMP3 generated in this study. Average and SE at each time
points upon infiltration with PfO-1 expressing AvrRPS4 (PfO-AvrRps4) or b, Pf0-1 expressing AvrRpml (PfO-
AvrRpm1) are shown. Pf0-1 carrying empty vector (PfO-EV) was used as a negative control.

(C and D) The N-terminal HeLo domain alone and the HeLo domain plus the brace region of AtMLKL1 induced
[Ca?*]eyt influx in human HEK293T cells. (D) mock control. A-D, the mean and the standard error of the 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. After transfection of the construct the N-terminal FRB-N-Ub and the C-terminal FKBP-C-Ub-POI
are separated by the 2A self-cleaving peptides. Rapamycin treatment leads to dimerization of FRB/FKBP, by which
the formerly bisected ubiquitin can fuse together allowing deubiquitinases to cleave and release a protein of interest
(POI).

(F) GCaMP3 signal in N. benthamiana upon expression of the HeLo domain and the full length AtMLKL1 under a
R-estradiol inducible promoter. The average and * SE are indicated ((HeLo (n=13), full length (n=8), Mock (n = 17)).
For the mock control, non-transformed agrobacteria were used. A one-way ANOVA followed by a post-hoc Tukey’s
HSD test (p = 0.05) was conducted.
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Figure S4. Protein accumulation in HEK293T cells and N. benthamiana cells and cell death assay in

HEK293T cells, related to Fig

(A-C) Immunoblotting of the C-terminally FLAG-tagged AtMLKL1 variants expressed in human HEK293T cells.
Those variants were expressed as fusion proteins with an inhibitory domain at the N-terminus, which is removed
by rapamycin-induced split-ubiquitin dimerization. Due to the lower level of cleaved full length AtIMLKL1 (B) and the
HeLo domain of AtMLKL1 (C), proteins were enriched by immunoprecipitation with FLAG-antibody prior to the

ure 4

immunoblotting. Rap: rapamycin.

(D-E) Human HEK293T cells were transfected with the different AtMLKLs or HSMLKL constructs as indicated. 24h
post transfection cells were treated with rapamycin. Twenty-four hours post rapamycin treatment, cell survival was

determined using the Neutral Red assay in a plate reader. Only HsMLKL (HeLo-Brace) elicited cell death.

(F) Steady-state levels of the C-terminally HA-tagged HeLo domain and the full length AtMLKL1 signal in the stable
transgenic N. benthamiana plants expressing GCaMP3%°. The samples were collected at 6 days after infiltration
with agrobacteria carrying the expression constructs and 4 days after spraying with 3-estradiol (+) or with a mock-

solution (-). The red asterisk indicates protein bands with sizes smaller than expected for full-length AtMLKL1.
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Discussion

We have shown here that PM-localized plant MLKLs are mediators of cytoplasmic Ca?* influx.
AtMLKLs are preferentially engaged by TNL- but not CNL-triggered immunity.'® Consistent
with the disease resistance phenotype, the Atmlkl null mutant is defective in mediating
sustained Ca?* influx during TNL (i.e., RPS4)-triggered immunity and not CNL (i.e., RPM1)-
triggered immunity (Figures 4A and 4B). The involvement of plant MLKLs in TNL-triggered
immunity is well supported by the observation that the EDS1 receptor complex that is targeted
by TIR enzyme-generated products is required for AtMLKL1 clustering at the PM (Figures 3A
and 3B). In animals, the upstream kinase RIPK3 phosphorylates the activation loop of the
pseudokinase domain, inducing oligomerization of MLKL monomers.3%9-63 Therefore, the
EDS1 receptor complex might recruit upstream kinase(s) to trigger conformational changes in
plant MLKLs leading to the exposure of the HelLo signaling domains, which possess a
propensity for self-oligomerization (Figures 3D and 3E) as well as for triggering Ca?* influx in
plant and human cells (Figures 4C—F).

