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Abstract

Plant defense against microbial pathogens is mainly realized by pattern-triggered immunity
(PTI) mediated by pattern recognition receptors (PRRs) at the cell surface, and effector-
triggered immunity (ETI) mediated by nucleotide-binding leucine-rich repeat (NLR) immune
receptors inside cells. Based on their N-terminal domains, plant NLRs can be divided into two
categories: CC-NLRs (CNLs) with a coiled-coil (CC) domain and TIR-NLRs (TNLs) with a
toll/interleukin 1 receptor (TIR) domain. Specific recognition of pathogen effectors induces
oligomerization of NLRs, termed resistosomes, to transduce plant immune signaling. CNLs
are able to form pentameric resistosomes upon activation and function as calcium (Ca*")-
permeable channels in the plasma membrane. Whether TNLs form resistosomes in response
to pathogen infection remained an open question, although the TIR domain in TNLs has
NADase activity that is required for TNL-mediated immunity. NADase activity, although
essential, is not sufficient for TIR-triggered immune responses in plants, suggesting that other
components may be required for TIR-mediated signaling. In my dissertation, I employed
multiple approaches including biochemistry and structural biology to address these questions.
The thesis contains three parts:

In the first part, I present multiple lines of evidence showing that the Arabidopsis TNL
RPP1 (for recognition of Peronospora parasitica 1) forms a tetrameric resistosome upon
recognition of the cognate Hyaloperonospora arabidopsidis effector ATR1. Biochemical and
structural data are summarized revealing the mechanism underlying the requirement of the
RPP1 resistosome formation for NADase activity. The data from this study define the
mechanism of direct effector recognition by a TNL, and demonstrate that the assembly of
RPP1 resistosomes is required for TIR-encoded NADase activity and RPP1 function.

In the second part, I describe biochemical evidence that TIR domain proteins also exhibit
2'3'-cAMP/cGMP synthetase activity with RNA and probably DNA (RNA/DNA) as
substrates. Then I present functional data supporting the physiological relevance of the
synthetase activity in TIR-mediated immune responses. Structural data on a TIR domain
protein bound by its dsSDNA substrate are described, and the mechanisms of how TIR domain
proteins encode both NADase and synthetase activities and how the two activities may act
together to mediate TIR signaling are discussed. The data presented in this part reveal a novel
enzymatic activity of plant TIR domain proteins and establish a role of 2’,3'-cAMP/cGMP in
plant immunity.

In the last section of my thesis, I describe experiments testing whether the RNase-like
effector proteins associated with haustoria (RALPH effectors) have RNase activity.
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1. General Introduction

Terrestrial plants are sessile organisms under constant threat of invasion by potential
pathogens throughout their life cycles. These pathogenic microorganisms, including viruses,
bacteria, fungi, and oomycetes, not only hijack nutrients but also perturb physiological
processes, arrest growth and inflict tissue damage on their hosts via production of toxins, cell-
wall-degrading enzymes, and virulence proteins (Dou and Zhou, 2012). To withstand and
combat microbial attack, plants are endowed with sophisticated innate immune systems
consisting of a repertoire of cell-surface and intracellular immune receptors (Jones and Dangl,
2006; Kourelis and van der Hoorn, 2018). Cell-surface immune receptors, collectively
referred to as pattern recognition receptors (PRRs), form the front line of the immune
surveillance. PRRs activate pattern-triggered immunity (PTI) by sensing a variety of
immunogenic signals derived from pathogens or the host, known as pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), respectively.
To establish successful infections, pathogens deliver effectors into different cellular
compartments of the host to dampen PTI. Inside the cell, the presence of these effectors is
typically recognized by nucleotide-binding leucine-rich-repeat receptors (NLRs), the major
class of intracellular immune receptors. NLRs sense non-self molecules or infection-
associated damage signals and elicit a long-lasting and robust defense responses, termed
effector-triggered immunity (ETI). ETI is often associated with a hypersensitive response
(HR), a form of regulated cell death (RCD), which is thought to restrict the spread of
pathogen from attempted infection sites. Mounting evidence indicated that ETI can potentiate
PTI, while PTI can also boost the defense output of ETI (Ngou et al., 2021; Tian et al., 2021;
Yuan et al., 2021b), suggesting a continuum and synergy between PTI and ETI to achieve
appropriate plant immunity (Lu and Tsuda, 2021; Thomma et al., 2011; Yuan et al., 2021c).

Pathogen
Plant Cell
Dellver
Suppress Recogmze
Effector
PTI < Mutually potentiate ETI

Figure 1. Schematic view of plant innate immunity. Upon sensing PAMPs/DAMPs and effectors
(pink), PRRs (green) and NLRs (blue) activate PTI and ETI, respectively.
1



1.1 Plant immunity activated by cell-surface immune receptors (PTI)
Pathogen infection is generally accompanied by the release of conserved molecules and

endogenous danger signals, PAMPs and DAMPs, respectively. PAMPs and DAMPs are
recognized by cell surface localized PRRs in both animals and plants (Botos et al., 2011;
Couto and Zipfel, 2016). Plant PRRs largely fall into two subfamilies, receptor-like kinases
(RLKs) and receptor-like proteins (RLPs), both of which are plasma membrane (PM)
localized (Wan et al., 2019b; Zhou and Zhang, 2020). RLKSs typically contain an extracellular
ligand sensor domain, such as an LRR, LysM or lectin domain (Couto and Zipfel, 2016); a
transmembrane region; and an intracellular kinase domain for immune signal transduction
(Han et al., 2014; Oh et al., 2011). RLPs have a similar structural organization to RLKs but
lack the intracellular kinase domain. Therefore, RLPs inherently require a co-receptor kinase
to form bimolecular equivalents of genuine RLKs (Gust and Felix, 2014; Liebrand et al.,
2014). Perception of PAMPs/DAMPs results in activation of the intracellular kinase domains
in RLK- or RLP-containing signaling complex, leading to cascade of acute immune
responses, including phosphorylation of downstream receptor-like cytoplasmic kinases
(RLCKSs) and mitogen-activated protein kinases (MAPKs), production of nitric oxide (NO),
burst of reactive oxygen species (ROS) and increase of cytosolic Ca** concentrations within

minutes (Naveed et al., 2020).

1.1.1 PTI triggered by PAMPs
The conserved 22-amino-acid epitope of bacterial flagellin (flg22) is directly bound by the

LRR domain of Arabidopsis LRR-PRR FLS2 (for flagellin sensing 2). Upon recognition of
flg22, FLS2 recruits another LRR-PRR BAKI1 (for brassinosteroid insensitive 1-associated
receptor kinase 1) through the C-terminus of the FLS2-bound flg22 and activates PTI
responses (Sun et al., 2013; Zipfel et al., 2004).

In addition to flg22, chitin, an N-acetylglucosamine (NAG) polymer that is the major
structural carbohydrate of fungal cell walls, also acts as a PAMP and can activate plant PTI
(Zhang and Zhou, 2010). Chitin directly interacts with the LysM-RLK AtCERKI1 (for chitin
elicitor receptor kinase 1) and AfLYKS (for lysin-motif RLK 5) in Arabidopsis (Miya et al.,
2007), and with the RLK OsCERK1 and the RLP OsCEBIiP (for chitin elicitor-binding
protein) in rice (Kaku et al., 2006; Xu et al., 2022). AtCERK1 has three tightly packed LysMs
(LysM1-3) in the extracellular space on the cell surface of the host cells. Binding of (NAG)s
to LysM2 induces homo-dimerization of A#CERK, which is required for activation of its
kinase activity (Liu et al., 2012). The mechanism of chitin recognition and dimerization is
conserved among other plant LysM-PRRs (Cao et al., 2014; Liu et al., 2016; Shimizu et al.,
2010; Xu et al., 2022).



Other well characterized PAMPs such as the conserved bacterial epitope, elf18, derived
from elongation factor Tu (EF-Tu), or peptidoglycan, or lipopolysaccharide, are recognized
by EF-Tu receptor (EFR) (Zipfel et al., 2006), LYM1/LYM3 (Willmann et al., 2011) and
lectin S-domain-1 RLK LORE (Ranf et al., 2015), respectively. The recognition of these
PAMPs by plant PRRs activates PTI responses and establishes a first line of induced plant

immune responsces.

1.1.2 PTI triggered by DAMPs

In contrast to PAMPs, DAMPs are host-derived endogenous danger signals released by
pathogen-infected cells or wounded tissues (Rubartelli and Lotze, 2007). One of the best
characterized DAMP families encompasses plant elicitor peptides (Peps) (Yamaguchi et al.,
2006). Peps are processed from their precursors called proPeps through Ca**-dependent
metacaspase cleavage and the mature Peps are released to the extracellular space through an
unknown mechanism (Hander et al., 2019). In Arabidopsis, the LRR-RLKs Pepl receptor 1/2
(PEPR1/2) have been identified as the receptors of Peps (Tang et al., 2015; Yamaguchi et al.,
2010).

Nucleotide derivatives can also function as DAMPs. ATP, a universal source of energy for
biochemical reactions in cells, can be released into the extracellular matrix in response to
environmental stimuli and triggers immune responses (Chivasa et al., 2009b; Khakh, 2009).
In plants, leakage of ATP can result from physical wounding, insect infestation and microbial
pathogen infection (Chivasa et al., 2009a; Chivasa et al., 2009b; Medina-Castellanos et al.,
2014). The released ATP molecules are perceived by Arabidopsis lectin-RLK DORNT1 (for
does not respond to nucleotides 1) and LECRK-L5 (for L-type lectin receptor kinase 1.5, also
known as P2K?2), through their extracellular lectin domains (Choi et al., 2014; Pham et al.,
2020). These two lectin-RLKSs interact with each other at the PM and cross-phosphorylate
upon extracellular ATP treatment. Application of ATP mimics PAMP-induced PTI responses
in wild-type (WT) Arabidopsis (Reichler et al., 2009; Tanaka et al., 2010), but not in dornl
mutant plants (Choi et al., 2014). Moreover, p2k2 and Dornl/p2k2 mutant plants showed
increased susceptibility to Pseudomonas. syringae infection (Pham et al., 2020).

Similar PTI-inducing effects were observed upon exogenous application of another
universal cellular small molecule, NAD" (Wang et al., 2017). Supporting a DAMP role for
this small molecule, P. syringae pv. tobacco (Pst) DC3000/avrRpt2 infection caused
NAD" leakage into the Arabidopsis apoplast at concentrations sufficient to induce PTI
responses (Zhang and Mou, 2009). Extracellular NAD™ also play critical roles in the
regulation of systemic acquired resistance (SAR) (Hou et al., 2019). Although direct

3



application of NAD" failed to induce SAR, reducing its concentration by overexpressing the
extracellular NADase CD38, significantly compromises SAR induction by local pathogen
infection (Zhang and Mou, 2012).

PAMPs DAMPs

/ flg22 _— elfl8 %:hitin ATP Peps %
&

Sensor domains

TM domains

Kinase domains

BAK1 FLS2 BAKI1 EFR AtCERK1 DORNI1 BAKI1 PEPR

Figure 2. Schematic view of ligand recognition mechanism of different PRRs. Membrane localized
PRRs perceive PAMPs and DAMPs to initiate PTI responses. TM: transmembrane.

Another well-studied type of DAMP is the mis-localized DNA (non-nuclear DNA)
induced by microbial infection or cellular stresses (Kuthanova et al., 2008; Ryerson and
Heath, 1996). In animals, self-DNA fragments can come from dead cells or from damaged
mitochondria. These DNA fragments are mainly perceived by the endosome-localized LRR-
PRR TLRY (Dolina et al., 2020; Fitzgerald and Kagan, 2020; Gallucci and Maffei, 2017) or
by cyclic GMP-AMP synthase (cGAS) (Amadio et al., 2021; Motwani et al., 2019), leading to
the activation of innate immune responses. In plants, extracellular self-DNA fragments also
trigger typical PTI responses, although the responsible PRRs have not been identified yet
(Barbero et al., 2016; Duran-Flores and Heil, 2014; Wen et al., 2009). Interestingly, only
DNA fragments from conspecifics, but not those from heterologous plants or insects, are able
to elicit PTI responses, indicating a species-specific distinction between extracellular self-
DNA and foreign-DNA in plants (Duran-Flores and Heil, 2018; Mazzoleni et al., 2015). It
should be noted, however, that self-DNA fragments have versatile functions besides merely
acting as DAMPs. After tissue damage, mammalian neutrophils can eject their DNA
fragments along with histones and some antimicrobial proteases into the extracellular space to
prevent the spread of pathogens and assist in eliminating the threat (Denning et al., 2019; Iba
et al., 2014; Vorobjeva and Chernyak, 2020). Although a similar function has not been
demonstrated in plants, Arabidopsis root border cells also rapidly export DNA
into extracellular space, which is likely due to the constant exposure of the root tips to
mechanical stress (Wen et al., 2017). These extracellular self-DNA fragments may have a
protective function, as their degradation by DNase I impaired Arabidopsis resistance to

pathogen infection (Cannesan et al., 2011).



1.2 Negative regulation of plant immunity by pathogens

1.2.1 Sequestering PAMPs
Host-adapted plant pathogens secrete numerous effector proteins into the apoplast or inside
host cells to promote virulence activity. To dampen or manipulate the sophisticated plant
immune system, pathogen effectors evolved diversified functions. One activity of pathogen
effectors is to interfere with PTI responses. An example of this is ECP6 (for extracellular
protein 6) from Cladosporium fulvum, which sequesters the fungus-derived chitin from being
perceived by the PRRs as PAMPs (de Jonge et al., 2010). ECP6 has three LysM domains as
observed in plant LysM-PRRs. In contrast to LysM-PRRs which typically use LysM2 for
chitin binding, LysM1 and LysM3 of ECP6 form a groove that binds chitin with much higher
affinity. Thus, ECP6 outcompetes plant PRRs in binding chitin and consequently neutralizes
LysM-PRRs-mediated PTI (de Jonge et al., 2010; Sanchez-Vallet et al., 2013). Similarly,
CfAvr4 from C. fulvum binds chitin and shields the fungal cell wall to prevent chitin
hydrolysis by host chitinases (Hurlburt et al., 2018; Pusztahelyi, 2018).
1.2.2 Targeting important hubs in plant immunity
As the frontline of plant immunity, PTI components are targeted by various pathogen
effectors through different mechanisms. AvrPtoB from P. syringae is a multi-functional PTI
suppressor. The N-terminal region of AvrPtoB inhibits the activity of 4#CERK1 and
AtCERK-like PRR Bti9 (for AvrPtoB-tomato interacting protein 9) from tomato (Zeng et al.,
2012); the central region blocks BAK1 function through interacting with the activation
segment of the intracellular kinase domain (Cheng et al., 2011; Shan et al., 2008); the C-
terminal region functions as an E3 ligase and directly degrades FLLS2 and 4AfCERK1 (Gohre et
al., 2008; Janjusevic et al., 2006). Degradation of PTI signaling components appear to be a
common effector strategy for interfering with host immune responses. Other examples include
the cysteine protease effector AvrRpt2 from P. syringae which proteolytically cleaves the
Arabidopsis protein RIN4 (for RPM 1-interacting protein 4). The cleavage products in turn
function as hyperactive suppressors of PTI signaling (Afzal et al., 2011). Moreover, RIN4 is
phosphorylated by a host RLCK RIPK (for RPM1-induced protein kinase) in the presence of
P. syringae effector AvrB. Phosphorylated RIN4 serves to promote more widely opened
stomata on the plant surface, which facilitates pathogen entry (Lee et al., 2015).

Xanthomonas campestris pv. campestris (Xcc) effector AvrAC uridylylates two
Arabidopsis RLCKs, RIPK and BIK1 (for botrytis-induced kinase 1), both of which play
critical roles in PTI responses (Feng et al., 2012; Veronese et al., 2006). Interestingly, BIK1
can be proteolytically cleaved by P. syringae effector AvrPphB (Zhang et al., 2010),
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suggesting that the same PTI component can be targeted by multiple effectors through
different mechanisms. Likewise, P. syringae effectors HopF2, HopAll and HopZ1a inactivate
the mitogen-activated protein kinases (MAPKSs) signaling pathway to suppress plant
immunity (Rufian et al., 2021; Wang et al., 2010; Zhang et al., 2007). In addition to blocking
MAPK activation, HopF2, like AvrPtoB, also directly targets BAK1 (Zhou et al., 2014),
further supporting the notion that one pathogen effector can possess multiple PTI suppressing

strategies.

1.2.3 Hijacking plant immune signals

Pathogen effectors can also hijack the immune signaling cascade once host immune response
has been initiated. Some pathogen effectors negatively regulate plant immunity by acting as
Nudix hydrolases, which typically hydrolyze nucleotide-derived substrates. Xanthomonas
campestris pv. vesicatoria Nudix effector XopQ (for Xanthomonas outer protein Q)
suppresses cell death in Nicotiana species which is dependent on EDS1 (for enhanced disease
susceptibility 1), the signaling node downstream of TNLs (Adlung and Bonas, 2017).
Arabidopsis expressing Ralstonia. solanacearum Nudix effector RipN exhibited higher
susceptibility to pathogen infection compared to WT Arabidopsis or transgenic plants
expressing a catalytically inactive »ipN mutant (Sun et al., 2019). Immunosuppressive activity
was also detected for the Phytophthora sojae Nudix effector Avr3b, but not its catalytically
inactive mutant, in Nicotiana. benthamiana (Kong et al., 2015). These results suggest that
Nudix effectors can metabolize some nucleotide-derived molecules with roles in plant
immunity, to confer their virulence functions.