In necroptosis, the oligomerized MLKL permeabilizes the PM via incompletely characterized
mechanisms,®-%¢ although it is clear that the N-terminal HeLo domain is indispensable.?7:%8
Various oligomeric states of activated MLKL have been reported (trimers, tetramers, hexamers,
higher-order oligomers, or disulfide-bond dependent amyloid polymers).616368-2 The Helo-
domain helices of mouse, human, and plant MLKLs can be classified as amphipathic helices,
carrying segregated hydrophilic and hydrophobic surfaces.?® Oligomerization of amphipathic
helical proteins is often linked to their activities in membrane lysis.”*7® In ferroptosis, another
type of programmed cell death in animals,® partial PM damage results in formation of a
transient pore that causes cytosolic Ca?* influx’®. A similar mechanism might underlie plant
MLKL-mediated cytosolic Ca?* influx. The Atmlkl123 mutant exhibits a pronounced sensitivity
to filamentous pathogens (e.g., powdery mildew) in comparison to bacterial pathogens,*°
suggesting that the contribution of plant MLKLs to TNL-triggered immunity varies depending
on the mode of pathogen transmission.””’® Our minimally invasive microscopy-based
monitoring of [Ca?*],: using GCaMP3 revealed two distinctive AvrRPS4-dependent [Ca?*]ey
increases; a transient [Ca?']: increase and a sustained [Ca?']e: increase (Figure 4A).
Intriguingly, the transient [Ca?*].,: increase peaks at 4 hours post pathogen challenge in both
wild type and the Atmlkl null mutant, while the sustained [Ca?*].,: increase starting at 10 hours
post pathogen challenge is absent in the Atmlkl123mutant (Figure 4A). Instead, the transient
[Ca?"].yt increase is rather retained in the Atmlkl123 mutant (Figure 4A), which may partially
compensate for the lack of the sustained [Ca?'].: increase. Therefore, the defect in sustaining
cytoplasmic Ca?* influx in the Atmlkl123 mutant may account for the varying susceptibility of
the Atmlkl mutant to different types of pathogenic microbes. Additionally, our data may suggest
that the transient [Ca?'].,: increase peaking at 4 hours is mediated by RNLs.

Taken together, we propose a model for how two distinct HeLo domain-containing protein
families, namely plant MLKL and RNL, cooperatively participate in TNL-mediated immune
signaling (Figure 5). Recent studies showed that TIR domain-containing proteins, which are
often transcriptionally upregulated during ETI, amplify immune signals at the sites of
pathogen infection and/or propagate the signals from the pathogen infection site to distal
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tissues.®422 Therefore, TNL-mediated immunity can be separated into two phases: i) signal
initiation phase (Figure 5A) and ii) signal amplification phase (Figure 5B). We show that
AtMLKLs and RNLs confer TNL-mediated immunity in a parallel manner (Figure 2E). This is
also supported by the reconstitution experiment of Arabidopsis MLKL-EDS1 signaling in N.
benthamiana (Figures 31 and J). As Arabidopsis EDS1-SAG101 receptor complex does not
substitute the function of Nb EDS1-SAG101 receptor complex that activates endogenous
helper NboNRG1 in N. benthamiana,?* the AtMLKL1-mediated immunity to Xcv carrying XopQ
effector in the edsl pad4 sagl01a sagl101b (Figure 3l) is independent from NbNRG1.

Plant MLKLs and RNLs mediate cytoplasmic Ca?* influx in TNL-mediated immunity but MLKLs
contribute to the sustained and intensified [Ca?']e, influx (Figure 4A). A propagated TIR-
derived signal(s) to the neighboring cells ?27° could increase the sum of GCaMP3 fluorescence
in examined regions, which might explain why the Atmlkl123 mutant is much more susceptible
to filamentous pathogens (e.g., powdery mildew) which actively spread from infected cells to
neighboring healthy cells, than a leaf-infiltrating bacterial pathogen, (e.g., P. syringae) that
localizes at infection site in a time frame of experiment.’® Increased levels of MLKL proteins
(Figure 2F) would contribute to the MLKL-dependent sustained [Ca?*] increase during RPS4-
triggered immunity (Figure 4A). Beside the elevation of protein levels, another, non-mutually
exclusive explanation for the MLKL-dependent sustained [Ca?*].,: increase (Figure 4A) is that
structural variations in the TIR-produced metabolites may allow distinctive EDS1 receptor
complexes to preferentially activate MLKLs over RNLs. The plant TIR-produced metabolites
pRib-AMP and ADPr-ATP promote association of EDS1 receptors with the downstream RNLs
NRG1 and ADR1,%"?8 while plant TIR-only proteins like BdTIR generate ~100-fold more v-
cADPR (2'cADPR) in planta relative to TIR domains from TNL proteins.*® Lastly, plant TIR-only
proteins also linked with the abiotic stress response.?%8! Consistently, a recent study showed
that AtMLKL1 confers an abiotic stress response (i.e. salt stress),® further supporting that plant
MLKLs are an integral signaling component for the TIR pathway.
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Figure 5. Model for plant MLKL-mediated cytoplasmic calcium ion influx during TNL-triggered immunity.