1.2.4 Manipulating plant cell death

To ensure accommodation with their hosts, pathogens that establish long-term parasitism
must be highly effective in suppressing plant immunity. To this end, biotrophic pathogens
usually secrete a large array of candidate secreted effector proteins (CSEPs) during infection,
with approximately 25% of them being RNase-like effector proteins associated with haustoria
(RALPH) effectors in Blumeria graminis (Pedersen et al., 2012). Transient expression of
CSEPO0139 or CSEP0182, effectors from B. graminis, inhibits barley cell death mediated by
the pro-apoptotic animal protein, BAX (Xue et al., 2021). A similar inhibitory effect on cell
death was also detected for other pathogen effecters, such as Fusarium oxysporum Six6 (for
small proteins into the xylem sap 6) (Gawehns et al., 2014), P. infestans SNE1 (for suppressor
of necrosis 1) (Kelley et al., 2010), P. sojae Avrlb (Dou et al., 2008) and Puccinia striiformis
Pst 8713 (Zhao et al., 2018), suggesting that plant cell death suppression is a common
virulence activity of pathogen effectors to establish parasitism in plants.
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In contrast to biotrophic pathogens, necrotrophic pathogens destroy plant cells by secreting
toxins and feed on dying host cells (Friesen et al., 2008; Laluk and Mengiste, 2010).
Cochliobolus victoriae toxin victorin is a mixture of cyclic hexapeptides that confer host-
specific pathogenicity to certain oat cultivars (Kessler et al., 2020). Victorin activates the
Arabidopsis CNL encoded by locus orchestrating victorin effects 1 (LOV1) to trigger plant
cell death and facilitate infection (Lorang et al., 2012). Another group of toxins encompasses
the pathogen derived RNase effectors which cleave host ribosomal RNA (rRNA), disturbing
host transcriptional homeostasis, and eventually leading to cell death (Gluck and Wool, 1996;
Kettles et al., 2018; Olombrada et al., 2017). In many cases, their cytotoxic activities showed
no host specificity. For example, Zymoseptoria tritici RNase effector Zt6 exhibited toxicity to
plants, fungi and bacteria (Kettles et al., 2018). Similarly, RNase T1 from Aspergillus oryzae

could also cause severe growth inhibition when overexpressed in yeast (Nonaka et al., 2000).

1.3 Plant immunity activated by intracellular immune receptors (ETI)

To discriminate the ‘enemies inside’, plants recruit intracellular NLR proteins to specifically
detect pathogen effectors or effector modified targets. A canonical plant NLR protein has a
tripartite domain structure, consisting of a C-terminal LRR domain normally responsible for
effector recognition; a central NOD for oligomerization; and an N-terminal CC or TIR
domain for the activation of immune signaling. Remarkable variation exists in the NLR
domain-composition. For example, some NLRs harbor additional integrated domains (ID)
(Grund et al., 2019), while others lack the LRR domain or both the LRR and NOD domains
(Meyers et al., 2002; Xiao et al., 2001).

1.3.1 Direct recognition of pathogen effector by plant NLRs

The effector recognition mechanism was first explained by the ‘gene-for-gene’ model (Flor,
1942), showing that resistance or susceptibility to disease is controlled by pairs of matching
host and pathogen genes, which were later known as NLRs and effectors, respectively. In the
‘gene-for-gene’ model, NLRs recognize effectors through direct interaction. This leads to a
co-evolutionary arms race, with rapidly evolving polymorphic alleles and positive selection of
both NLR and AVR genes to expand recognition specificity or to escape recognition (Karasov
et al., 2014; Ravensdale et al., 2011). This hypothesis has been fulfilled in many cases. For
example, the flax L resistance locus consists of a single gene encoding 13 allelic protein
variants (L, L1 to L11, and LH) sharing >90% sequence identity. Through specific
recognition of different matching effectors, AvrL567s (A-K). TNLs from L family confer

resistance to the flax rust fungus, Melampsora lini (Ravensdale et al., 2012).



CNLs encoded by barley Mildew locus a (Mla) confer isolate-specific immunity against B.
graminis forma specialis hordei (Bgh) fungus, the causative agent of powdery mildew disease
(Bauer et al., 2021; Lu et al., 2016). Co-expression of MLAs and their cognate AVRA
effectors triggered cell death in N. benthamiana leaves and barley protoplasts (Saur et al.,
2019a), suggesting that the activation of MLAs is initiated by AVRAa effectors. Furthermore,
the sequence identity between MLAs is more than 90% with the positively selected amino
acid residues concentrated in the LRRs, implying direct recognition of Bgh AVRA4 effectors
by the LRRs of MLAs (Seeholzer et al., 2010; Shen et al., 2003). Whether MLA receptors

recognize AVRAa effectors through direct interaction is still an open question.

1.3.2 Indirect recognition of pathogen effectors by plant NLRs

Plant NLRs also recognize effectors indirectly by monitoring pathogen-modified host proteins
that typically associate with the NLRs. When the host proteins modified by effectors are
involved in plant immunity, and their interaction with effectors can be recognized by NLRs,
these host proteins are referred to as ‘guardees’ and the NLRs ‘guards’ (Jones and Dangl,
2006; van Wersch et al., 2020). In contrast, when the host proteins only protect real effector
targets but have no immune functions, they are called ‘decoys’ (van der Hoorn and Kamoun,
2008; van Wersch et al., 2020; Zhou and Chai, 2008). In both cases, these host proteins enable
NLRs to detect virulence activities rather than the proteins of the effectors, thus allowing a
relatively small repertoire of NLRs to protect against diverse pathogen effectors.

Arabidopsis RIN4 is a target of several different pathogen effectors and is guarded by two
CNLs RPM1 (for resistance to Pseudomonas syringae pv. maculicola 1) and RPS2 (for
resistance to Pseudomonas syringae protein 2) (Axtell and Staskawicz, 2003; Mackey et al.,
2002). Phosphorylation of RIN4 by AvrRpm1 or AvrB activates RPM1 (Liu et al., 2011),
whereas degradation of RIN4 by AvrRpt2 activates RPS2 (Coaker et al., 2005). In some
cases, the status of one guardee can be monitored by multiple NLRs. For example,
Arabidopsis senescence-associated E3 ubiquitin ligase 1 (SAULLI) is guarded by two TN-TNL
pairs TN2-SOC3 (for suppressor of chs1-2, 3) and CHS1(for chilling sensitive 1) -SOC3,
depending on the SAUL1 levels (Liang et al., 2018).

An example of the decoy model is pathogen recognition by the Arabidopsis CNL ZAR1
(for HOPZ-activated resistance 1). ZARI1 is activated by pathogen-modified modification of
several host RLCKs, such as RKS1, ZED1 (for Hopz-effector-triggered immunity deficient 1)
or ZRK3 (for ZED1-related kinase 3) among others (Martel et al., 2020), which form a a pre-
activation receptor complex with ZAR1 via a conserved mechanism (Wang et al., 2015; Wang

et al., 2019b). The Xanthomonas campestris effector AvrAC is a uridylase and uridylation of
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Arabidopsis RLCK BIK1 by AvrAC dampens PTI and promotes bacterial virulence (Feng et
al., 2012). PBL2 (for AvrPphB susceptiblel-like protein 2), a paralogue of BIK1, can be
similarly uridylated by AvrAC (Wang et al., 2015). Uridylated PBL2 (PBL2"™?) is not
required for AvrAC-mediated virulence but binds to another kinase RKS1 and activates the
ZARI1-RKS1 precomplex. Like RKS1, ZED1 and ZRK3 are modified by the effectors
HopZla (Lewis et al., 2013) and HopF2 (Bonardi et al., 2011), and are required for ZARI1 to
mediate ETI. Thus, ZAR1 functions as a versatile signaling platform to monitor the

homeostasis of important immune components (Dangl and Jones, 2019).
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Figure 3. Schematic view of the activation mechanisms of plant NLRs. In the susceptible plants,
effectors (pink) confer their virulence functions via targeting host proteins (green) and eventually lead
to plant disease. NLRs recognize their cognate effectors indirectly (cyan and blue) or directly (grey)
and form oligomeric resistosomes (CNL resistosomes are used as examples. The decoy and direct
recognition models are illustrated by ZAR1 and Sr35, respectively). In the indirect recognition model,
NLRs guard the effector targets (green) or the decoys (purple) which mimic the real targets. Activated
NLRs initiate ETI responses and lead to plant disease resistance.

1.3.3 Activation mechanism of plant NLRs

Structural studies have provided significant insights into the biochemical function of CNLs.
As in inactive NLRC4 (for NLR family CARD domain-containing protein 4) (Hu et al., 2013)
and Apaf-1(for apoptotic protease activating factor 1) (Riedl et al., 2005), an ADP molecule
binds to ZAR1 (Wang et al., 2019b). Upon infection, PBL2 becomes uridylated and interacts
with RKS1, causing steric clashes with the ADP-bound ZARI™BP. As a consequence, the
ZAR1NBD rotates outward about 60°, releasing ADP and allowing exchange with ATP/dATP
in the nucleotide-binding pocket. ATP/dATP binding induces structural remodeling in the
WHD-LRR domains for full activation of ZAR1. Although a full-length structure of the
inactive TNL is yet unavailable, a modelling study suggests that activation of TNLs also
requires allosteric conformational changes similar to those in ZAR1 and Sr35 (Alexander et
al., 2022a). Thus, effector-mediated steric clashes with the NBD and the subsequent ADP-

ATP/dATP exchanges may be a pivotal step for the activation of plant NLRs.
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1.3.4 Ton channel activity of activated CNLs

Fully activated ZAR1 assembles into the pentameric resistosome, in which the buried very N-
terminal o helix (al) of the ZAR1 CC domain flips out and forms a funnel-shaped structure
(Wang et al., 2019a). The ZAR1 resistosome displays Ca**-permeable ion channel activity as
demonstrated by two-electrode voltage clamp recording assays in both Xenopus oocytes and
in planar lipid-bilayers (Bi et al., 2021). This activity is dependent on a conserved acidic
residue Glul1 in al, which is important for the formation of a central cavity for the ion
permeation path (Bi et al., 2021). Recently, the wheat CNL Sr35 was also reported to form a
pentameric resistosome and displays Ca**-permeable ion channel activity in Xenopus oocytes
(Alexander et al., 2022b), suggesting that this activity is evolutionarily conserved among
CNLs in distantly related plant species. Consistent with this, the N-terminal a1 is conserved in
many CNLs from different plant species (Adachi et al., 2019). Importantly, a channel activity
was also shown for the Arabidopsis helper NLR NRG1, as auto-active NRG1 facilitated Ca*",

but not CI" influx when expressed in human HeLa cells (Jacob et al., 2021).

1.3.5 NADase activity of TIR domain proteins

Studies of human sterile alpha and TIR motif containing 1 (hRSARM1) provided significant
clues for the biochemical function of plant TNLs. hSARMI1 was shown to possess NADase
activity that promotes pathological axonal degeneration (Essuman et al., 2017). Plant TIR
domain proteins were also demonstrated to have NADase activity, which is dependent on a
highly conserved catalytic glutamic residue (Horsefield et al., 2019; Wan et al., 2019a). Wan
et al., showed that the lysates of Escherichia. coli expressing WT plant TIR proteins, but not
their catalytic glutamic mutants, depletes NAD" and produces a variant of cyclic ADP-ribose
(v-cADPR) that has the same mass with distinct chromatography retention time compared
with standard cADPR. Accumulation of v-cADPR was detected in N. benthamiana transiently
expressing WT plant TIRs, but not their catalytic mutants (Wan et al., 2019a). Importantly,
expression of TIR proteins with attenuated NADase activity also abolished TIR-mediated cell
death in plants, suggesting that plant TIR NADase activity is required for TIR-induced HR
cell death (Horsefield et al., 2019; Wan et al., 2019a).

The N. benthamiana TNL ROQI1 (for recognition of XopQ 1) directly binds XopQ and
forms a tetrameric resistosome, exposing the catalytic site of the NADase cavity formed by
two asymmetric TIR dimers (Martin et al., 2021). However, the low protein yield of the
ROQ1 resistosome purified from N. benthamiana hindered the measurement of its NADase
activity (R, Martin. personal communication at IS-MPMI 2021). In addition, the Nudix
hydrolase activity of XopQ in the ROQ1 resistosome may potentially affect the NADase
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activity assay of ROQI. Therefore, it remained an open question whether the assembly of
TNL resistosomes is required for their NADase activity.

1.3.6 Function of truncated TNLs

Besides TNLs, plant genomes encode many truncated TNLs, such as TIR-only proteins
(known as TX) and TNLs lacking the C-terminal LRR domain (known as TNs) (Meyers et al.,
2002; Nandety et al., 2013). Although canonical TNLs have only been reported in
dicotyledonous plant species, the TXs and TNs are found in both dicotyledons and
monocotyledons, basal angiosperms, and magnoliids (Oliver et al., 2021). Similar to TNLs,
TXs and TNs have been shown to function in plant defense (Collier et al., 2011; Meyers et al.,
2002; Nandety et al., 2013; Nishimura et al., 2017). Transgenic expression of TX and TN
proteins in Arabidopsis led to sustained activation of plant defense responses and resistance
against pathogen infection (Nandety et al., 2013). Similarly, transient expression of several
Arabidopsis TX and TN proteins in N. tabacum triggered EDS1-dependent cell death
(Nandety et al., 2013), indicating that they and TNLs shared a conserved signaling
mechanism. However, only a small number of TIR proteins exhibited cell death activity when
expressed in N. tabacum. The precise reason for this remains to be examined (Nandety et al.,
2013).

Interestingly, despite the lack of the LRR domain, some TIR-only proteins are able to
respond to pathogen effectors. For example, P. syringae effector HopBA1
coimmunoprecipitates Arabidopsis TIR-only protein RBA1 and enhances RBA1 self-
association, which is required for the activation of EDS/-dependent cell death in V.
benthamiana (Nishimura et al., 2017). HopBA1 can also activate ZAR1 (Laflamme et al.,
2020; Martel et al., 2020), implying a crosstalk between CNL- and TIR-mediated immune
signaling in planta.

1.3.7 Products of TIR/TNL NADase activity activate downstream EDS1 signaling pathway
TNL/TIR signaling converges on the lipase-like protein EDS1 and its two direct partners
PADA4 (for phytoalexin deficient 4) and SAG101 (for senescence-associated gene 101), and
the helper NLRs ADRI1 (for activated disease resistance 1) and NRG1 (for N requirement
gene 1) of the CNL class (Lapin et al., 2019). All tested plant TNLs and TIRs are inactive in
triggering immune responses in eds/ mutant plants (Horsefield et al., 2019; Nandety et al.,
2013; Oliver et al., 2021), supporting a central role of EDS1 in the TNL/TIR signaling
pathway. Genetic studies have established a co-functioning relationship between EDS1-PAD4
and ADR1, and EDS1-SAG101 and NRG1 (Sun et al., 2021; Wu et al., 2021). In Arabidopsis,
the EDS1-PAD4-ADR1 and EDS1-SAG101-NRG1 signaling modules function in parallel
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pathways but differentially contribute to immune outputs. The former module has a major role
in basal immunity that slows pathogen growth, whereas the latter one predominantly
contributes to TNL-mediated HR cell death. Contributions of the two signaling branches to
immune outputs mediated by TNL/TIR vary among in different plant species (Lapin et al.,
2019).

Since TIR NADase is required for TNL/TIR signaling, it was widely hypothesized that
products of this enzymatic activity function to prime the EDS1-PAD4 and EDS1-SAG101
heterodimers (Wan et al., 2019a). The ‘primed” EDS1-PAD4 and EDS1-SAG101 complexes
then associate with and activate downstream helper NLRs (RNLs) ADR1 and NRG1,
respectively (Huang et al., 2022; Jia et al., 2022). Both ADR1 and NRG1 are characterized by
an N-terminal four-helix bundle domain with homology to the CC domain of the
Arabidopsis CC-only protein RPW8 (for resistance to powdery mildew 8) and the HELO
domains of AfMLKLs (for mixed lineage kinase domain-like) (Daskalov et al., 2016; Jacob et
al., 2021; Mahdi et al., 2020). Similar to the ZAR1 resistosome, auto-active forms of RNLs
also function as Ca**-permeable cation channels to directly transduce cell death signals (Jacob
et al., 2021). Thus, a model on TNL/TIR signaling would be that EDS1 integrates TIR-
catalyzed products to activate the Ca** channel activity of ADR1 and NRG1. Supporting this
model, the identities of several TIR-catalyzed products have recently been determined (Huang
et al., 2022; Jia et al., 2022). The data from these two studies also showed that EDS1
heterodimers are direct receptors for these TIR-catalyzed small molecules. Binding of these
small molecules allosterically promotes EDS1-PAD4 interaction with ADR1 and EDSI1-
SAG101 interaction with NRG1. In addition to NADase activity, the study by Jia et al. also
discovered that the ADP-ribosylation activity of the TIR domain proteins is required for
production of these small molecules.

1.3.8 Suppression of EDS/-dependent cell death in plants

In addition to the aforementioned pathogen Nudix effectors, AfNUDT?7 (also named
ANUDX?7), an Arabidopsis Nudix domain containing protein, also has well-documented
ability in suppressing EDS-dependent immunity (Bartsch et al., 2006; Ge et al., 2007).
Atnudt7 mutant plants display growth retardation as a result of exquisite sensitivity to
environmental stimuli and enhanced resistance to P. syringae infection (Ge et al., 2007;
Jambunathan and Mahalingam, 2006).

Atnudt7 mutant plants also accumulate higher levels of SA (Ge et al., 2007). In the same
study, Ge et al crossed Atnudt7 mutants with Arabidopsis overexpressing NahG, a bacterial

SA hydroxylase. These double transgenic plants supported significantly more bacterial growth

12



than Atnudt7, but are still more resistant than the NahG expressing plants (Ge et al.,
2007). This suggests that AfNUDT7 modulates two branches of defense response pathways:
one independent of and the other dependent on SA accumulation.

Biochemical assays suggested that A/INUDT7 can metabolize NADH and ADPR as
preferred substrates and that the hydrolysis activity of A/INUDT?7 is essential for its biological
function (Ge et al., 2007). However, there was no clear difference in the levels of NADH or
ADPR between uninfected leaves of Atnudt7 mutant and WT plants, although the NADH
level in Atnudt7 mutant was significantly higher than that in WT plants at 6 hours after P.
syringae infiltration (Ge et al., 2007; Ge and Xia, 2008). Therefore, the authors speculated
that neither of these nucleotide analogs likely is the physiological substrate of AINUDT?7.
Identification of additional substrates of AZINUDT7 may provide further insights into how
Nudix hydrolase inhibits £EDS7-dependent immunity.

1.3.9 NADase activity is essential but not sufficient for full TIR signaling

NADase activity is required for TNL/TIR function. However, mounting evidence suggests
that this enzymatic activity is not sufficient to fully mount TNL/TIR-mediated immunity. One
piece of unexpected data came from estradiol-induced expression of AvrRps4, the cognate
effector of the paired TNL RRS1 (for resistance to Ralstonia solanacearum 1) -RPS4 (for
resistance to Pseudomonas syringae 4) (Sarris et al., 2015). While induced expression of the
effector protein induces electrolyte leakage, no macroscopic cell death was observed in the
AvrRps4-expressing Arabidopsis leaves (Ngou et al., 2020). This suggests the existence of
additional components required for AvrRps4-induced TNL signaling. Consistently,
overexpression of TIRA°T" a bacterial TIR protein that similarly produces v-cADPR, failed to
trigger cell death in tobacco (Duxbury et al., 2020; Horsefield et al., 2019; Wan et al., 2019a).
AfTN3-mediated cell death in tobacco was enhanced by exogenous application of flg22
(Nandety et al., 2013), suggesting that flg22-induced components can facilitate TN3-mediated
cell death. In concert with this idea, PTI signaling was recently show to potentiate RPS4-
mediated ETI signaling (Ngou et al., 2021). These data collectively suggest that the in situ
generation of plant TIR NADase products, is not sufficient to fully activate TIR immune
signaling pathways.

1.4 TIR domain proteins in non-plant species

1.4.1 TIR domain proteins in animal
TIR domains are widely present in different species, including archaeal, bacterial and
eukaryotic organisms, constituting a large protein family integral to immune systems

(Essuman et al., 2018). In mammals, TIRs are the signature scaffolding domains of immune
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receptors, including the aforementioned TLRs, interleukin-1 receptors (IL-1Rs), and some
downstream adaptor proteins. The TIR-TIR interaction between TLR4 and the signaling
adaptor myeloid differentiation primary response 88 (MYD88) and MYD88 adaptor-like
(MAL) is also required for immune and inflammatory responses (Fitzgerald et al., 2001; Ve et
al., 2017).

In addition to acting as scaffolds for immune signal transduction, TIR proteins can also
function as NADases. Animal TIR domain-containing protein SARM1, possesses intrinsic
NADase activity and plays a key role in neuronal destruction following axonal injury.
SARMI1 consists of an N-terminal ARM domain; two central SAM domains; and a C-terminal
TIR domain. The TIR domain of SARM1 (SARM1™®) cleaves NAD" into ADPR, cADPR,
and NAM (Essuman et al., 2018; Li et al., 2022). Mutants of the catalytic residue E642 in
SARMI1™R abolished the NADase activity of FL SARM1 in vitro and inactivated its pro-
degenerative function in vivo (Essuman et al., 2018; Geisler et al., 2019; Horsefield et al.,
2019). These results suggest that NADase activity is required for SARM1-mediated axonal
degeneration. Unlike plant TNLs, SARMI1 activation is not dependent on ligand binding but
on the increased ratio of cytosolic NMN/NAD™ (Waller and Collins, 2021). Axon injury first
reduces cellular NAD" concentrations by decreasing levels of the enzyme responsible for its
biosynthesis, nicotinamide mononucleotide adenylyltransferase 2 (NMNAT?2) (Gilley and
Coleman, 2010). As a result, NMN molecules, which accumulate as the precursors of NAD",
bind to the ARM domain of SARM1 and release its autoinhibition (Figley et al., 2021; Shen
et al., 2021; Shi et al., 2022). Activated SARMI1 further reduces cellular NAD" levels, which
in turn promote more SARMI1 activation, suggesting that the NADase activity of SARM1

may have a self-amplifying role in its axonal degeneration function.

1.4.2 TIR domain proteins in bacteria
In bacteria, TIR domain proteins act as part of the Thoeris anti-phage immune system (Doron
et al., 2018). Two bacterial TIR proteins act synergistically to restrict phage infection in
bacteria (Ofir et al., 2021). Upon phage infection, the bacterial TIR protein ThsB uses NAD*
as substrate and catalyzes the production of a signaling molecule, which in turn activates
another TIR protein, ThsA, to deplete NAD'. Mutations impairing ThsA NADase activity led
to a complete loss of anti-phage protection (Ofir et al., 2021), linking NAD" degradation in
bacteria to the anti-phage activity of ThsA (Ka et al., 2020; Ofir et al., 2021).

The identity of the ThsB-catalyzed product was recently determined (Azita et al., 2022).
Interestingly, it shares similarity with the products of plant TIR NADase activity (2022; Jia et

al., 2022), indicating the existence of possible ancestral forms of immune processes in
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bacteria and plants. Azita et al. also identified a large family of phage-encoded proteins that
sequester and hinder the immune signaling molecule produced by ThsB from being sensed by
ThsA, thereby inactivating bacterial antiviral immunity (Azita et al., 2022; Ofir et al., 2021).
This suggests that hijacking key signaling molecules is a conserved strategy of invading

pathogenic microorganisms.
1.5 Non-canonical cyclic nucleotides, 2',3’-cNMPs

1.5.1 2',3"-cNMPs are intermediates of RNA turnover

2'3'-cyclic AMP (2',3'-cAMP) is a naturally occurring regioisomer of 3',5'-cAMP which acts
as a second messenger in numerous signal transduction pathways. However, it was not until
2009 that the non-canonical cNMP family was identified in rat kidney (Ren et al., 2009).
Since then, 2',3-cAMP and other 2',3'-cNMPs (2',3’-cGMP, 2',3’-cCMP, and 2',3'-cUMP)
were detected in bacteria, human and plant cells (Jackson et al., 2009; Van Damme et al.,
2014; Verrier et al., 2012).

Unlike 3°,5’-cAMP, which is produced from ATP by adenylyl cyclase, 2',3'-cNMPs are
mainly derived from RNA turnover (Ren 2019). In bacteria, 2',3’-cNMPs are produced by
RNase I-catalyzed RNA degradation. Fungal RNase T1 and RNase from other species were
also shown to be capable of synthesizing 2',3’-cNMPs through RNA hydrolysis (Abel et al.,
1989; Deshpande and Shankar, 2002; Fontaine et al., 2018; Meador et al., 1990). 2',3’-cNMPs
are regarded as intermediates of RNA hydrolysis catalyzed by these RNases. In addition to
2'3'-cNMPs, 2',3'-cyclophosphate-terminated RNA oligonucleotides are also produced during
RNA hydrolysis. Currently, enzymes responsible for the production of 2’,3’-cNMPs remain
elusive.

1.5.2 2',3’-cAMP can function both outside and inside animal cells

Studies in animals support a physiological role for 2',3’-cAMPs in the response to injury.
Traumatic injury to the brain increased the level of 2',3’-cAMP in human cerebrospinal fluid
(Verrier et al., 2012), implying that this non-canonical cAMP can be released into the
extracellular space. Indeed, renal venous secretion of 2',3'-cAMP was detected in rats after
treatment with rapamycin (activator of mRNA turnover) (Jackson, 2017; Jackson et al., 2009).
These data collectively suggest that 2',3’-cAMP transporters may exist in cell membranes and
that 2',3’-cAMP may have a function outside cells. Function of 2',3'-cAMP inside animal cells
have also been reported. 2',3"-cAMP treatment promoted permeability transition (PT)
development on rat mitochondria, a key process in initiation of apoptotic cell death
(Azarashvili et al., 2009). Interestingly, a follow up study demonstrated that PT is enhanced

upon aging because older rats harbor significantly lower levels of 2', 3'-cNMP
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phosphodiesterase (PDE) compared to younger ones, resulting in increased 2°, 3'-cCAMP
concentrations inside cells (Krestinina et al., 2015). Taken together, these data suggest that
2'.3’-cAMP can function both inside and outside animal cells.

Thus, the function of 2', 3'-cAMP is reminiscent of 2’,3'-cGAMP, a well-known animal
second messenger, which not only activates ER-localized signaling effector stimulator of
interferon genes (STINGs), but can also be transferred to bystander cells in a process that

involves transporters and anion channels (Luteijn et al., 2019; Zhou et al., 2020).

1.5.3 Function of 2',3"-cAMP in plants

In Arabidopsis, wounding (Van Damme et al., 2014), heat and dark stress conditions
(Kosmacz et al., 2018) induced the accumulation of cellular 2',3"-cAMP/cGMP, demonstrating
a correlation of increased 2',3'-cNMP levels with plant stress responses. Remarkably, treatment
with Br-2',3'-cAMP, a cell-permeable 2',3'-cAMP analogue, mimics the abiotic stress response
in Arabidopsis (Chodasiewicz et al., 2022). In the same study, the authors employed multi-
omics approaches to explore proteins co-migrating with 2',3'-cAMP during size exclusion
chromatography (SEC) and identified three TIR-domain proteins and twelve Nudix hydrolases
including AtINUDT?7 as 2',3'-cAMP interacting partners (Chodasiewicz et al., 2022).

Arabidopsis RNA-binding protein Rbp47b was also reported to directly associate with
2'3’-cAMP but not 3',5'-cAMP (Kosmacz et al., 2018). Under stress conditions, cytosolic
2'.3'-cAMP accumulate and bind to Rbp47b, promoting Rbp47b self-assembly and SG
formation, a form of protein-mRNA aggregates. The assembled SGs, in turn, selectively store

mRNA for use in response to stress (Kosmacz et al., 2019; Kosmacz et al., 2018).
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2.1 Direct pathogen-induced assembly of an NLR immune receptor complex to form a
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Shoucai Ma*, Dmitry Lapin*, Li Liu*, Yue Sun*, Wen Song*, Xiaoxiao Zhang, Elke
Logemann, Dongli Yu, Jia Wang, Jan Jirschitzka, Zhifu Han, Paul Schulze-Lefert®, Jane E.
Parker", Jijie Chai®

Published in Science 370 (2020)

Author contributions:

Experimental design: J.C., J.E.P., P.S.-L., S.M., D.L.; recombinant protein expression assays,
purification, structure determinations, modeling, and data analysis: S.M., X.Z., Y.S., W.S.,
J.W., and J.C.; biochemical assays: S.M., W.S., D.Y., J.J., Z.H.; plant expression and cell
death assays: L.L., D.L., E.L.; HMM building: D.L.; data analysis: all authors; manuscript

writing: J.C., J.LE.P., P.S.-L. with contributions from other authors.

Specific contributions:

In this study, I collected evidence showing that RPP1™®

conferred NADase activity in a
protein concentration-dependent manner. Furthermore, I co-crystalized RPP1TR with NAD*
and found that it formed an NADase-active tetrameric structure which was almost identical to
the TIR domains in the RPP1 resistosome, further supporting the importance of TIR
tetramerization in their NADase activity. In the RPP1™™® tetramer, the NAD" has been cleaved
into ADPR and nicotinamide, and the C1"” position of the ADPR ribose sugar ring faced the
catalytic glutamic residue of RPP1™R, My work illustrates the mechanism of the TIR NADase

activity, which is substantial for this paper.

Page numbers in the attached paper are not counted in the pagination of the thesis.
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Direct pathogen-induced assembly of an NLR immune
receptor complex to form a holoenzyme

Shoucai Ma*, Dmitry Lapin®, Li Liu*, Yue Sun* Wen Song*, Xiaoxiao Zhang, Elke Logemann,
Dongli Yu, Jia Wang, Jan Jirschitzka, Zhifu Han, Paul Schulze-Lefertt, Jane E. Parkert, Jijie Chait

INTRODUCTION: Discrimination of self from
nonself is pivotal for cellular organisms, as it
allows the perception of pathogenic invaders
that might otherwise multiply unchecked and
cause disease in the host. To recognize nonself
and to repel intruders, multicellular organ-
isms deploy complex immune systems, in
which repertoires of dedicated immune re-
ceptors play a central role. Innate immunity
is an evolutionarily ancient arm of immunity
in plants and animals that relies on struc-
turally related, germline-encoded receptors.
One class of these immune receptors inside
cells, called the NLR protein family, shares a
nucleotide-binding domain and leucine-rich
repeats (LRRs). Plant sensor NLRs are clas-
sified into two main groups that are defined
by different N-terminal domains: a coiled-
coil (CC) domain in CC-NLRs (CNLs) and a
Toll-interleukin-1 receptor (TIR) domain in
TIR-NLRs (TNLs). A deeper understanding
of the principles that govern nonself recog-
nition by NLRs and their activation of in-
nate immune responses necessitates protein
structure-based approaches and reconstitu-
tion of signaling-active receptor complexes.

RATIONALE: Host-adapted plant pathogens se-
crete numerous effectors into the host extra-
cellular spaces or inside cells. These effectors
promote virulence, often by interfering with
defense responses. Plant NLRs typically de-
tect strain-specific pathogen virulence factors

(effectors) delivered into host cells. This trig-
gers immune responses that curtail pathogen
proliferation and often culminate in localized
host cell death. During plant host-pathogen
coevolution, positive selection of random
mutations in effector genes that abrogate
NLR recognition drives the diversification
of NLR repertoires at the population level.
A well-studied coevolved pathosystem involves
Arabidopsis thaliana and the downy mildew
pathogen Hyaloperonospora arabidopsidis
(Hpa). The A. thaliana TNL receptor RPP1
confers strain-specific immunity through
recognition of Hpa effector ATR1. Specific
allelic variants of ATR1 in Hpa populations
activate only certain RPP1 variants in par-
ticular A. thaliana accessions. Previous work
detected a nicotinamide adenine dinucleotide
(NAD")-consuming enzymatic activity medi-
ated by the N-terminal TIR domains of TNLs.
How the TIR-associated NAD* hydrolase (NADase)
activity and downstream signaling is enabled
by TNL effector recognition is unknown.

RESULTS: We coexpressed a naturally occurring
A. thaliana RPP1 receptor variant with its
matching Hpa effector ATR1 in insect cells.
Protein purification revealed an oligomeric
protein complex of ~600 kKD consisting of
RPP1 and ATRI1, which we term the “RPP1
resistosome.” Biochemical assays showed that
the RPP1 resistosome displays much higher
Mg?*/Ca**-dependent NADase activity than

Two NADase active centers

Effector recognition
by TNL

TNL tetramerization

formed by asymmetric

BB-loopin the
active center

Plant cell death

TIR holoenzyme

Pathogen activation of an NLR holoenzyme. Recognition of pathogen effector ATRI via the C-JID and LRR
domains of the plant TNL receptor RPP1 triggers the assembly of a tetrameric receptor complex with two
asymmetric N-terminal TIR domain homodimers. This tetramer-induced TIR asymmetry creates, via two centrally
located BB-loops, active sites for NAD* hydrolysis, which is essential for RPP1 signaling leading to host cell death.

Ma et al., Science 370, 1184 (2020)
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RPP1 alone. Using cryo-electron microscopy,
we resolved a structure of the oligomeric com-
plex that contains four RPP1 and four ATR1
molecules and reveals a tetrameric assembly
mediated entirely by RPP1 subdomains. In con-
trast to other adenosine triphosphate (ATP)-
bound NLRs in their active forms, RPP1 in the
resistosome is adenosine diphosphate-bound,
probably because of the lack of a motif required
for ATP binding. The structure also reveals
direct binding of ATR1 to a C-terminal jelly roll/
Ig-like domain (C-JID) and the LRRs of the
RPP1 receptor. Protein sequences correspond-
ing to contact regions between the receptor and
the pathogen effector are polymorphic in natu-
rally occurring RPP1 and ATRI1 variants, ex-
plaining why only certain RPP1 variants can
detect strain-specific ATR1 molecules. The
sequence-diversified RPP1¢7IP is shared by
many other TNLs, but not CNLs, in diverse
plant species and might serve a role in the
detection of other pathogen effectors. Receptor
tetramerization creates two potential NADase
active sites, each formed by an asymmetric TIR
homodimer. Structure-guided substitutions of
residues at this homodimeric TIR interface
abolished ATR1-induced cell death in planta,
supporting an essential role of the TIR-TIR
interface in RPP1 function. Our combined bio-
chemical and in planta assays show that as-
sembly of two asymmetric TIR homodimers
by the tetrameric receptor complex is respon-
sible for NAD" hydrolysis and RPP1-mediated
immune signaling.