TNL-mediated immunity can be classified into two phases: (A) signal initiation phase upon recognition of pathogen
effector and (B) signal amplification phase (1) TNL resistosomes generate NAD*-derived small molecules. (2)
Binding of small molecules by EDS1-SAG101 dimers leads to a conformational change in SAG101, which promotes
NRG1 association and formation of the NRG1 resistosome, a calcium-permeable cation channel. (3) Plant MLKLs
form EDS1-dependent higher-order oligomers at the PM. (4) MLKLs and NRG1 confer cytoplasmic Ca2* 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 [Ca?*]cyt
increase during RPS4-triggered immunity. Beside protein levels, another, non-mutually exclusive explanation for
the MLKL-dependent sustained [Ca?']cyt increase is that structural variations in the TIR products may allow
distinctive EDS1 receptor complexes to preferentially activate MLKLs over RNLs.
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Methods

Plant material and growth conditions

The Arabidopsis thaliana complementation line expressing AtMLKL1-GFP under the native
cis-regulatory sequence in Atmlkl1 background was described previously.'° Using the floral dip
method,® Arabidopsis Col-0 (wild type) and the edsl-12 mutant>® were transformed by
Agrobacterium tumefaciens strain GV3101 pMP90RK?3* carrying the above AtMLKL1-GFP
complementation construct. Similarly, the Atmlkl123 triple mutant!® were transformed by A.
tumefaciens strain GV3101 pMP90Rgent? carrying pBIN20::CaMV35S:GCaMP3.5” Wild type
A. thaliana and Nicotiana benthamiana plants transformed with
pBIN20::CaMV35S:GCaMP3 were generated previously.5”%® Plant growth conditions were
described previously.*

Ca?*imaging in leaves

The GCaMP3 signal was acquired in a temperature-controlled (22°C) dark room by a
motorized fluorescence stereo microscope Nikon SMZ25 equipped with an 0.5 x objective lens
(SHR Plan Apo, WD:71, Nikon) and a high-resolution Nikon DS-Ri2 camera. GCaMP3 was
excited using a Nikon GFP-BP filter cube, EX: 470/40 and EM: 525/50. Every 5 min, the
GCaMP3 signal was acquired and analyzed by the NIS-Elements Advanced Research
microscope imaging software. In the figure, data from every 30 min were shown. For the time-
lapse measurement for A. thaliana 4—6 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 sec), the measurement was started. During the experiment, the
petri dish was closed with a lid. For the image analysis, Fiji software® was used to adjust
brightness and contrast and to set the LUTs to “16 colors’. 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 ODgoo Was adjusted to 0.2 with autoclaved milliQ
water. The abaxial side of the leaves were infiltrated with the bacterial suspension using a 1-
ml needleless syringe. The site wounded by the syringe as well as the infiltrated area -was
marked with a permanent marker.

22



593
594
595
596
597
598
599
600
601
602
603

604

605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

R-estradiol-based transient protein expression in N. benthamiana for Ca?* imaging

The culture of Agrobacterium and agro-infiltration was essentially described previously.& A.
tumefaciens strain GV3101 pMP90RK carrying the the R-estradiol-inducible constructs
(pMDC7-GW-3xHA in &) of AtMLKL1 variants or an empty vector (ODsoo = 0.8) were co-
infiltrated into leaves of N. benthamiana expressing GCaMP3%° with A. tumefaciens strain
GV3101 pMP90ORK carrying pGWB517:: CaMV35S:CMV2b (ODeww = 0.2) and
pGWB517:35S:P19 (ODsoo = 0.2). A needleless 1-ml syringe was used for infiltrations. One
leaf was infiltrated a maximum of six times, without overlap of the infiltration sites. For the [3-
estradiol application, the infiltrated leaves were sprayed with 200 uM [3-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.

For immunoblotting, protein samples were collected by harvesting five 6-mm leaf-discs using
a biopsy punch from the infiltrated areas avoiding the wounding side and the edge of the
infiltration area. Each sample contained leaf discs from five different plants. The collected leaf
discs were snap-frozen using liquid nitrogen and keptin a -80°C freezer until protein extraction.
For protein extraction, the samples were ground using a pestle or Retsch mill, and 250 pl of 8
M Urea extraction buffer (8 M Urea, 5 mM DTT) were added. All samples were subsequently
incubated at room temperature (RT) for 10 min with gentle shaking followed by 20 min at RT
without shaking. The resulting lysate was centrifuged for 10 min at 5,000 x g followed by 2
times at 18,000 x g for 30 min, each 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
absorbance at 600 nm.