CONCLUSION: Our findings indicate that the
RPP1 resistosome acts as a pathogen effector-
inducible holoenzyme for NAD* hydrolysis. The
tetrameric RPP1 oligomeric structure provides
an example of direct pathogen effector recog-
nition by a plant NLR receptor and uncovers the
mechanism of strain-specific recognition leading
to NLR conformational activation. Our work
suggests a multilayered regulation of RPP1
tetramerization, including ATR1 binding, RPP1
oligomerization driven by interactions among
nucleotide-binding domains, and RPP1™® self-
association. The analysis provides a structural
insight to induced NAD™ hydrolysis mediated
by the RPP1 holoenzyme and a framework for
TNL receptor signaling. As a holoenzyme, the
RPP1 resistosome bears similarity to the
animal apoptosome and inflammasome, which
form holoenzymes after the recruitment of
procaspases.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding author. Email: chai@mpipz.mpg.de (J.C.);
parker@mpipz.mpg.de (J.E.P.); schlef@mpipz.mpg.de (P.S.-L.)
Cite this article as S. Ma et al., Science 370, eabe3069
(2020). DOI: 10.1126/science.abe3069
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Direct pathogen-induced assembly of an NLR immune
receptor complex to form a holoenzyme

Shoucai Ma'*, Dmitry Lapin?*, Li Liu?*, Yue Sun'*, Wen Song>*, Xiaoxiao Zhang, Elke Logemann?,
Dongli Yu?3, Jia Wang?, Jan Jirschitzka®, Zhifu Han', Paul Schulze-Lefert>*1,

Jane E. Parker>*{, Jijie Chai?34+

Direct or indirect recognition of pathogen-derived effectors by plant nucleotide-binding leucine-rich
repeat (LRR) receptors (NLRs) initiates innate immune responses. The Hyaloperonospora arabidopsidis
effector ATR1 activates the N-terminal Toll-interleukin-1 receptor (TIR) domain of Arabidopsis NLR RPP1.
We report a cryo—electron microscopy structure of RPP1 bound by ATR1. The structure reveals a
C-terminal jelly roll/Ig-like domain (C-JID) for specific ATR1 recognition. Biochemical and functional
analyses show that ATR1 binds to the C-JID and the LRRs to induce an RPP1 tetrameric assembly
required for nicotinamide adenine dinucleotide hydrolase (NADase) activity. RPP1 tetramerization
creates two potential active sites, each formed by an asymmetric TIR homodimer. Our data define
the mechanism of direct effector recognition by a plant NLR leading to formation of a signaling-

active holoenzyme.

ntracellular nucleotide-binding leucine-

rich repeat immune receptors (NLRs)

have evolved independently in plants

and animals to detect pathogen distur-

bance. Plant sensor NLRs are classified
into two main groups that are defined by
different N-terminal domains: a coiled-coil
(CC) domain in CC-NLRs (CNLs) and a Toll-
interleukin-1 receptor (TIR) domain in TIR-
NLRs (TNLs). Direct or indirect recognition
of pathogen effector proteins by plant NLRs
triggers an immune response termed effector-
triggered immunity (7-6), often characterized
by rapid host cell death (a hypersensitive re-
sponse) at sites of attempted infection. In
addition to the C-terminal LRR domain, non-
canonical integrated domains of plant NLRs
play a critical role in conferring specific ef-
fector recognition (7). Although modes of ef-
fector recognition vary, ligand sensing is
widely believed to induce oligomerization
of NLRs for signaling. For example, a re-
cent structural study of the CNL ZARI in
Arabidopsis showed that the ZAR1 resisto-
some induced by bacterial effector AvrAC
assumes a wheel-like structure similar to that
of NLR inflammasomes in animals (8). A body
of evidence suggests that the CC domains of
CNLs and the TIR domains of TNLs mediate
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Tsinghua-Peking Center for Life Sciences, Centre for Plant
Biology, School of Life Sciences, Tsinghua University,
100084 Beijing, China. “Max Planck Institute for Plant
Breeding Research, 50829 Cologne, Germany. *Institute of
Biochemistry, University of Cologne, 50674 Cologne,
Germany. “Cluster of Excellence in Plant Sciences (CEPLAS),
40225 Dusseldorf, Germany.

*These authors contributed equally to this work.
tCorresponding author. Email: chai@mpipz.mpg.de (J.C.);
parker@mpipz.mpg.de (J.E.P.); schlef@mpipz.mpg.de (P.S.-L.)
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signaling upon NLR activation (9-14). A TIR
domain signaling role is further supported
by biochemical assays that detected NADase
activity required for TNL-mediated immunity
(15, 16). Structural and functional studies
with individual TIR domains revealed their
capacity for self-association as homo- or
heterodimers, which is important for immu-
nity induction (5, 9, 17, 18). How TIR domain
signaling activity is enabled by TNL effector
recognition in the context of full-length re-
ceptors is unknown.

Members of the Arabidopsis RPP1 (Recog-
nition of Peronospora parasitica 1) TNL family
specifically recognize cognate ATR1 (Arabidopsis
thaliana Recognized 1) effector variants
produced by the foliar oomycete pathogen
Hyaloperonospora arabidopsidis (Hpa) (19, 20).
In host and pathogen populations, both RPP1
from Arabidopsis accessions and ATRI from
Hpa strains are highly polymorphic. Rec-
ognition of different ATR1 forms by RPP1
variants is Hpa race-specific, indicative of
host-pathogen coevolution (72, 2I). Specific
RPPI-ATRI1 recognition in Arabidopsis lead-
ing to leaf macroscopic host cell death was
recapitulated in tobacco transient gene ex-
pression assays. Coupled with biochemical
data, these studies showed a requirement for
the RPP1 C-terminal LRR domain in direct
binding of recognized ATR1 forms (20, 22).

Reconstitution and cryo-EM structure of the
RPP1 resistosome

We coexpressed Strep-RPP1_WsB (residues 61
to 1221) with His-ATR1_Emoy?2 (residues 52 to
311) as a matching TNL-effector pair (12, 21) in
insect cells. We used a tandem affinity puri-
fication procedure to isolate the complex. Gel

4 December 2020

filtration analysis showed that comigration of
the RPP1 and ATRI1 proteins corresponded to a
molecular weight of ~600 KD (fig. S1), indicat-
ing that they form an oligomeric complex,
which we term the “RPP1 resistosome.” The
complex obtained from gel filtration was used
for structural analysis by cryo-electron micros-
copy (cryo-EM). After three-dimensional (3D)
classification, a subset of 409,348 particles was
used for image reconstruction, generating a
map with a global resolution of 3.16 A, as
determined with a gold-standard Fourier shell
correlation (Fig. 1A and fig. S2). Resolution of
the core complex without inclusion of the LRR
portion was 2.99 A,

The cryo-EM structure of the RPP1 resisto-
some contains four RPP1 and four ATR1 mole-
cules, which assemble into a tetrameric complex
measuring 160 A x 160 A x 120 A (Fig. 1B, fig. S3,
A and B, and table S1). Tetramerization of the
resistosome is mediated entirely by RPP1 sub-
domains. We discovered in the resistosome
structure that RPP1 has a C-terminal domain
in addition to the canonical TNL domains
TIR, nucleotide-binding domain (NBD), helix
domain 1 (HD1), winged helix domain (WHD),
and LRRs (Fig. 1B and fig. S3, C to F). Struc-
tural searches of the Protein Data Bank (PDB)
revealed that the C-terminal domain adopts a
classical B-jelly roll and Ig-like fold (fig. S4A),
which we designate C-JID (C-terminal jelly roll
and Ig-like domain). The RPP1®"™P structure is
similar to that of the TNL Roq1 (23) (fig. S4B).
Whereas all canonical TNL-type domains of
RPP1 are involved in resistosome assembly,
RPP1°'™® mediates interaction with ATRI,
assisted by the inner surface of RPP1'®® (Fig.
1B). The RPP1 resistosome is organized into
a three-layered ring structure, with the top,
middle, and bottom formed by the TIR do-
main, the NOD (nucleotide-binding oligomer-
ization domain) module (i.e., NBD-HD1-WHD
domains), and ATR1-bound LRR-C-JID, re-
spectively (Fig. 1B). RPP1N®P, RPP1"PY, and
RPP1"HP are positioned similarly to the cor-
responding domains of activated ZARI,
NLRC4, and Apaf-1 (fig. S4C), indicating that
RPP1 adopts an active conformation in the
resistosome.

RPP1°Y'® s an essential structural
determinant for ATRI1-specific recognition

RPP1-bound ATRI1 is nearly identical to a crys-
tal structure of the ATR1 monomer alone (24)
(fig. S4D). RPP1"®® and RPP1°’™® are com-
paratively less well defined than other RPP1
domains (fig. S2C). The cryo-EM density of
RPP1*®R and RPP1°’™® was substantially im-
proved by local refinement, sufficient for model
building (figs. S2C and S3, G to I). ATR1
obliquely contacts RPP1°”™® and RPP1** via
its N-terminal segment (residues 67 to 190)
(Fig. 2A), consistent with an earlier report
that residues 68 to 222 of ATR1 are sufficient
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120 A

160 A

RPP{wHo
RPP1LFR
RPP1+01 RPP1C-P

Fig. 1. Tetrameric assembly of the RPP1 resistosome. (A) Final 3D reconstruction of the RPP1 resistosome
(oligomeric RPP1-ATR1 complex) in three orientations. (B) Final model of the RPP1 resistosome in three
orientations. The reconstruction and model in each row are shown in the same orientation. Color codes for

ATRI and subdomains of RPP1 are indicated.

for RPP1 recognition (24). ATR1 interacts mainly
with a flat exposed anti-p sheet surface of
RPP1°'™ (interface 1), establishing hydro-
gen-bonding and hydrophobic interactions
(Fig. 2B and fig. S5A). Contacts with non-
conserved residues from the inner surface of
the curved RPP1'®® further contribute to ATR1
interaction with RPP1 (interface 2) (Fig. 2C and
figs. S5B and S6).

To verify the cryo-EM structure, we made
substitutions of residues in ATR1 and RPP1
from interface 1 or 2, or both together. The
various mutants were coexpressed in insect
cells. Asp™® of ATR1_Emoy?2 (ATR1*°) that is
conserved in RPP1_WsB-recognized ATR1
Maks9 and ATR1_Emco5, but not in non-
recognized ATR1_Cala2 and ATR1_Emwal
(fig. S7), is located at the center of interface
1 (Fig. 2B). Substitution of this residue with a
tyrosine present at the equivalent position of
ATRI1_Cala2 and ATR1_Emwal substantially

Ma et al., Science 370, eabe3069 (2020)

reduced ATR1-Emoy?2 binding to RPP1 in vitro
(fig. S8A), indicating that interaction with
RPP1°™P is important for ATR1 recognition.
This result also explains why the ATR1_Cala2
and ATR1_Emwal alleles are not recognized
by RPP1_WsB (12, 2I). In further support of
the cryo-EM structure, alanine substitutions
of five residues from the loop region (E117A/
L122A/D124A/T125A/Y126A) of ATRI1 at inter-
face 2 resulted in loss of interaction with RPP1
(fig. S8A). Substitutions of RPP1 residues at
either of the two interfaces with amino acids
at equivalent positions in other RPP1 variants
(fig. S6) impaired interaction with ATR1_
Emoy?2 (fig. S8A).

We tested whether the above RPP1 and
ATRI substitutions affected ATR1-induced
RPP1-dependent host cell death by using
Agrobacterium tumefaciens-mediated tran-
sient gene expression to coexpress untagged
RPP1 and hemagglutinin (HA)/StreplIl (HS)-

4 December 2020

tagged ATRI1 forms in leaves of Nicotiana
benthamiana. Expectedly, coexpression of
wild-type (WT) RPP1 with WT ATRI-HS re-
sulted in cell death of infiltrated leaf zones
(Fig. 2D). Epitope-tagged WT RPP1-HS also
produced ATRI-dependent cell death in
N. benthamiana and was detectable as a
~140-kD protein by immunoblotting (fig. S8,
B and C). By contrast, cell death was strongly
impaired with ATRI1 proteins bearing sub-
stitutions that abolished or reduced inter-
action with RPP1 (Fig. 2, C and D, and fig.
S8D). The loss of cell death induction by
ATR1E117A/L122A/D124<A/T125A/Y126A Wlth multi-
ple substitutions at interface 2 (Fig. 2, C and
D) showed that in addition to RPP1¢71P,
RPP1*RR is important for ATR1 recognition,
in agreement with previous data (20, 22).
Coexpression of RPP1 with ATRIR77A4/Y1794
that had no detectable interaction with RPP1
in vitro (fig. S8A) caused WT-like cell death
(Fig. 2, C and D). The reason for the dis-
crepancy remains unclear, but it is possible
that a weak interaction between this ATR1
mutant and RPP1 was undetectable in vitro
but was sufficient to support cell death. The
RPPI substitutions RPP1SI23K/SH25Y/NUSIR/SIS3R
from interface 1 retained WT-like cell death ac-
tivity when coexpressed with ATR]1, but cell death
was abolished with RPP1Y869D/RE95S/YO35E/ROSTM
substitutions from interface 2 (Fig. 2E). Col-
lectively, our data indicate that RPP1“’™® and
RPP1*RR are structural determinants for
ATR1-specific binding and recognition of nat-
urally occurring ATR1 variants. In support of
this conclusion, a structure-guided RPP1 se-
quence alignment revealed that residues from
these two domains, in particular those from
RPPI®'™, are variable between different RPP1
proteins (fig. S6).

Assembly of the RPP1 resistosome is required
for NADase activity

As observed in oligomerization of other NLR
proteins (8, 25-27), the RPP1 central NOD
module (NBD-HD1-WHD domains) partici-
pates in tetramerization (Fig. 3A and fig. S9,
A and B). In contrast to other NLRs, however,
the loop region between B2 and 0.2 of RPP1NBP
mediates RPP1 tetramerization by interacting
with a groove between RPP1NEP and RPP1WVHP
of the adjacent protomer around the P-loop
region (Fig. 3B and fig. SOC). Besides self-as-
sociation (discussed below), the RPP1T™® stacks
against RPPI™P from an adjacent protomer
(Fig. 3C and fig. S9, A, D, and E). Two adjacent
RPP1™®s are positioned differently to engage
in distinct interactions with RPP1VEP (Fig. 3A).
A similar observation was reported for N-
terminal CARD domains in the CED-4: apopto-
some (28). In the RPP1 tetramer, the TIR loop
region N-terminal to RPPIN®P (TIRa) is better
defined than that of its neighboring TIR
(TIRDb). RPP1™™®? packs tightly against the top
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Fig. 2. Structural mechanism of ATR1 recogni-
tion by RPP1. (A) Structure of ATRI (in cartoon)
bound by the RPP1-RR-C¥° fragment (in surface)
showing two interfaces with ATR1. (B) Detailed
interactions between RPP1¢”'® and ATRI at
interface 1 [blue frame in (A)]. Red dashed lines
indicate polar interactions. (C) Detailed interactions
between RPP1RR and ATRI at interface 2 [purple
frame in (A)]. Red dashed lines indicate polar
interactions. (D) Host cell death triggered by
coexpression of untagged RPP1_WsB and HS-tagged
ATR1_Emoy? variants in leaves of N. benthamiana.
WT, wild type. Cell death was quantified by a leaf
disk ion leakage (conductivity) assay at 3 days after
agro-infiltration (dai). Data are normalized to the
mean value for samples with RPP1_WsB and WT
ATR1_Emoy? in each experiment. Results from three
independent experiments are displayed on the plot
(n = 18; Tukey's HSD test, o = 0.01; data points of
the same color were recorded in one experiment;
shared lowercase letters indicate no significant
difference). (E) Top: lon leakage assay of RPP1_WsB
mutations at RPP1-ATR1 interfaces 1 and 2 on
ATR1_Emoy-induced cell death in N. benthamiana.
The assay was performed as described in (D) after
agro-infiltration of C-terminally HA-Strepll-tagged
RPP1_WsB (RPP1_WsB-HS) with ATR1_Emoy2-HS.
Statistical analysis via Tukey's HSD test is based on
data from three independent experiments (n = 18,
o = 0.001; data points of the same color were
recorded in one experiment; shared lowercase
letters indicate no significant difference). Below are
photographs of representative agro-infiltrated leaf
zones at 4 dai. Bottom: Western blot analysis of
total N. benthamiana leaf protein extracts at

2 dai probed with antibody to HA. Expression of
RPP1_WsB-HS WT and mutant proteins produces a
signal of the expected molecular weight (~140 kD).
Ponceau S staining indicates equal loading of total
leaf proteins on the blot.

of RPPI™®P from an adjacent protomer via
extensive interactions of C-terminal parts of
helices aA and oE (Fig. 3C and fig. S5C). Less
tight interactions are formed between TIRb
and its adjacent RPPINEP (fig. SOD). As ob-
served in the ZARI1 resistosome, interactions
between two neighboring LRR domains (fig.
S9, A and E) likely further stabilize the RPP1
tetrameric resistosome.

We next investigated whether formation of
the RPP1 resistosome is required for NADase

Ma et al., Science 370, eabe3069 (2020)
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RPP1+ATR1 variants

activity. A high-performance liquid chroma-
tography (HPLC) assay with recombinant pro-
teins purified from insect cells showed that the
RPP1-ATR1 complex, but not RPP1 alone,
hydrolyzed nicotinamide adenine dinucleotide
(NAD") at 1.0 uM protein (Fig. 3D). Divalent
ions were shown to be important for nucleo-
side hydrolase activities (29). We therefore
tested whether Mg>* or Ca®>* changed RPPI-
ATRI1 tetramer NAD" hydrolysis. Addition of
10 mM Mg?* strongly promoted consumption
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of NAD* by RPP1 (Fig. 3D). The same con-
centration of Ca®* had a weaker effect. By
contrast, Mg>* or Ca®* did not increase the
negligible NADase activity of RPP1 alone
(Fig. 3D). These data show that assembly of
the RPP1 tetramer is necessary for NAD*
hydrolysis. Notably, the same concentration
(1.0 uM) of RPP1™™® (residues 60 to 254) puri-
fied from insect cells was much less efficient
in NAD" hydrolysis (fig. SI0A). At a higher
concentration (70 M), RPP1™ NADase activity
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Fig. 3. The RPP1 resistosome, but not RPP1 alone, has Mg?*/Ca?*-dependent NADase activity. (A) A
lateral RPP1 homodimer shown in cartoon. A and oE are helices from the TIR domain (TIRa) in the left RPP1
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was increased and promoted by Mg** and
Ca* (fig. S1I0A), which suggests that high
concentrations of TIR alone may drive it
into oligomers with enzymatic activity (5).
This notion is further supported by an earlier
finding of RPP1™ in vivo autoactivity that
correlated with its self-association in solution
(30). Also, induced TIR domain proximity led
to cell death in planta (31). Collectively, our
data indicate that ATR1-induced assembly of
the RPP1 resistosome is required for RPP1
NADase activity and host cell death induc-
tion. Thus, the RPP1 resistosome can be viewed
as a pathogen-inducible holoenzyme for NAD*
hydrolysis.

Active sites are formed by asymmetric
TIR homodimers

Whereas the four RPP1N°P modules in the
RPP1 resistosome are approximately related
with C, symmetry, the four TIR domains are
related with C, symmetry because of the dif-
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ferent positioning of two neighboring RPP1™®s
(Fig. 4A). Thus, the tetrameric RPP1™s con-
tain two symmetric TIR homodimers that
are nearly identical to those observed in the
crystal structure of RPPITR (fig. S11, A and
B) (I8). Each of three tested substitutions of
residues at this homodimeric “AE” interface
(9, 17, 18) abolished ATR1-induced cell death
in N. benthamiana (fig. S11C), supporting an
essential role of the AE interface in RPP1 func-
tion. Functional relevance of the AE interface
has been observed for TIR domains of other
plant TNLs (9, 17, 18). In the RPP1 tetramer,
opposite packing of the two symmetric TIR
homodimers led to formation of two asymmetric
head-to-tail RPP1™ homodimers (Fig. 4A).
The two RPP1™Rs in an asymmetric homo-
dimer have different conformations in the
loop between oA and oB (equivalent to the
BB-loop of other TIR domains, hereafter
called the BB-loop) (Fig. 4B). The BB-loop
is well defined in RPP1™™®2 but is disordered
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in RPP1T® (fig. S12A). Asymmetric head-to-
tail RPP1™™®-RPP1™™® interaction is primarily
mediated by the BB-loop of TIRa that con-
tacts the opposite side of TIRD (Fig. 4, A and
C, and fig. S12B).

From a sequence alignment (fig. S12C), the
predicted catalytic RPP1*'°® is located at one
end of the groove formed within an asymmetric
RPPI™ homodimer (fig. S13A), which suggests
that this groove is important for RPP1-catalyzed
NAD" hydrolysis and RPP1 function. To test
this hypothesis, we mutated residues from the
interface of the asymmetric RPP1™™ homo-
dimer and evaluated the impact of these sub-
stitutions on the NADase activity of the RPP1
resistosome and ATRI-induced cell death in
N. benthamiana. Substitutions RPP1 I121E,
S124E, A222E, or G223A, which are predicted
to disrupt the asymmetric RPP1™™® homo-
dimers, all interacted with ATR1 (fig. S10B)
but were strongly compromised in NAD*
hydrolysis (Fig. 4D and fig. S13B). By con-
trast, an RPP1R123A exchange had less ef-
fect on NADase activity (Fig. 4D). In support
of an essential role of NADase activity in RPP1
function, we also found that RPP1 I121E,
A222E, E158A, or E158Q, but not RPP1 R123A,
S124E, E122A/R123A/S124A/K125A/S126A, or
G223A, displayed almost undetectable cell
death activity (Fig. 4E). Taken together, these
data show that the assembly of two TIRa-
TIRD active sites in the RPP1 resistosome is
responsible for NAD" hydrolysis and RPP1-
mediated signaling.

A previous study showed that many single
mutations in the TIR domain of the canonical
Arabidopsis TNL RPS4 (RPS4™) disrupted
the cell death activity of RPS4™ in tobacco
(13). Mapping the equivalent residues onto the
RPP1 resistosome revealed that most of them
cluster around the asymmetric TIRa-TIRb groove
(fig. S13C). We found that adenosine triphosphate
(ATP), which was supplemented during protein
purification, bound to this groove in the absence
of NAD" (fig. S13A) and that the ATP binding
groove is conserved among Arabidopsis TNLs
(fig. S12C). The bound ATP likely acts as an
analog of NAD" at the groove. Supporting this
possibility, a structural comparison revealed
that NAD* phosphate (NADP*) bound to the
TIR domain of plant TNL RUN1 (9, 17, 18) at a
position similar to that of ATP in the RPP1
TIRa-TIRb groove (fig. S13D). These results
provide additional evidence for the biological
relevance of the asymmetric RPP1™® homo-
dimers in the resistosome.

ADP binds to the P-loop region of RPP1
in the resistosome

Previous studies demonstrated that structures
of the NOD module from plant and animal
NLRs are highly conserved in both inactive
and active states (32). This is underscored here
by the similar structures of RPPIN®P in the

4 of 10

2207 ‘90 Atenue[ uo K319100§ Your[J XBIA 18 10" 90UQI0s' mMmM//:SdNY WOy papeoumo(y



RESEARCH | RESEARCH ARTICLE

B
) TIRb
),
Ve Ve _
» Y
N BB-loop
> B
ol -
E
a a
200
c a
S
(/)]
3150 ?
@
©
3 K
2100 T
>
£ b b b b b
AR~ R
3 .
ik P
;’ éﬂlv\lllllll
& o & N SN e SN
ORISR IR
VL (b\q;\qﬁ’?‘j, U < Q\&Q:\
& v
D RPP1 variants + ATR1
100 RPP1-ATR1 (1 uM) -
& NAD* (100 pM) . %.fi" R
< 80
S R - R
2 RS & R of oF O
2 60 S SRRV P el &
8 2501 5.8 ) — e == - WB:
5 40 00— anti-HA
B 1682 Ponc. S
&J 20 70 pr—
RPP1 variants

WT

1121E R123AS124E A222E G223A

Fig. 4. Assembly of two active sites by two asymmetric RPP1™® dimers in the tetrameric RPP1 resist-
osome. (A) Tetrameric assembly of RPP1™Rs in the resistosome. Some secondary structural elements are
labeled. Two bound ATP molecules within the two asymmetric RPP1™® dimers (top and bottom dimer) are
shown in stick. The loop region between oA and oB (BB-loop) from TIRa is framed in red and shown in
blue. (B) Structural alignment of the two RPP1™® monomers from the asymmetric homodimer. The BB-loop
from TIRa and TIRb is shown in blue and gray, respectively. The BB-loop is highlighted. (C) Detailed
interactions of the BB-loop from TIRa with TIRb in the asymmetric dimer. (D) Mutagenesis analysis of the
interactions shown in (C) using the NADase activity assay described in Fig. 3D. (E) Effects of mutations at sites
mediating TIRa-TIRb interactions (AE interface) on RPP1_WsB-HS and ATR1_Emoy2-dependent cell death in

N. benthamiana leaves. Host cell death was measured in a quantitative electrolyte leakage assay as described in
Fig. 2, D and E. Top: Host cell death triggered by coexpression of RPP1_WsB-HS variants and ATR1_Emoy2-HS
in leaves of N. benthamiana. Statistical analysis via Tukey's HSD test is based on data from three independent
experiments (n = 18, o = 0.001; data points of the same color were recorded in one experiment; shared lowercase
letters indicate no significant difference). RPP1 mutants E158A and E158Q were included as additional negative
controls. Below are photographs of representative agro-infiltrated leaf zones at 4 dai. Bottom: Western blot
analysis of total N. benthamiana leaf protein extracts at 2 dai probed with antibody to HA. Expression of
RPP1_WsB-HS WT and mutant proteins produces a signal of the expected molecular weight (~140 kD). Ponceau
S staining indicates equal loading of total leaf proteins in the tested samples.
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RPP1 tetramer and ZARIVCP in the ZAR1
pentamer (fig. S4C). Furthermore, NLR acti-
vation involves conformational changes in
the NBD relative to its C-terminal WHD,
whereas no conformational change occurs
in the WHD relative to its C-terminal portion,
as demonstrated in activation of ZAR1, Apaf-1,
and NLRC4: (8, 25-27). A modeling study using
the inactive ZARINOP structure (33) as a tem-
plate suggested that the LRR domain, in its
pre-activation state, sequesters RPP1 from
oligomerization, consistent with other NLR
autoinhibition models (fig. S14)). The modeled
inactive RPP1 structure also suggested that
ATRI1 binding would sterically clash with
RPPINPP (fig. S14B), inducing conformational
changes in RPPI™P for activation. Position-
ing of inactive RPP1™™ is difficult to predict
because of the lack of a reliable template.
However, overexpression of RPP1"™®, but not
RPPI™ ™ induced cell death in N. benthamiana
(12, 30). These data point to inhibition of
RPP1™® by RPPINOP, presumably through
interdomain interaction similar to that ob-
served for the inactive ZAR1C (33). An inhib-
itory interaction between the TIR and NBD
domains was also suggested for TNLs L6 and
L7 from flax (34).

On the basis of current models (5, 32), we
expected an ATP molecule to be bound by
the NBD of activated RPP1. Surprisingly, an
adenosine diphosphate (ADP) molecule, which
is unambiguously defined by the cryo-EM
density, binds to the P-loop of RPP1 in the
resistosome (Fig. 5A and fig. S5D). The ADP is
recognized via RPP1 residues that are highly
conserved in other NLR proteins (33, 35-37).
Recognition of the y-phosphate group of
deoxyadenosine triphosphate (dATP)/ATP in
the ZAR1 resistosome (8) and Apaf-1 apopto-
some (27) is mediated through an arginine
residue in a “TT/SR” motif that is essential for
their activation. The arginine is highly con-
served in plant CNLs and animal NLRs (38)
but is substituted with a differently charged
or polar residue, creating “TTE/Q” in many
known TNLs including RPP1 (fig. S15, A and
B). In contrast to ZAR1 and Apaf-1, however,
RPP1 tolerates such substitutions, which sug-
gests that other interactions might compen-
sate for loss of ATP-mediated stabilization of
the RPP1 resistosome. Indeed, the $2-02 loop
contributes to RPP1 oligomerization by mediat-
ing NOD-NOD interactions (Fig. 3B and Fig.
5B). In further support of this hypothesis, the
TNL Roql with the TT/SR motif has ATP
bound in its activated form and the p2-02
loop is not involved in formation of the Roql
resistosome (23), similar to what was observed
in the ZARI1 resistosome (Fig. 5, B and C).
Besides Roql, some other TNLs also carry
the TT/SR motif (fig. S15A). Most of these
TNLs have a shorter f2-a2 loop relative to
those without the motif (fig. S15A), providing
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containing 10 mM Mg?*. After incubation at 25°C for 1 hour, samples were centrifuged and immediately
used for HPLC analysis to measure ATP content. The vertical axis represents the ATP ratio after

versus before the reaction.

additional evidence for the above hypothesis.
Collectively, these results might explain why
ADP is bound in the RPP1 tetramer, although
exchange of ADP with ATP during RPP1
activation remains possible.

Bound ADP in the RPP1 resistosome might
result from RPP1 intrinsic ATPase activity. To
test this possibility, we used HPLC to measure
the ATPase activity of the RPP1™®* resisto-
some or nonactivated RPP1¥1°%4 (to avoid
potential interference from RPP1 NADase
activity). In the presence of 10 mM Mg?*,
RPP1%%84 alone displayed ATPase activity
that was more potent than that of Apaf-1by a
factor of ~3 to 4 (Fig. 5D and fig. S16) (35, 39).
In contrast, the ATRI1-activated RPP1%1584
resistosome had much lower ATPase activity
under the same conditions. Similar results
were obtained with the Apaf-1 apoptosome
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(39). Hence, we propose that RPP1 ATPase
activity also contributes to an ADP-bound
resistosome.

Discussion

We reconstituted the RPP1 resistosome and
solved its structure using cryo-EM at 3.16 A.
The structure reveals the mechanism of race-
specific recognition of ATR1 by RPP1, leading
to NLR conformational activation. We have
presented evidence for the multilayered regu-
lation of RPP1 tetramerization, including
ATRI binding (Fig. 2), RPP1IN°P oligomeriza-
tion (fig. S9), and RPP1™™® self-association
(Fig. 4). RPP1 tetramerization results in
the formation of two asymmetric RPP1T®
homodimers, creating active sites for NAD"
hydrolysis. Therefore, ATR1-induced receptor
tetramerization links effector binding to the
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regulation of RPP1 NADase activity. Structural
and biochemical characteristics of the activated
RPP1 tetramer provide a template for under-
standing canonical plant TIR-type NLRs.

Besides the canonical TNL domains, the
C-JID that could not be predicted by primary
sequence was revealed in the cryo-EM struc-
ture of the RPP1 resistosome. Biochemical and
functional data show that this novel structural
domain is a major determinant for specific
ATRI recognition (Fig. 2). In contrast to inte-
grated domains of plant NLRs that are suffi-
cient for effector recognition (7), RPP1¢7°
functions together with RPP1'ER for specific
recognition of ATR1. The sequence-diversified
RPP1°7P is predicted by a hidden Markov
model (HMM) to be shared by many TNLs in
dicotyledonous plant species (fig. S17, A to F).
It comprises part of a C-terminal domain in
Arabidopsis TNL receptor RPS4 that confers
effector-triggered immunity as a heterodimer
with TNL RRSI1 (17, 40). Mutations within the
predicted RPS4<™° (fig. S17E) disabled RRS1/
RPS4 immunity (40, 41), pointing to broader
importance of the C-JID for TNL function. It is
possible that the C-JID serves as a decoy that
mimics common virulence targets of pathogen
effectors (7). However, using HMM, we failed
to detect the RPP1°”™® in CNLs and non-NLR
plant proteins (fig. S17, B to D). We therefore
speculate that the C-JID in different TNLs
plays a more generic role, together with LRRs,
in TNL-specific detection of unrelated patho-
gen effectors. Although direct RPP1 recogni-
tion of ATR1 leads to resistosome formation,
many plant NLRs perceive their cognate ef-
fectors in an indirect manner typically involv-
ing other host proteins (2).

Assembly of NADase active sites is medi-
ated principally by the TIR BB-loop, which
undergoes a major conformational change af-
ter RPP1 tetramer formation (fig. S18A). The
BB-loop of RRSI™® (four residues) is shorter
than that of RPP1™ and other TNL TIR do-
mains (>9 residues; fig. S18B). The RRSI™®
BB-loop in the symmetric RRSI™™® homodimer
or the RPS4"™-RRS1"™® heterodimer (I7) can-
not support an RPP1™™-like asymmetric homo-
dimer (fig. S18B). Therefore, RRS1"™® would
sequester the symmetric RPS4™® homodimer
from self-associating into asymmetric homo-
dimers, potentially explaining RRS1"™-mediated
in planta suppression of RPS4 ™ ®-triggered
cell death (7). Structural alignment reveals
that the asymmetric RPP1™™® homodimer is
similar to that of filaments formed by MAL™
in animals (fig. S18C) (42). However, there is
no experimental evidence for a filament-
forming activity of RPP1"'® or other plant
TIR domains. Notably, MAL™™® can form
cofilaments with TIR domains of other pro-
teins such as human TLR4 and MyD88 (42).
Many TIR-only genes are encoded in the ge-
nome of Arabidopsis (43), and TNLs have
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been proposed to recruit TIR-only proteins
for signaling (44, 45). It will be interesting to
determine whether the RPP1 resistosome can
serve as a platform for interactions with TIR-
only proteins or other oligomerized TNLs to
amplify TNL-mediated immune signals.