Pathogen infection assays using YFP-expressing potato virus X

The monomeric YFP coding region was amplified from pXCSG-YFP# by PCR using the
primers containing the Sil recognition sites (SfilA-mYFPf:
TTGGCCATTATGGCCATGGTGAGCAAGGGCGAGGA

, SfilB-mYFPr: TTGGCCGAGGCGGCCTTACTTGTACAGCTCGTCCA) and the PCR product
was digested with Sfil (NEB) and ligated into the SfilA and SfilB sites of the binary PVX-based
expression vector.>® The resulting plasmid designated as pSfinx-mYFP was transformed into
A. tumefaciens strain GV3101 pSoup.*® 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, 197E, F213E, S287E, L341E, R370E) variant of AtMLKL1, and the
S393D variants of AtMLKL1 were cloned into pXCSG-3HA 8° using LR Clonase Il (Thermo
Fisher Scientific) or In-Fusion cloning (Takara Clontech). The resulting plasmids were
transformed into A. tumefaciens strain GV3101 pMP90RK.?* The A. tumefaciens strain
carrying pSfinx-mYFP (ODsgo = 0.001) and the A. tumefaciens strain carrying either GUS or
AtMLKL1 variants (ODeoo = 0.6) were co-infiltrated into leaves of wild type, adrl nrgl mutant,
% or edsl pad4 sagl0la sag101b mutant ! of N. benthamiana (Nbepss). The A. tumefaciens
strains each carrying Sr35 (ODgoo = 0.075) and AvrSr35 (ODesoo = 0.5)>* were used a control.

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 pl of the extraction buffer (50 mM Tris-HCI pH 8.40 150 mM NacCl, proteinase inhibitor
(Roche: cOmplet, EDTA-free Protease Inhibitor Cocktail)) were added. The resulting lysate
was centrifuged for 5 min at 30,000 x g and 80 pl of the supernatant were 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.
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Recombinant protein expression in insect cells and size-exclusion analysis

AtMLKL1 (residues 1-133) with N-terminal His6-SUMO tag construct in the pFastBac 1 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 baculovirus at 28 °C.
After growth at 28 °C for 48 hours, the cells were harvested, re-suspended in a buffer
containing 50 mM Tris-HCI pH 8.0 and 300 mM NacCl, 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).

SDS-PAGE

Protein samples were mixed with 4xSDS-PAGE loading buffer (Bio-Rad) and subsequently
loaded on 12% TGX Stain-Free polyacrylamide gels (Bio-Rad) without a boiling step to avoid
aggregation. The electrophoresis was performed at 280 V for 30 minutes. PageRuler
Prestained Protein Ladder (Thermo Fisher Scientific) was used as a size standard.

Immunoblotting

Proteins were separated by SDS-PAGE. The samples were mixed with 4xSDS-PAGE loading
buffer (Bio-Rad) with 10% 2-mercaptoethanol, then loaded on 10% polyacrylamide gels
without a boiling step to avoid aggregation. The electrophoresis was performed at 100 V for
60-90 minutes and proteins were transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were subsequently blocked for 3 h in 5% milk TBS-T before overnight
incubation at 4 °C with the corresponding primary antibody in 5% non-fat 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 SuperSignal West Femto Maximum
Sensitivity 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: monoclonal rat anti-HA antibody
(Sigma Aldrich, A9037) diluted 1:4,000, goat anti-rat peroxidase antibody (Sigma Aldrich,
A5164) diluted 1:5,000, polyclonal rabbit anti-GFP antibody (Abcam, ab6556) diluted 1:4,000,
goat anti-rabbit peroxidase antibody (Sigma Aldrich, A9169) diluted 1:5,000, monoclonal
mouse anti-FLAG antibody (Sigma Aldrich, F1804) diluted 1:3,000, goat anti-mouse alkaline
phosphatase antibody diluted 1:5,000 (Sigma Aldrich, A3562)

Confocal microscopy

Transfected protoplasts in a chamber slide (Nunc Lab-Tek, Thermo Fisher Scientific) with
incubation buffer, i.e. WI solution,®* or 2-5 mm leaf discs prepared form rosette leaves of
Arabidopsis or Nicotiana plants were observed under a confocal microscope (LSM880, Carl
Zeiss, Germany) equipped with a 40X water-immersion and a 63X oil-immersion objective.
Lambda stack images were obtained for spectral imaging. Images were analyzed and
processed with ZEN Software (Carl Zeiss) and Fiji.®

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). Entry clones were transferred into the Gateway cloning-compatible pAMPAT-GW-
mYFP, pAMPAT-GW-3xHA, or pAMPAT-GW expression vectors.®® The delineation of domain
boundaries of AtMLKLL1 is as follows, HeL0:1-133 aa, Brace: 134-220 aa, Pseudokinase 221—
567 aa, Intrinsically disordered (ID) region 568-717 aa.