Like the ZAR1 resistosome (8), the Apaf-
1 apoptosome (27), and the NLRC4 inflamma-
some (25, 26, 46), the RPP1 tetramer forms a
ring-like structure, despite the different oligo-
merization states of its components. The ZAR1
and RPP1 resistosomes contain, respectively, a
stabilized funnel-shaped structure for plasma
membrane targeting and a stabilized tetra-
meric RPP1™ for NADase activity. This con-
trasts with relatively flexible apoptosome and
inflammasome N-terminal CARD domains.
Hence, the N-terminal domains of plant and
animal NLRs likely engage different mecha-
nisms for immune signaling. Nonetheless, a
shared principle in signaling mediated by the
ZAR1 resistosome and NLRC4 inflammasome
was proposed (8). The ZAR1 resistosome
and probably many other CNLs with an N-
terminal “MADA” motif (47) might form a
membrane-resident pore or channel to medi-
ate immunity. This is conceptually analogous
to signaling mediated by the NLRC4 inflam-
masome that activates the pore-forming pro-
tein GSDMD for immune responses through
the protease caspase-1 (48). The RPP1 resist-
osome, as a holoenzyme, bears similarity to
both the apoptosome and the inflammasome,
which form holoenzymes after recruitment of
procaspase-9 and procaspase-1, respectively.
Building on current models of TNL-mediated
immune signaling, the RPP1 resistosome
NADase activity is responsible for activa-
tion of HeLo domain-containing signaling
(helper) NLRs via the EDS1 family of lipase-
like proteins (49-51). It was speculated that
HeLo-NLRs function similarly to ZAR1 at
host membranes (8, 11, 47). Thus, the RPP1
resistosome and NLRC4 inflammasome might
represent comparable paradigms in innate
immunity signaling.

Materials and methods
Protein expression and purification

Sequence alignment of RPP1_WsB with its
alleles RPP1_WsA, RPP1_NdA, RPP1_EstA, and
RPP1_ZdrA by Clustal Omega (52) indicated
that the N-terminal 60 amino acids of RPP1_
WsB are not conserved. Therefore, an N-
terminally truncated form of WT RPP1_WsB
(61-1221) was constructed for protein expres-
sion in insect cells. ATR1_Emoy2 with an N-
terminal truncation of 51 residues used for
crystallization in a previous study (24) was
used for protein expression. ATR1_Emoy2
(residues 52 to 311) was sufficient for recog-
nition by RPP1, as demonstrated (24). For
purification of the RPP1-ATR1 complex, a
codon-optimized RPP1_WsB (61-1221; GENEWIZ
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Inc.) construct was cloned into the pFastBac
1 vector (Invitrogen) with a C-terminal twin-
Strepll tag. A codon-optimized ATR1_Emoy2
construct (52-311; GENEWIZ) was cloned into
the pFastBac 1 vector with a C-terminal 10 x
HIS tag. These constructs were coexpressed
in Sf21 insect cells (Invitrogen) at 28°C. After
recombinant baculovirus infection for 48 hours,
infected cells were harvested and resuspended
in buffer A (25 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1 mM MgCl,, and 0.3 mM ATP). After
sonication and centrifugation, the RPP1-ATR1
complex was purified using Strep-Tactin resin
(IBA Lifesciences) from the supernatant. Pro-
teins bound to resin were eluted with buffer A
supplemented with 2.5 mM p-desthiobiotin.
The eluent from Strep-Tactin was loaded
onto Ni-NTA resin (Novagen) and the resin
was washed with buffer A containing 20 mM
imidazole. Proteins bound to the Ni-NTA resin
were eluted with buffer A plus 250 mM imi-
dazole. The eluent was concentrated through
a 30-kD MWCO Vivaspin 500 concentrator
(GE Healthcare) to 100 ul and loaded onto a
Superose 6 increase 5/150 column (GE Health-
care) with buffer E (10 mM Tris-HCI pH 8.0,
100 mM NacCl, and 1 mM DTT). Peak fractions
were concentrated to 0.45 mg/ml for cryo-EM
sample preparation. A similar procedure was
used for purification of the RPP1%%%4 (61-
1221)-ATR1 (52-311) complex.

Cryo-EM sample preparation and data collection

An aliquot of 3 ul of purified RPP1-ATR1 was
applied to holey carbon grids (Quantifoil Au
1.2/1.3, 300 mesh) glow-discharged for 30 s at
high level in Harrick Plasma after 2 min eva-
cuation. Grids were then blotted on filter paper
(Ted Pella Inc.) for 2.5 s at 8°C with 100%
humidity and flash-frozen in liquid ethane
using FEI Vitrobot Marked 1IV.

Two datasets of the WT RPP1-ATR1 complex
were collected: one on a Titan Krios2 electron
microscope operated at 300 KV, equipped with
Gatan K3 Summit direct electron detector and
a Gatan Quantum energy filter, the other on a
Titan Krios3 electron microscope operated at
300 KV, equipped with a Cs-corrector, Gatan
K3 Summit direct electron detector, and a
Gatan Quantum energy filter. A total of 5701
and 3834 micrograph stacks were collected on
Titan 2 and Titan 3, respectively. The micro-
graph stacks were automatically recorded
using AutoEMation in superresolution mode
(53), at a nominal magnification of 64,000x
on Titan 2 and 81,000x on Titan 3. Defocus
values varied from -1.0 pm to -2.0 um for
both datasets. Exposure rate of data collec-
tion on Titan 2 and Titan 3 was 23 and 24
electrons per pixel per second, respectively.
The exposure time for both datasets was 2.56 s
dose-fractionated into 32 subframes, leading
to a total electron exposure of ~50 electrons
per A? for each stack.
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Image processing and 3D reconstruction

The raw stacks of RPP1-ATR1 recorded in
superresolution mode were motion-corrected
by MotionCor2 and binned twofold, resulting
in a physical pixel size of 1.0742 A per pixel
for Titan 2 motion-corrected micrographs and
1.0979 A per pixel for Titan 3 motion-corrected
micrographs (54). In the meantime, exposure
rate for the summed micrographs was per-
formed (55). Contrast transfer function (CTF)
parameters were estimated by CTFFIND4
(56). Based on the CTF estimations, 5117 (Titan
2)/3123 (Titan 3) micrographs were manually
picked, respectively, and were further pro-
cessed in RELIONS.1.

About 10,000 Laplacian-of-Gaussian auto-
picked particles were subjected to 2D classifi-
cation to generate initial templates for further
auto-picking. For the dataset collected on
Titan 2, 1,395,913 auto-picked particles were
subjected to five rounds of 2D classification,
which performed 25 iterations with regulari-
zation parameter 7' = 2 and number of classes
=100 to remove bad particles. Similar param-
eters were applied in three rounds of 2D clas-
sification of 1,125,203 auto-picked RPP1-ATR1
particles from Titan 3. After removal of bad
particles, the remaining 661,434 particles on
Titan 2 and 516,036 on Titan 3 for the RPP1-
ATR1 complex were subjected to 3D classi-
fication with C; symmetry, using initial 3D
reference models obtained by ab initio calcu-
lation from RELIONS.1.

Particles (276,146 from Titan 2 and 133,202
from Titan 3 for RPP1-ATRI1) from good 3D
classes with clear overall structural features
were selected for 3D refinement. At this stage,
the 3D reconstructions clearly showed four
RPP1 molecules in the complex. C, symmetry
was therefore tested in the following 3D re-
finement. Resulting reconstructions showed
that the global density, particularly that cor-
responding to the TIR part, became worse,
indicating that lower or no symmetry exists
in the RPP1-ATR1 complex. Subsequent 3D
refinement with C, symmetry greatly improved
the density quality and global resolution. After
global 3D refinement with C, symmetry, CTF
refinement, and postprocessing, the resolution
of the RPPI-ATR1 reconstruction from the
Titan 2 and Titan 3 datasets was 3.65 A and
3.16 A, respectively. Refined RPP1-ATR1 par-
ticles (409,348) from the two datasets were
joined and subjected to a further round of 3D
reconstruction, yielding a final cryo-EM map
with 3.16 A resolution.

A core region mask including the TIR, NBD,
HD1, and WHD domains of RPP1 and ATR1
was generated by Chimera and then applied to
3D auto-refinement using C, symmetry and
409,348 particles from the final reconstruction
with the merged datasets. In the end, the
resolution of RPP1 core part reconstruction
was 2.99 A after postprocess.
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The LRR and C-JID portions in the final EM
map were more flexible relative to the other
parts of the RPP1-ATR1 complex. To improve
resolution of the local density, C, symmetry
was first used to refine the joined particles,
and the refined particles were expanded with
C, symmetry for focused 3D classification. A
local mask for LRR, C-JID, and ATR1 was
generated using Chimera and then applied for
focused 3D classification without alignment as
described (57). After the focused 3D classifica-
tion, a total of 222,015 particles were selected
for C, focused 3D refinement, finally yielding a
local reconstruction for LRR, C-JID, and ATR1
with 3.19 A after postprocess.

2D classification, 3D classification, and 3D
autorefinement were all performed with
RELIONS3.1(568-60). The resolutions were
determined by gold-standard Fourier shell
correlation (61). Local resolution distribution
was evaluated using RELION (62).

Model building and refinement

The final RPP1-ATR1 EM map was generated
by merging the global map and local LRR,
C-JID, and ATR1 map, using combine_focused_
map in PHENIX (63). For model building of
the whole RPP1-ATR1 complex, the RPP1 TIR
domain (PDB: 5TEB) (18) and ATR1 (PDB:
3RMR) were docked into the EM map in
Chimera (64). The models of the NBD, HD1,
and WHD domains of RPP1 were manually
built in COOT based on the global EM map of
RPP1-ATR]1, and the LRR and C-JID domains
in COOT using the local refined EM map (65).
All the domains were then combined, gen-
erating a model containing four ATR1 mole-
cules and four RPP1 molecules. The generated
model was refined against the combined RPP1-
ATR1 EM density using real-space refinement
in PHENIX with secondary structure and ge-
ometry restraints (63). The final model after
refinement was validated using MolProbity
and EMRinger in the PHENIX package (63).
Table S1 summarizes the model statistics.

In vitro NADase assays

Purified RPP1, RPP1-ATR1, mutant RPP1-ATR1,
or RPP1T™® were used for NADase assays at the
indicated concentrations. Proteins were indi-
vidually incubated with 100 uM NAD" (final
concentration) and 10 mM MgSO, or CaCl, in
buffer containing 100 mM NaCl, 25 mM Tris-
HCI pH 8.0. The total volume for each reaction
was 100 pl. Reactions were performed in a
thermoshaker at 25°C for 16 hours. After re-
action, samples were centrifuged and imme-
diately applied for HPLC analysis.

In vitro ATPase assays

Purified RPP1¥*®A RPPIF®*AATRI1 complex,
and ATRI1 were used for ATPase assays with a
protein concentration of 5 uM. Each protein
was incubated with 100 uM ATP (final concent-
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ration) in buffer containing 10.0 mM MgSO,,
100 mM Nacl, 25.0 mM Tris-HCl pH 8.0 at 25°C
for the indicated times. The volume for re-
action was 100 pl. After reaction, samples
were centrifuged and immediately applied
for HPLC analysis. 1.0 uM RPP1%%% wag
used to quantify its ATPase activity. Reac-
tions were carried out as described above.
Samples (50 ul) taken at different time points
1, 2, 3, 4, and 5 hours) were analyzed on an
HPLC system to detect the formed ADP. By
comparison with reference samples (ADP), the
respective integrated ADP peak area was
converted into concentration. The ATPase ac-
tivity was calculated by five data points-based
linear regression.

HPLC measurements

HPLC was performed on an Agilent 1260
bioinert HPLC system using a Synergi Fusion-
RP 80 A (4.6 x 150 mm, 4 um) (Phenomenex)
column. The samples were measured via an
8-min method. Samples (10 ul) were injected
at 550 ul/min with ammonium formate (5 mM)
in water and methanol used as mobile phases
A and B, respectively. The elution profile was
as follows: 0 to 3 min, 10 to 70% B; 3 to 6 min,
70% B; 6 to 6.1 min, 70 to 10% B; 6.1 to 8 min,
10% B. The autosampler temperature was
maintained at 4°C and the column temper-
ature at 25°C. UV signals were detected at
260 nm. Reference standards were used to
determine respective retention times. The
integrations of peak area were used to cal-
culate relative concentrations.

Site-directed mutagenesis of RPP1_WsB and
ATRI_Emoy?2 for in planta analyses

For N. benthamiana transient expression
analyses, the RPP1_WSsB gene body (exons
and introns) was PCR-amplified from the
pENTR/D-TOPO pRPP1:gRPP1 construct pro-
vided by K. Krasileva (12, 19) and cloned into
PENTR/D-TOPO vector (Thermo Fisher Sci-
entific, K240020). The ATR1_Emoy2 sequence
starts with a codon corresponding to T19
in NCBI accession AAX51198 ATR1_Emoy2,
thereby removing a signal peptide. Muta-
genesis was performed using a QuikChange
II site-directed mutagenesis kit (Agilent,
200523) or KOD-Plus-Mutagenesis kit (CosmoBio,
SMK-101). Sequences of oligonucleotides are
provided in table S2. Obtained pENTR/D-TOPO
RPP1_WsB and pDONR207 ATR1_Emoy?2 plas-
mids were LR-recombined (Thermo Fisher
Scientific, 11791020) into pXCSG vectors (66)
to allow expression of untagged RPP1VsE,
C-terminally tagged RPP1_WsB-3xHA-StreplI,
and ATR1_Emoy2-3xHA-StreplI proteins un-
der a 35S promoter. All constructs were veri-
fied by DNA sequencing. Generated binary
constructs were transformed into Agrobacte-
rium tumefaciens (Rhizobium radiobacter)
GV3101 pMP90ORK via electroporation.
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Protein expression in N. benthamiana and
Western blot analysis

RPP1_WsB-HS and ATR1_Emoy2-HS were ex-
pressed in N. benthamiana using agrobacteria-
mediated transient expression assays in the
presence of the P19 suppressor of RNAI si-
lencing as in (49). The final ODg(, for each
strain was set to 0.2. To detect ATR1 variants,
two 8-mm leaf discs per sample were har-
vested at 2 dai and boiled at 95°C in Laemmli
buffer for 5 min. The ATR1-HS fusions were
blotted onto nitrocellulose membranes and
detected using primary o-HA antibodies (Sigma
Aldrich, 11867423001 or H6908; Cell Signaling
Technology, #3724) and secondary horseradish
peroxidase (HRP)-conjugated antibodies (Santa
Cruz, sc-2006; Sigma Aldrich, A5164) at di-
lution 1:5000 (3% milk powder in TBST).
Detection was performed using enhanced
chemiluminescence assays Clarity, Clarity
Max Western ECL (Bio-Rad, #1705061 and
#1705062). To detect RPP1_WsB-HS var-
iants, infiltrated N. benthamiana leaves were
collected at 2 dai, frozen in liquid nitrogen,
and ground to a fine powder. Powder (~100 ul
in a tube) was resuspended in 100 ul of urea-
SDS sample buffer [50 mM Tris-HCl pH 6.8,
2% SDS, 8 M urea, 2% B-mercaptoethanol,
5% glycerol, protease inhibitor cocktail
(Roche), and 0.004% Bromophenol Blue]
and vortexed for 10 min at room temper-
ature. No boiling step was included. After
centrifugation at 16,0008 for 10 min, 10 ul
of the supernatant was loaded onto 8%
SDS-PAGE and proteins were blotted onto a
PVDF membrane. Immunoblot assay was per-
formed using monoclonal rat anti-HA anti-
body (Sigma Aldrich, 11867423001) diluted
1:4000 and rabbit anti-rat antibody (Sigma
Aldrich, A5164) diluted 1:5000 in 1x TBS,
0.1% Tween-20 with 3.5% w/v nonfat dry milk.
RPP1_WsB-HS fusion proteins were detected
using ECL SuperSignal West Femto Maxi-
mum Sensitivity Substrate and ECL Western
Blotting substrate (Thermo Scientific) in a
ratio of 2:1.

Cell death quantification in N. benthamiana

RPP1_WsB-HS and ATR1_Emoy2-HS WT and
mutant protein combinations were transiently
expressed in N. benthamiana as described
above (49) and agrobacteria-infiltrated leaf
zones used for cell death (ion leakage) assays
at 3 dai as described (49). Statistical analysis
was performed on conductivity data normal-
ized to the mean level in samples containing
WT RPP1_WsB and ATR1_Emoy?2 samples via
Tukey’s HSD (honestly significant differ-
ence) test after checking normality of residuals
distribution and homogeneity of variance
using visual examination of the plots and
Shapiro-Wilcoxon and Levene tests (P >
0.05). Images of agrobacteria-infiltrated leaf
spots were taken at 4 to 5 dpi.
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RPP1_WsB jelly roll/Ig-like (JID) sequence
distribution across plants

Protein sequences of 32 representative plant
species from green algae to Arabidopsis
thaliana were obtained as in (49). Sequences
similar to the jelly roll domain of RPP1_WsB
(amino acids 1075 to 1195) were initially
searched with BLASTP (-evalue 0.01). The
jelly roll-like sequences were detected at
this step only in Brassicaceae plants. The
match sequences were extracted and aligned
via the Muscle method. A hidden Markov
model was built from the resulting align-
ment [hmmbuild in HMMER 3.1b2 (67),
default settings]. This model (v1) identified
622 matches mainly in Brassicales but also
in Fabales, Malpighiales, and Rosales (Ref-
erence Proteomes 2020_04, hmmsearch at
EMBL-EBI-incE 0.01). To improve sensitiv-
ity of the search, a next version of the HMM
model was prepared. For that, the vi HMM
was run against the 32 species protein data-
base above (hmmsearch in HMMER 3.1b2,-
incE 0.01) and not against public databases
to avoid with redundancy and skewing toward
Brassicaceae in public databases. The result-
ing matches were again extracted, aligned
with Clustal Omega, and the obtained align-
ment served as an input for building the
version 2 HMM, available as data S1. The v2
HMM run against Uniprot database (2019-10-
03) at EMBL-EBI (hmmsearch -E1-domE 1-
incE 0.001-incdomE 0.03-seqdb uniprotkb)
identified 2711 hits, only in eudicots. The
majority of found proteins have a typical TNL
domain architecture, other hits have different
arrangements/combinations of NBARC, LRR,
TIR domains and occasionally other domains.
Finally, to assess distribution of the RPP1_WsB-
like JID across plants, the v2 HMM (data S1)
was scanned against the above custom non-
redundant database of protein sequences from
32 representative plant species (hmmsearch-
incE 0.01).
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SUMMARY

2',.3'-cAMP is a positional isomer of the well-established second messenger 3',5'-cAMP, but little is known
about the biology of this noncanonical cyclic nucleotide monophosphate (cNMP). Toll/interleukin-1 receptor
(TIR) domains of nucleotide-binding leucine-rich repeat (NLR) immune receptors have the NADase function
necessary but insufficient to activate plant immune responses. Here, we show that plant TIR proteins, be-
sides being NADases, act as 2/,3'-cAMP/cGMP synthetases by hydrolyzing RNA/DNA. Structural data
show that a TIR domain adopts distinct oligomers with mutually exclusive NADase and synthetase activity.
Mutations specifically disrupting the synthetase activity abrogate TIR-mediated cell death in Nicotiana ben-
thamiana (Nb), supporting an important role for these cNMPs in TIR signaling. Furthermore, the Arabidopsis
negative regulator of TIR-NLR signaling, NUDT7, displays 2',3'-cAMP/cGMP but not 3',5-cAMP/cGMP phos-
phodiesterase activity and suppresses cell death activity of TIRs in Nb. Our study identifies a family of

2/,3'-cAMP/cGMP synthetases and establishes a critical role for them in plant immune responses.

INTRODUCTION

2',3'-cyclic adenosine monophosphate (2/,3'-cAMP) is a re-
gioisomer of the canonical second messenger 3',5-cAMP, but
little is known about the noncanonical cyclic nucleotide mono-
phosphate (cNMP). It was not until recently that 2’,3'-cAMP
was identified in animals (Ren et al., 2009) and in plants (Van
Damme et al., 2014). The occurrence of 2',3'-cAMP and other
2/,3'-cNMPs has now been shown in different kingdoms (Jack-
son, 2017). mRNA turnover by RNases can produce 2',3'-cNMPs
(Jackson, 2017). Studies in animals support a physiological role
for 2/,3'-cNMPs in response to injury (Azarashvili et al., 2009;
Jackson et al., 2014). In Arabidopsis, wounding (Van Damme
et al., 2014), heat, and dark stress (Kosmacz et al., 2018) induce
the accumulation of cellular 2/,3'-cAMP and 2',3'-cyclic guano-
sine monophosphate (2/,3'-cGMP) (2/,3'-cAMP/cGMP, unless
defined otherwise). 2',3'-cAMP mediates stress granule (SG) for-
mation (Kosmacz et al., 2018) and mimics the abiotic stress
response in Arabidopsis (Chodasiewicz et al., 2022). The metab-
olization of 2/,3'-cNMPs to 2’-NMPs and 3'-NMPs has been
demonstrated (Trapp et al., 1988; Genschik et al., 1997; Tyc

et al., 1987), suggesting negative regulation of the noncanonical
cNMPs.

Plant defense against microbial pathogens is built on a two-
tiered immune system that consists of an interdependent
pathogen-associated molecular pattern (PAMP)-triggered im-
munity (PTI) and effector-triggered immunity (ETI) (Ngou et al.,
2021; Yuan et al., 2021). ETI is typically mediated by intracel-
lular nucleotide-binding (NB) leucine-rich repeat (NLR)
receptors, which recognize strain-specific pathogen effectors
delivered inside plant cells. NLRs can be largely divided into
two groups, with N-terminal coiled-coil (CC) or N-terminal
Toll/interleukin-1 receptor (TIR) domains. Recognition of path-
ogen effectors induces oligomeric NLR complexes termed re-
sistosomes (Xiong et al., 2020). Activation of NLR resistosomes
induces ETI responses, often including a hypersensitive
response (HR), a form of regulated cell death that is localized
to sites of attempted pathogen infection. Whereas the CC-
NLR (CNL) ZAR1 resistosome is a Ca®**-permeable cation
channel (Bi et al., 2021; Wang et al., 2019), the TIR-NLRs
(TNLs) RPP1 and Roqg1 resistosomes function as holoenzymes
of TIR-encoded NADase (Horsefield et al., 2019; Ma et al,
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2020; Martin et al., 2020; Wan et al., 2019). The NADase activity
is required for the activation of two immune signaling nodes,
EDS1-SAG101 and EDS1-PAD4 heterodimers and the “helper”
NLRs (RNLs), ADR1s, and NRG1s (Castel et al., 2019; Lapin
et al.,, 2019; Peart et al., 2005; Qi et al.,, 2018; Wu et al,,
2019). Once TNLs are activated, EDS1-PAD4 and EDS1-
SAG101 form hetero complexes with ADR1s and NRGfs,
respectively (Sun et al., 2021; Wu et al.,, 2021), inducing
Ca?*-channel activity of the RNLs (Jacob et al., 2021). ADR1
is also important for the defense responses of some CNLs
(Bhandari et al., 2019; Bonardi et al., 2011; Castel et al,
2019; Venugopal et al., 2009; Wu et al., 2019). EDS1 signaling
is also involved in abiotic stress responses of plants (Suzuki
et al, 2012; Wiermer et al., 2005). In Arabidopsis, EDS1
signaling is negatively regulated by AtNUDT7, a nucleoside
diphosphate-linked moiety X (Nudix) hydrolase, and its closest
homolog AtNUDTE (Bartsch et al., 2006; Ge et al., 2007),
although the underlying mechanism remains elusive.

In addition to canonical TNLs, plant genomes encode many
TIR proteins consisting only of a TIR domain (TIR-only or TX) or
TIR-NB (TN) (Collier et al., 2011; Gao et al., 2018; Meyers
et al., 2002; Nandety et al., 2013; Nishimura et al., 2017). For
example, the TIR-only protein RBA1 in Arabidopsis Ag-0 triggers
EDS1-dependent immune signaling in response to the bacterial
pathogen effector HopBA1 (Nishimura et al., 2017). Overexpres-
sion of several other TIR-only genes also induces EDS1-depen-
dent signaling (Bayless and Nishimura, 2020; Meyers et al., 2002;
Nandety et al., 2013; Nishimura et al., 2017; Santamaria et al.,
2019; Staal et al., 2008; Zhao et al., 2015), indicating that TIR-
containing members share a conserved signaling pathway to
mediate immune responses. Cell death mediated by TIR-con-
taining proteins depends on a conserved putative catalytic gluta-
mate (Wan et al., 2019). TIR NADase activity is essential but not
sufficient for cell death and defense activation (Duxbury et al.,
2020; Horsefield et al., 2019; Wan et al., 2019), suggesting that
additional signaling components are needed to fully activate
TIR-mediated immune responses.

Here, we show that plant TIR domain proteins produce
2/,3'-cAMP/cGMP via hydrolysis of RNA and probably DNA
(RNA/DNA unless defined otherwise). Nuclease activity was not
sufficient for TIR-mediated cell death, as TIR mutants retaining
both nuclease and NADase activity but lacking the 2/,3'-cAMP/
cGMP synthetase (referred to synthetase hereafter) activity failed
to trigger cell death in Nicotiana benthamiana (Nb). The structural
basis of TIR proteins as bifunctional enzymes was revealed by
cryoelectron microscopy (cryo-EM) structures of the double-
stranded DNA (dsDNA)-bound TIR domain of flax TNL L7 (L7™%)
that recognizes the flax rust fungus effector AvrL567 (Dodds
et al., 2006). Specific disruption of the synthetase activity in vitro
greatly suppressed TIR-mediated cell death in Nb, indicating
that this enzymatic activity is required for TIR signaling. Moreover,
AtNUDT7 and the oomycete pathogen effector Avr3b function as
2',3'-cAMP/cGMP phosphodiesterases (PDEs) in vitro. Further-
more, co-expression of wild-type (WT) AtNUDT7, but not its cat-
alytic mutant, suppressed RBA1-mediated cell death in Nb. As
Nudix hydrolases are highly conserved throughout all organisms
(McLennan, 2006), our findings open opportunities for the study
of 2/,3’-cNMPs beyond plants.
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RESULTS

TIR proteins exhibit nuclease and 2',3'-cAMP/cGMP
synthetase activity in vitro

When assaying RBA1 NADase activity, we found that the TIR-
only protein hydrolyzed many metabolites besides nicotinamide
adenine dinucleotide in its oxidized form (NAD*) (Figures S1A
and S1B). All these in vitro RBA1 substrates contain phospho-
diester bonds, prompting us to test if DNA and RNA are RBA1
substrates. The purified RBA1 protein exhibited activity of de-
grading PCR product (Figure 1A, left), plasmid DNA (Figure 1A,
right) or Arabidopsis genomic DNA (gDNA) (Figure 1B). RBA1
displayed a much higher nuclease activity when Arabidopsis to-
tal RNA (AfRNA) was used as the substrate (Figures 1A-1C, S1C,
and S1D). The nuclease activity appears to be a general feature
of TIR proteins, as several TIR proteins tested including L7™F
also displayed the activity of degrading Arabidopsis gDNA and
total RNA (Figures 1B and 1C). Furthermore, RBA1 and several
other TIR proteins exhibited clear cleavage activity toward a fluo-
rescent DNA probe (Figure 1D). Unlike DNase |, TIR-catalyzed
production of the fluorescent product appears not to obey Mi-
chaelis-Menten kinetics.

We then investigated whether the nuclease activity is
associated with TIR-mediated cell death in planta. Cys132 of
L7™R is highly conserved among plant TIR proteins (Figure S1E)
(Lapin et al., 2022; Johanndrees et al., 2021). The equivalent
cysteine residue is important for cell death mediated by grape
RPV1TR (Williams et al., 2016) and L6™R (Bernoux et al., 2011)
in N. tabacum (Nt). The residue at this position is substituted
with Thr in the bacterial Acinetobacter baumannii TIR (AbTIR)
(Figure S1E), which possesses NADase activity but has no cell
death activity in Nt (Duxbury et al., 2020). These results suggest
that the phenotype caused by mutation of the conserved
cysteine residue in L6™F and RPV1T'R in planta is probably not
due to the absence of their NADase activity. Indeed, L7™F
C132A had little impact on the NADase activity of L7™F
(Figure S1F). Unexpectedly, however, the L7""® mutant protein
also retained nuclease activity comparable with that of the WT
protein (Figure S1F). These results suggest that the nuclease
activity, if important, is not sufficient for the cell death activity
of TIRs in planta.

The data above suggest that there are unknown molecules
generated by TIR-mediated degradation of RNA/DNA for the
cell death activity. To probe this possibility, we analyzed prod-
ucts of AtRNA or gDNA incubated with L7™" using liquid chro-
matography-mass spectrometry (LC-MS). Incubation of L7™F
with AtRNA or gDNA, but not L7™R the RNA, or DNA
alone, gave rise to two distinct peaks, one with a parent ion of
330 m/z (Figures 1E, 1F, S1G, and S1H) and the other 346 m/z
(Figures 1G, 1H, S1G, and S1H), corresponding to the molecular
weight of 3',5'-cAMP and 3',5'-cGMP, respectively. However,
the retention time of these two unknown substances matches
that of neither standard 3',5'-cAMP nor standard 3',5'-cGMP
(Figures 1E, 1G, and S1G). LC-MS assays showed that the reten-
tion time of 330 and 346 m/z was identical to that of the standard
2/,3'-cAMP and 2/,3'-cGMP, respectively (Figures 1E, 1G, and
S1G). The identities of the two unknown substances were further
confirmed by multiple reaction monitoring (MRM) (Figures 1E
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and 1G) and high-resolution MS analyses (Figures 1F and 1H).
Similar results were obtained with the products from RBA1 incu-
bated with AtRNA or gDNA as the substrate (Figure S1l). The
synthetase activity of L7"'"® appears to be conserved among
TIR proteins, as several Arabidopsis TIR proteins, including

¢? CellPress

Figure 1. TIR proteins catalyze the produc-
tion of 2/,3'-cAMP/cGMP using RNA/DNA as
substrates

(A-C) TIRs have DNase and RNase activity in vitro.
TIR proteins indicated were incubated with 100 ng
PCR product (A, left), plasmid (A, right), Arabi-
dopsis genomic DNA (gDNA) (B), and total RNA
(C). After incubation at 25°C for 16 h, the reaction
mixtures were visualized by agarose gel electro-
phoresis. L: DNA ladder (Thermo Scientific
11581625). Data are depicted as representative
gels of three independent experiments.

(D) TIR proteins display DNase activity toward a
fluorescent probe. The TIR proteins indicated
were individually incubated with a fluorescent
DNA probe. The fluorescent product yielded was
meaured at 646/686 nm (extinction/emission).
Data are depicted as a representative line graph of
two independent experiments.

(E-H) L7™® has 2/,3'-cAMP/cGMP synthetase ac-
tivity using RNA as the substrate. Top of (E) and
(G): molecular structures of 2/,3'-cAMP/
3',5'-cAMP and 2/,3'-cGMP/3',5'-cGMP, respec-
tively. Bottom of (E) and (G): L7™% protein was
incubated with AtRNA at 25°C for 16 h, and the re-
action products were analyzed by LC-MS in multi-
ple reaction monitoring (MRM) mode. A represen-
tative chromatogram of MRM analyses is shown
for 2/,3'-cAMP (E) and 2,3'-cGMP (G). (F) and
(H): comparison of the high-resolution MS spectra
of the standard 2',3'-cAMP (F) or 2/,3'-cGMP
(H) and the L7™R-generated products. 2/,3'-cAMP
theoretical [M + H]*: 330.0597, standard [M + H]*:
330.0615, assay product [M + H]*: 330.0600.
2/,3'-cGMP theoretical [M + H]*: 346.0547, stan-
dard [M + H]*: 346.0558, assay product [M +
H]*: 346.0552. Data are depicted as a representa-
tive chromatograph of three independent experi-
ments.

See also Figure S1.

RBA1, produced these two cNMPs
when Arabidopsis gDNA (Figure S1K) or
AtRNA (Figure S1L) was used as the sub-
strate. As a control, fungal RNase T1, but
not DNase |, showed similar activity in
producing 2',3'-cAMP/cGMP  (Figure
S1J). These data demonstrate that TIR
domains act as synthetases with RNA/
DNA as substrates.

Cryo-EM structure of L7"'F bound
by dsDNA

During protein purification, we found that
several TIR proteins, including L7™%,
were eluted at the void position of a

Superose 6 gel filtration column, suggesting the formation of
large “aggregates” of these TIR proteins. The aggregates ap-
peared to contain nucleic acids as evidenced by UV absorbance
at the wavelength of 260 nm (Figures S2A and S2B). Visualization
of the negatively stained large molecular weight species
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Figure 2. Cryo-EM structure of L7™'® in the complex with dsDNA
(A) Different views of the final cryo-EM map of L7"'" filaments at an initial dsSDNA-binding state. The cryo-EM density of L7™'® and dsDNA is shown in gray and

orange/orange red, respectively.
(legend continued on next page)
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revealed filament or filament-like structures (Figure S2A).
Notably, the filaments formed by L7 following the removal of
the maltose-binding protein (MBP) tag were more uniform (Fig-
ure S2A). Then, we solved the cryo-EM structures of the L7"7 fil-
aments (Figures S2C-F), representing an initial dsDNA/dsRNA
binding state, an intermediate state, and an end state of DNA/
RNA hydrolysis, with a resolution of 3.3, 2.7, and 2.6 A, respec-
tively (Figures S2G-S2J; Table S1).

In the initial dSDNA/RNA binding state, the L7™F filament is
composed of 4 protofilaments with the two outer ones being
made of L7™" (Figure 2A). Sandwiched between the two L7™R
protofilaments are two thinner protofilaments, which clearly
come from dsDNA or dsRNA (Figure 2A), although the density
does not allow a distinction. dsDNA was modeled to the
helical-shaped density because it was more resistant to TIR
degradation compared with RNA in vitro (Figures 1A, 1B, S1C,
and S1D). Nonetheless, dsDNA cleavage can be found in part
of the L7""R-dsDNA complex, as represented by the structures
of the intermediate (~3 base pairs of dsDNA bound) and the
end state (0-1 base pair of dsDNA bound) of L7™® filaments
(Figures S21-S2K). Interactions of the two L7 protofilaments
mediated by the two dsDNA protofilaments result in the formation
of a superhelical structure (Figures 2A and S2N).

The L7™ protofilaments contain two types of symmetric
homodimers. One is mediated by the interface involving helices
oA and oE (AE interface) (Figure 2B) seen in the crystal structures
of TIR domains (Bernoux et al., 2011; Horsefield et al., 2019; Wil-
liams et al., 2014, 2016; Zhang et al., 2017) and cryo-EM struc-
tures of TNL resistosomes (Ma et al., 2020; Martin et al., 2020).
The functional significance of the AE interface is well established
(Ma et al., 2020; Martin et al., 2020; Nimma et al., 2017). Propa-
gation of the AE dimers through the interaction of two L7™R
monomers of two adjacent AE dimers forms the second type
of the L7™® dimer (Figure 2B) that is nearly identical to the dimer
in the crystal structure of L8™" mediated by the interface
involving helices D and «.E (DE interface) (Figure S2L). This inter-
face is conserved in many TIR proteins and is required for their
cell death activities (Nishimura et al., 2017; Zhang et al., 2017).
The L7™® protofilaments are reminiscent of a structural model
of the L6™" domain higher order assembly (Zhang et al., 2017).
Parallel packing of the two AE dimers via the DE interface
generates a tetrameric L7™%, which is different from the closed
tetrameric TIR in the RPP1 resistosome (Figure 2B). Asymmetric
L7™R dimers similar to those important for the NADase activity of
the TNL resistosomes are absent in the tetrameric L7"'". Along
each L7 protofilament are two positively charged surfaces
sandwiching two dsDNAs (Figure 2C). We cannot assign the
sequence of the modeled dsDNA due to its limited quality of
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cryo-EM density. However, the L7™"® makes no base-specific
contacts with the dsDNA, indicating non-sequence-specific
binding to dsDNA/dsRNA by L7™F. This is consistent with
sequence-independent cleavage of Arabidopsis or barley total
RNA in vitro (Figure S1C).