Transient gene expression in protoplasts

Protoplasts were isolated from the leaves of a 4-week-old Arabidopsis thaliana
complementation line expressing AtMLKL1-GFP under the native cis-regulatory sequence in
the Atmlkl1l background. Transfection was as previously described.®* The AvrRps4 gene was
fused with a FLAG epitope on the pUC19 vector,®? kindly provided by Dr. Jane Parker.
Immunoblotting was essentially as described above for N. benthamiana.
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Bimolecular fluorescence complementation (BiFC) assays

Agrobacteria  delivering BIiFC constructs were infiltrated into leaves of N.
benthamiana quadruple mutant edsla pad4 sagl0la sagl01b (Nb epss).>! At 48 hpi, PfO-
1 XopQ or Pf0-1 (empty vector) (ODesoo = 0.3) were infiltrated into the same leaf zone. At 6 hpi
of Pf0-1, leaf discs were used to observe fluorescence under a confocal microscope (LSM880,
Carl Zeiss, Germany).

Pathogen infection assays (PstDC3000)

Pseudomonas syringae pv. tomato (Pst) DC3000 was syringe-infiltrated
into Arabidopsis leaves at ODegoo = 0.0005 in 10 mM MgCl,. Bacterial titers were determined at
3 dpi. The released Pseudomonas bacteria were diluted and plated onto NYGA plates
supplemented with 100 mg/L rifampicin and 25 mg/L kanamycin.

Xanthomonas growth assay in N. benthamiana

Xanthomonas campestris pv vesicatoria (Xcv 85-10)% was provided by Jane Parker. The Xcv
growth assays in in N. benthamiana quadruple mutant edsla pad4 sagl0la sagl0lb (Nb
epss) in the presence of Agrobacteria-delivering proteins AtEDS1-FLAG (ODegoo = 0.2),
AtSAG101-FLAG (ODeoo = 0.2), and AtMLKL-GFP (ODsgo = 0.8) were performed as described
previously?#26,

Drug treatments

Drugs were used at the following concentrations: 50 yM CHX, 50 uM BFA, 1 mg/ml chitin, 5
mM flg22. AtMLKL1-GFP seedlings were treated with various mixed working solutions for 1
hour. Before observation under a confocal microscope (LSM880, Carl Zeiss, Germany),
samples were immersed in 10 yM FM4-64 for 10 mins.

Immunoprecipitation assays

Protein was purified from 1.0 g infiltrated N. benthamiana leaves. Samples were ground to fine
powder by a mortar and pestle in liquid nitrogen. Then, 2 ml of extraction buffer (10% glycerol,
50 mM Tris—HCI pH 7.5, 5 mM MgCl,, 150 mM NaCl, 5mM DTT, 0.25% NP-40, 1% TritonX-
100, 0.6mM PMSF, 20mM Mg132, 1x Plant protease cocktail (11873580001, MilliporeSigma))
were added. Lysates were incubated on ice for 10 min and were centrifuged for 10 min at
10000 x g, two times. The 50-pl aliquots of the filtered supernatant were taken as input samples.
Co-IPs were conducted for 2 h with 25 yl GFP-Trap Agarose (AB_2631357, ChromoTek) under
constant rotation. Beads were washed 4 times in extraction buffer without DTT, PMSF and
MG132. Immunoblotting was essentially as described for N. benthamiana.

Plasmid construction for protein expression in human cell culture

The expression constructs of the C-terminally FLAG-tagged HsMLKL (HelLo+Brace) and
AtMLKL1 truncates (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 wused for PCR with the primers (CIU-At_MLKL1_fw:
CGCCTGCGAGGTGGIATGGAGCAATTCAGGCAAATCGGAGAGGTTCTAGGAAG, , At-
MLKL1_HeLo rv.:TAGACTCGAGCGGCTTActtgtcatcgtcgtecttgtaatcTGAATTCGCtctagaGGA

TCCAAGACCCGAAATCTCACCCGCGGTCTCGATGGCTTCG, At-MLKL1-NT _rv:
TAGACTCGAGCGGCTTActtgtcatcgtcgtecttgtaatcTGAATTCGCtctagaGGATCCTCCCGTTA
GTTTCTTCAACAGAAAATCAGCTAAACG, AtMLKL1_Fl_rv:

TAGACTCGAGCGGCCTTActtgtcatcgtcgtecttgtaatc TGAATTCGCtctagaGGATCCTGTAAGC
TCAGAGTCTGAAGCAGGACCAGTTAGTTGTCTACG,

pcDNA5_MLKL_fw: TACCGAGCTCGGATCATGGAAAATTTGAAGCATATTATCACCCTTG
GCCAGGTCATCCACAAACGGTGTG, pcDNA5 MLKL180 rv:
TAGACTCGAGCGGCCCTActtgtcatcgtegtecttgtaatcTGAATTCGCtctagaGGATCCTAAATAC
TGCCTCAAAGTTTCCTTG.

25



758
759
760

761
762

763
764
765
766

767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808

For protein expression in human cell culture, all purified PCR products were cloned into the
pcDNAS/FRT/TO vector (ThermoFisher) together with the purified CIUDAD PCR construct
(unpublished, AG Hofmann, Figure 4E) using In-Fusion (Takara Clontech).

Human cell culture

Human embryonic kidney (HEK293T; ATCC® CRL-3216 ™) cells were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% fetal-bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco) and maintained at 37 °C, 95% humidity and
5% CO..

Plasmid transfection into HEK293T cells

HEK293T cells were transfected using PEI®4. In brief, 1 pg/ul (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 replaced with DMEM (10% FBS and 1% antibiotics) 5 h after
transfection.

Immunoblotting of proteins expressed in human cells

HEK293T cells were lysed in 1x Laemmli sample buffer (125 mM Tris-HCI, pH 6.8, 20%
glycerol, 4% SDS, 0.03% bromophenol blue, 20 ul/ml 3-mercaptoethanol). The whole-cell
lysates were sonicated, boiled for 10 minutes, and then proteins were resolved by sodium
dodecy! 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, 130-101-572), horseradish
peroxidase (HRP)-coupled anti-HA antibody (Miltenyi Biotec, 130-091-972), anti-alpha-tubulin
(Sigma Aldrich, T6074) and the appropriate HRP-coupled anti-mouse antibody (Cell Signaling
Technology, 7076S). Proteins were detected using enhanced chemiluminescence (ECL;
Biozym WesternBright) and signals were collected using GelDoc Imager (BioRad).

Live-cell cytoplasmic Ca?" 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 uM Fluo-4-AM (AAT Bioquest; 20551)
a cell-permeable fluorescent Ca?* indicator. Fluo-4 with the AM group is able to cross the
plasma membrane by diffusion and intracellular esterases cleave the AM group and trap the
dye inside cells. Ca?* binding enhances the fluorescence of Fluo-4. Directly before the
measurement, 5 pg/ml rapamycin (Apollo Scientific; 53123-88-9) were added to the
transfected 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 performed 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 post transfection, 5 pg/ml rapamycin were added and after a
further 24 h the neutral red assay® was performed. In brief, 40 ug/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% CO.. 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).
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Figure legends

Figure 1. Arabidopsis MLKL1 form clusters at the plasma membrane (PM) during TNL-triggered immunity
in a HeLo domain-dependent manner.

(A) Top panel: Schematic representations of AtMLKLs. Bottom panel: Cryo-EM structure of a protomer of the
AtMLKL3 tetramer (PDB: 6KA4). Subdomains of AtMLKLs are shown in different colors. Yellow: HeLo domain,
Purple: Brace region, Green: pseudokinase domain, dark yellow: the intrinsically disordered (ID) region. The ID
region does not appear in the Cryo-EM structures likely due to its instability.

(B) Left panels: Top-view of leaf epidermal cells of Arabidopsis complementation line expressing AtMLKL1-GFP
under the native cis-regulatory sequence in Atmlkll background® upon challenge of P. fluorescens Pf0-1
expressing AvrRPS4 (PfO-AvrRps4) or P. fluorescens PfO-1 carrying empty vector (PfO-EV) at 5 hours post
infiltration (hpi). Right panels; Top-view of leaf epidermal cells of N. benthamiana transiently expressing AtMLKL1-
GFP under the constitutive 35S promoter upon challenge of P. fluorescens Pf0-1 expressing XopQ or P. fluorescens
Pf0-1 carrying empty vector (EV) at 5 hpi.

(C) Left: Quantification of AtMLKL1-GFP puncta number in the Arabidopsis complementation line at 5 hpi upon the
infiltration of PfO-AvrRPS4 (n=29) or Pf0O-EV (n=15). Right: Quantification of AtMLKL1-GFP puncta humber in N.
benthamiana at 7hpi upon infiltration of Pf0-XopQ (n=12) and PfO-EV (n=9). Asterisks indicate significant
differences at p <0.001 which were determined with single-factor ANOVA followed by Tukey'’s test.

(D) Clustered AtMLKL1-GFP signals overlapping with the fluorescence signals of the plasma membrane (PM) tracer,
FM4-64 in the plasmolyzed epidermal cells. The red and light blue arrows indicate PM and cell wall, respectively.
White arrowheads indicate the AtMLKL1-GFP puncta.

(E) A time-course quantification of AtIMLKL1-GFP puncta number in the Arabidopsis complementation line.

(F) Steady-state levels of AtIMLKL1-GFP were comparable at each examined time point upon infiltration with the
Pf0-1 strain expressing AvrRps4, P. fluorescens Pf0-1 carrying empty vector (EV), and the mock treatment in total
cell lysate from the Arabidopsis complementation line.

(G) The N-terminal HeLo-domain is sufficient and necessary for puncta formation in N. benthamiana. The C-
terminally mClover3-tagged truncated AtMLKL1 variants were expressed under the constitutive 35S promoter in N.
benthamiana. No avirulent pathogens were challenged. The images were taken at 48 hours post Agrobacterium
infiltration. White arrowheads indicate the AtMLKL1-GFP puncta. H: HeLo domain alone, H+B: HelLo with brace,
H+B+P: HeLo with brace and pseudokinase, B+P+ID: AtMLKL1 lacking the HeLo domain.

(H) The N-terminal HeLo-domain of AtMLKL1 exhibited disease resistance activity against YFP expressing Potato
virus X (PVX) in N. benthamiana. All AtMLKL1 variants were C-terminally tagged with HA epitope. The YFP intensity
of the leaf lysate was measured as a proxy of the disease resistance activity.

() The N-terminal HeLo-domain of AtMLKL1 conferred disease resistance against Pst DC3000 in A. thaliana
mikl123 triple mutant background.

Figure 2. Structure-guided mutagenesis reveals distinctive contributions of the EDS1 family and helper
NLRs to the disease resistance activity mediated by the gain-of-function variants of AtMLKL1.

(A) Left: Schematic representation of the intra-domain interfaces indicated by blue dashed lines. Right: Tertiary
structure of the AtMLKL1 tetramer modeled by Alfafold2.52 The color code is identical to A. One of four protomers
is shown in color. As the cryo-EM structures of AtMLKL2 and AtMLKL3 are nearly identical and the protein
sequences of AtMLKL1, 2, and 3 are highly conserved, it is conceivable that AtMLKL1 also forms an AtMLKL3 like
tetramer. (B) The position of amino acid residues in the intra-domain interfaces in AtMLKL1 protomer .(C) Schematic
representation of the inter-domain interfaces indicated by black dashed lines. (D) The position of amino acid
residues in the inter-domain interfaces in AtIMLKL1 tetramer. (E) Disease resistance activity of AtMLKL1 variants
carrying mutations at either intra- or inter-domain interfaces against YFP-expressing PVX. All AtMLKL1 variants
were C-terminally tagged with HA epitope. The YFP intensity of the leaf lysate was measured as a proxy for the
disease resistance activity. HH+HP and HP+HB indicate the mutant AtMLKL1 variants harboring mutations at the
HH+HP interfaces and HP+HB interfaces, respectively. The previously identified gain-of-function variant carrying a
phosphomimetic mutation (S393D from Mahdi et al.2%) in the activation loop of the pseudokinase domain was used
as a control. The red asterisks indicate significant differences from the AtMLKL1 wild type at p <0.02 determined
with Dunnett's test. Black asterisks indicate significant differences at p <0.01 which were determined with Kruskal—
Wallis H test.
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Figure 3. EDS1 facilitates AtMLKL1 clustering during TNL-triggered immunity.

(A) Confocal images of leaf epidermal cells of Arabidopsis wild type or eds1-12 mutant expressing AIMLKL1-GFP
under the native cis-regulatory sequence. White arrowheads indicate the AtMLKL1-GFP puncta. Images were taken
at 5-6 hours post infiltration of PfO-AvrRps4. (B) Steady-state levels of AtMLKL1-GFP in total cell lysate from the
indicated Arabidopsis lines were comparable upon infiltration with the Pf0-1 strain expressing AvrRps4, P.
fluorescens PfO-1 carrying empty vector (EV), and MgClz. The samples were collected at 5 hours post infiltration.
(C) Confocal images of leaf epidermal cells of the edsl pad4 saglOla sagl10lb mutant of N. benthamiana
expressing the C-terminally mClover3-tagged HeLo domain of AtMLKL1. No avirulent pathogens were challenged.
White arrowheads indicate the AtMLKL1-GFP puncta. The images were taken at 48 hours post agrobacterium
infiltration. (D) Size-exclusion chromatography profile of the 6xHis-Sumo-tagged HeLo domain of AtMLKL1. Position
of standard molecular weight marker is indicated. (E) Peak fractions in the size-exclusion chromatography were
verified by SDS-PAGE. (F) Bimolecular fluorescence complementation assays. AtMLKL1-cYFP, AtSAG101-nYFP,
and AtEDS1-FLAG were co-expressed under a constitutive 35S promoter in the edsl pad4 sag10lab (Nb-epss)
mutant of N. benthamiana. Enhanced YFP signals around PM and at nuclei indicated by the white arrowhead and
arrow, respectively, were detected upon infiltration with the PfO-1 strain expressing XopQ. (G) Quantification of
number of cells with YFP signals at 48 hpi upon infiltration of Pf0-EV (n=18) or Pf0-XopQ (n=22). Asterisks indicate
significant differences at p <0.001, which were determined with single-factor ANOVA followed by Tukey'’s test. (H)
Disease resistance activity against YFP-expressing PVX by the C-terminally HA-tagged HeLo domain of AtIMLKL1
was impaired in the eds1 pad4 sagl0la sag101b mutant of N. benthamiana. The proteins were expressed under
the constitutive 35S promoter. (I and J) Reconstitution of AtEDS1-, AtSAG101- and AtMLKL1-mediated immunity
in the eds1 pad4 sagl0la sag101b mutant of N. benthamiana in response to the Xcv strain carrying XopQ that is
recognized by the Rogl TNL. Different letters indicate statistically significant difference at p < 0.05, which was
determined with single-factor ANOVA followed by Tukey’s test.

Figure 4. Plant MLKLs are mediators of cytoplasmic calcium ion influx.

(A and B) A time course signal analysis of GCaMP3 in the leaves of Col-0 expressing GCaMP3% and two
independent Atmlkl123 transgenic lines expressing GCaMP3 generated in this study. Average and SE at each time
points upon infiltration with PfO-1 expressing AvrRPS4 (PfO-AvrRps4) or b, Pf0-1 expressing AvrRpml (PfO-
AvrRpm1) are shown. Pf0-1 carrying empty vector (Pf0-EV) was used as a negative control.

(C and D) The N-terminal HeLo domain alone and the HeLo domain plus the brace region of AtMLKL1 induced
[Ca?*]eyt influx in human HEK293T cells. (D) mock control. A-D, the mean and the standard error of the 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. After transfection of the construct the N-terminal FRB-N-Ub and the C-terminal
FKBP-C-Ub-POI are separated by the 2A self-cleaving peptides. Rapamycin treatment leads to dimerization of
FRB/FKBP, by which the formerly bisected ubiquitin can fuse together allowing deubiquitinases to cleave and
release a protein of interest (POI). (F) GCaMP3 signal in N. benthamiana upon expression of the HeLo domain and
the full length AtMLKL1 under a R-estradiol inducible promoter. The average and + SE are indicated ((HeLo (n=13),
full length (n=8), Mock (n = 17)). For the mock control, non-transformed agrobacteria were used. A one-way ANOVA
followed by a post-hoc Tukey’s HSD test (p = 0.05) was conducted.

Figure 5. Model for plant MLKL-mediated cytoplasmic calcium ion influx during TNL-triggered immunity.

TNL-mediated immunity can be classified into two phases: (A) signal initiation phase upon recognition of pathogen
effector and (B) signal amplification phase (1) TNL resistosomes generate NAD*-derived small molecules. (2
Binding of small molecules by EDS1-SAG101 dimers leads to a conformational change in SAG101, which promotes
NRG1 association and formation of the NRG1 resistosome, a calcium-permeable cation channel. (3) Plant MLKLs
form EDS1-dependent higher-order oligomers at the PM. (4) MLKLs and NRG1 confer cytoplasmic Ca2* 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 [Ca?*]cyt
increase during RPS4-triggered immunity. Beside protein levels, another, non-mutually exclusive explanation for
the MLKL-dependent sustained [Ca?*]eyt increase is that structural variations in the TIR products may allow
distinctive EDS1 receptor complexes to preferentially activate MLKLs over RNLs.
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