The formation of asymmetric TIR dimers is required for NA-
Dase activity of TNLs (Ma et al., 2020; Martin et al., 2020). The
lack of such dimers suggests that L7""® in the filaments cannot
hydrolyze NAD™". This was confirmed by the NADase activity
assay of the L7""® protein eluted at the void position in gel
filtration (Figure 2D, left) with high-performance liquid chroma-
tography (HPLC) (Figure 2D, right). By contrast, the L7™'" protein
at the position with lower molecular weight species (Figure 2D,
middle) fully consumed NAD™" under the same conditions. These
results suggest that L7™® forms distinct oligomers for its
synthetase and NADase activity.

Nucleic acid binding, AE and DE interfaces are
important for synthetase activity of L7™'R

The distance between two adjacent L7™F along the two outer
protofilaments is ~3.5 nm (Figure 2B), close to the length of
one turn of dsDNA (3.4 nm). This allows L7™® «D from one side
of the outer protofilaments to periodically interact with the major
groove of the dsDNA via electrostatic interaction (Figures 2A and
3A), which is characteristic of major groove binders of dsDNA
(Eckel et al., 2003). A cluster of basic residues from aD is solvent
exposed and largely conserved among TIR proteins (Figure S1E).
Additionally, the loop connecting B and BB (called the BB-loop)
of L7™R, with different conformation from that of its equivalent of
L6™R (Figure S3A), also contacts the backbones of dsDNA (Fig-
ure 3A). BB-loops are also critical to mediate the formation of
asymmetric dimerization of RPP1™® (Ma et al., 2020) and
Rog1™ (Martin et al., 2020). These results suggest that the
BB-loop is likely important for both NADase and synthetase ac-
tivity of TIR proteins. The AE interface in L7"'" filaments is highly
conserved in other TIRs (Figure S2L). As in the crystal structure of
L6 (Bernoux et al., 2011), the DE interface in the L7™" fila-
ments is mainly mediated by van der Waals and hydrophobic
contacts (Figure 3B). Hydrophobic residues are also conserved
at this corresponding position in other TIRs (Figure S2L).

To investigate whether the dsDNA-aD interaction is important
for the synthetase activity of L7™", we made a simultaneous
mutation K171A/K172A/R175A (KKR*4) for the basic residues
from this helix. In contrast to WT L7™%, the KKR* protein
was eluted only at the position of the low molecular species in
gel filtration (Figure 3C), indicating that the mutant has lost its
filament-forming activity. Similar effects were also observed
with K176A/K180A (KK™) and K100A/G101A/K102A/E103A

(B) Left: packing of L7™® protomers (in different colors) in the cryo-EM structure of (A). Dashed lines indicate L7™" dimerization interfaces. Right: packing of the

four RPP1"™R domains in the RPP1 resistosome (PDB: 7CRC).

(C) Different views of the cryo-EM structure of (A) are shown in surface representation, with electrostatic potential mapped to the surface. Left: overall structure of
L7™® filaments shown in surface representation with electrostatic potential mapped to the surface. Right: longitudinal cut of the dsDNA-L7™® electrostatic

interface.

(D) dsDNA-bound L7™" has little NADase activity. Left and middle: negative staining images of L7 (tag free) eluted at 9 and 16 mL in Superose 6 gel filtration

column, respectively. Right: NADase activity of L7™"

protein eluted at different elution volumes. Horizontal axis: retention time of the samples (min). Vertical aixs:

UV absorbance at 260 nm. Data are depicted as a representative chromatograph of three independent experiments.

See also Figure S2.

Cell 185, 1-17, June 23, 2022 5




Cell (2022), hitps://doi.org/10.1016/}.cell.2022.04.032

Please cite this article in press as: Yu et al., TIR domains of plant immune receptors are 2/,3'-cAMP/cGMP synthetases mediating cell death,

¢ CellP’ress

(KGKE™Y) mutations predicted to disrupt «D and BB-loop
interactions with dsDNA, respectively (Figure 3C). Furthermore,
KKR™* significantly diminished the activity of L7"'F nuclease
(Figures 3D and S3D) and synthetase (Figures 3E, S3B, and
S3C). These basic residues are not involved in the formation
of the AE dimer and the predicted asymmetric L7"® dimer.
Indeed, the KKRA mutation had little impact on the NADase ac-
tivity of the TIR protein (Figure 3F).

Supporting an essential role of the DE interface in the filament-
forming activity of L7"'F, L7™'® K200E at this interface (Figure 3B)
was eluted only at the low molecular species position (Figure 3C).
As expected, the mutation greatly reduced L7"® nuclease
(Figures 3D and S3D) and synthetase (Figures 3E and S3C) activ-
ity but not its NADase activity (Figure 3F). By comparison, all
three L7™'R enzymatic activities were reduced by F79A/E209A
(FE™) from the AE interface (Figures 3C-3F). Taken together,
these data show that TIR oligomers mediated by different
interface combinations confer synthetase or NADase activity.

TIR proteins generate no 2',3'-cyclophosphate-
terminated RNA oligonucleotides

In addition to 2/,3’-cNMPs, RNA cleavage by RNases also gen-
erates 2',3'-cyclophosphate-terminated RNA oligonucleotides
(Jackson, 2017). In fact, this type of RNA oligonucleotides gener-
ated by RNase T2 act as PAMPs recognized by Toll-like receptor
8 (TLR8) to stimulate innate immune responses in humans
(Greulich et al., 2019; Ostendorf et al., 2020). We tested whether
TIRs produce similar RNA oligonucleotides. LC-MS assay of
AtRNA incubated with L7™'R showed that the products contained
no chemical species with a molecular weight corresponding to
2/,3-cAMP- or 2',3'-cGMP-terminated RNA dinucleotides
(Figure 4A). By contrast, fungal RNase T1, a guanine base-spe-
cific RNase (Yoshida, 2001), strongly promoted the production
of compounds with molecular weights corresponding to 2/,3’'-
cGMP terminated UMP and 2/,3'-cGMP terminated CMP (UGp
and CGp, respectively).

The cryo-EM structure of L7™' filaments in the end state re-
vealed that the packing of the tetrameric TIR domains (Figure 2B,
left) is similar to that in the initial and intermediate states
(Figure S4A). Compared with the other two states, the end state
displays less conformational heterogeneity, yielding the best
resolution density (Figure S2H) that allowed us to build a detailed
atomic model of the TIR domain (Figures 4B and S4B). No clear
density for dsDNA is present in the end state, suggesting that
nucleic acid hydrolysis is complete (Figure 4C). There is an extra
density blob inside the predicted NAD*-binding pocket of L7™R
roughly the size of a single nucleotide (Figure 4C). Interestingly,
the conformation of the BB-loop of L7™" is nearly identical to
that of RUN1T® bound by NADP* and bis-Tris (Figure S4C).
The quality of the density does not allow us to unambiguously
determine the identity of the molecule bound in the pocket, but
docking of nucleotides and nucleotide derivatives showed that
a 2/,3'-cNMP (2/,3'-cAMP modeled) best fits the topology of
the density (Figure 4D). The modeled 2/,3'-cAMP completely
overlaps with bis-Tris bound in RUN1™ and is buried in that
pocket (Figures 4D and S4C). By comparison, the active sites
of RNase T1 (Ishikawa et al., 1996) and RNase MC1 (Numata
et al., 2003) are largely solvent exposed, making it possible for
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them to bind an oligonucleotide for cyclization of the 3'-phos-
phate group (Figure 4E). The smaller size of the binding pocket
of L7"'® can only allow the binding of a mononucleotide for cycli-
zation reaction.

2',3'-cAMP/cGMP synthetase activity is required for
TIR-mediated cell death

Next, we asked whether the synthetase activity is required for
TIR signaling. Although the conserved Cys132 was dispensable
for the NADase and nuclease activity of L7"® (Figure S1F), the
equivalent residue is important for the cell death activity of
L6™R (Bernoux et al., 2011) and RPV1™R (Williams et al., 2016)
in Nt. These results suggest that this conserved residue may
be specifically important for the synthetase activity of TIRs.
Indeed, C132A abrogated much of L7™® synthetase activity
(Figure S5A). Similarly, RBA1 C83A greatly impaired the synthe-
tase activity (Figures 5A and S5B), but had no detectable effect
on the NADase (Figure 5B) and a modest effect on the nuclease
activity (Figure S5C) of RBA1. Like mutations of the equivalent
residues of L6™" and RPV1™R, RBA1 C83A substantially sup-
pressed the cell death activity of RBA1 in Nb (Figure 5C).
Together, these results support an essential and conserved
role of synthetase activity in TIR-mediated cell death, confirming
the idea that nuclease activity is not sufficient for TIR-mediated
cell death.

Like the mutation of basic residues in L7"'"? (Figures 3F-3H), a
simultaneous mutation K122A/K123A/K130A (KKK of the
equivalent residues from oD in RBA1 nearly abrogated the
synthetase (Figures 5A and S5C) and nuclease (Figure S5B) ac-
tivities, however, only slightly affected the NADase (Figure 5B)
activity of RBA1. By contrast, the catalytic mutation E86A re-
sulted in the loss of these three enzymatic activities of RBA1
(Figures 5A, 5B, S5B, and S5C). We then employed RBA1
KKK*A to further confirm whether the synthetase activity is
important for TIR-mediated cell death. The cell death phenotype
by RBA1 in Nb was completely suppressed by the catalytic EB6A
mutation (Figures 5B and 5C), further confirming an essential role
for the NADase activity in TIR signaling. Importantly, the cell
death phenotype was similarly suppressed by the KKK muta-
tion (Figure 5C). Together, these results support a critical and
conserved role for the cluster of basic residues from oD in the
cell death activity of TIRs.

We next investigated if TIR expression promotes the
accumulation of 2',3'-cAMP/cGMP in planta. Levels of these
two non-canonical 2',3'-cNMPs in RBA1-expressing Nb plants
were assayed by LC-MS. Expression of WT RBA1, but not empty
vector (EV) and catalytic mutant E86A, significantly enhanced
accumulation of both 2/,3'-cAMP and 2',3'-cGMP (Figures 5D
and S5D). Similarly, KKK with reduced RBA1-mediated cell
death also reduced the accumulation of 2/,3'-cAMP/cGMP.
These results indicate that RBA1-mediated cell death in Nb is
accompanied by increased 2/,3'-cAMP/cGMP levels.

AbTIR has NADase activity (Essuman et al., 2018) but fails to
induce cell death when expressed in Nt (Duxbury et al., 2020).
The cluster of basic residues conserved in plant TIRs is not
conserved in AbTIR (Figure S1E), suggesting that AbTIR lacks
synthetase activity. Indeed, while AbTIR had comparable NA-
Dase activity to L7™" as previously reported (Duxbury et al.,
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Figure 3. RNA/DNA binding and dimerization are required for 2,3'-cAMP/cGMP synthetase activity of L7"'%

(A) Left: a close-up view of the interaction between aD helix of L7""" and dsDNA. Right: detailed interactions of «D (red dashed frame) and the BB-loop (black
dashed frame) with dsDNA.

(B) A close-up view of detailed interactions of the DE interface.

(C) Gel filtration analyses of WT and mutant L7™? proteins. Top and Bottom: gel filtration profiles and SDS-PAGE analyses of WT and mutant L
respectively. FEA*, K200E, and KKR** are from the AE, DE, and dsDNA binding interfaces of L7™"® filaments, respectively.

(D-F) Effect of L7™"® mutations on nuclease (D), 2',3 -cAMP synthetase (E), and NADase (F) activity of L7™'". The assays for the nuclease and 2/,3'-cAMP synthetase
activity were performed as described in Figures 1C and 1E, respectively. The remaining activity was calculated as (MS intensity [area] of each sample/MS intensity
[area] of WT L7"")x100%. The 2',3'-cAMP synthetase activity of WT L7""" was normalized to 100%. Reaction completion (%) of each sample was calculated as [con-
centration of unhydrolyzed NAD*])/[concentration of NAD* before reaction]) x 100%. Data are depicted as the average peak intensity or a representative gel of three
independent experiments.

See also Figure S3.
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Figure 4. Hydrolysis of RNA by L7™'® produces no 2/,3'-cyclophosphate-terminated RNA oligonucleotides

(A) Analysis of RNA hydrolyzed products by L7 (left) and fungal RNase T1 (right) by LC-MS. AtRNA was incubated with RNase T1 or L7"% and the reaction
products were quantified by LC-MS. Data are depicted as a representative chromatograph of two independent experiments.

(B) The interaction of the distorted ssDNA (cartoon representation) with L7™"® (surface representation, with electrostatic potential mapped to the surface).

(C) Cryo-EM density (orange) not accounted for by L7™® in the 3D reconstruction of L7™® filaments at the end state. One 2,3'-cAMP was built into the NAD*-
binding pocket of each L7"", to annotate two significant blobs of the difference in density.

(D) Left: cryo-EM density (orange) within the active site of L7"'F. Right: detailed interactions of the modeled 2’,3'-cAMP with L7™R.

(E) Structural comparison of L7™® (left), RNase T1 (middle, PDB: 1RHL), and uridine base-specific RNase from bitter gourd, RNase MC1 (right, PDB: 1UCA).
2/,3'-cAMP bound by L7™® and 2'-GMP, 2’-UMP bound by RNase T1, RNase MC1 are shown in stick representation.

See also Figure S4.

8 Cell 185, 1-17, June 23, 2022



Cell (2022), https://doi.org/10.1016/}.cell.2022.04.032

Please cite this article in press as: Yu et al., TIR domains of plant immune receptors are 2',3'-cAMP/cGMP synthetases mediating cell death,

Cell

>
w

100% 100%

m2',3'-cAMP
80% 80%
60% 60%
40% 40%

20%

Remaining activity
S
X

Reaction completion

00/D OO/U

RBA1 C83A EB8BA KKKAM

N
o
(=]

RBA1 CB83A E86A KKK

¢? CellPress

Figure 5. 2/,3'-cAMP/cGMP synthetase ac-
tivity is required for RBA1-mediated cell
death

(A and B) 2',3'-cAMP synthetase (left) and NADase
(right) activity of WT and mutant RBA1 proteins.
Vertical axis: MS intensity (area) of 2',3'-cAMP
produced by mutant protein compared with WT
RBA1 protein (A) and percentage of NAD*
consumed (B). The 2/,3'-cAMP synthetase activity
of WT RBA1 was normalized to 100%. The assays
for 2/,3'-cAMP synthetase and NADase activity of
different RBA1 proteins were performed as
described in Figures 3E and 3F, respectively.
Data are depicted as the average peak intensity
of three independent experiments.

(C) Cell death phenotype of Nb plants transiently
expressing WT and RBAT mutants. Top: cell death
was visually assessed and photographed at
4 days post infection (dpi). The numbers in paren-
theses indicate the numbers of leaves displaying
cell death out of the total number of leaves infil-
trated. The representative images from a single
replicate of three independent experiments are
shown. Bottom left: cell death was quantified by

B NADase

the electrolyte leakage assay at 3 dpi. Colors indi-
cate biological replicates. Significance was calcu-
lated with Tukey’s HSD test (n = 15, o = 0.05;
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ments. Bottom right: protein blots for WT and

RBA1 mutants. Total protein was extracted from

2 dpi leaves and subjected to immunoblot using

the indicated antibodies. Ponceau staining is

w2 3-cAMP shown to indicate loading. The red arrow points
2',3"-cGMP to the expected size of RBA1.

T (D) 2',3'-cAMP levels in N. benthamiana plants ex-
pressing WT and RBAT mutants. The leaf extract
of Nb plants expressing the indicated constructs
was analyzed by LC-MS. Vertical axis: MS inten-
sity of 2/,3'-cAMP of each construct. Significance
was calculated with Tukey’s HSD test (n = 3, a. =
0.05; shared lowercase letters indicate no signifi-
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cant difference). The level of 2/,3'-cAMP in
N. benthamiana expressing EV was normalized
to 1.0. Data are depicted as the average peak in-
tensity of three independent experiments.

(E) AbTIR has NADase but no detectable
2/,3'-cAMP/cGMP synthetase activity. NADase

+RNA

(left), 2/,3'-cAMP/cGMP synthetase activity (right) of L7™" and AbTIR were performed as described in Figures 3F and 3E, respectively. Data are depicted as

the average peak intensity of three independent experiments.
See also Figure S5.

2020), the bacterial TIR protein displayed no nuclease and
synthetase activity (Figures 5E and S5E). These results may
explain why AbTIR has no cell death activity in planta and provide
additional evidence for a critical role of synthetase activity in
TIR-mediated cell death.

2/,3'-cAMP/cGMP PDEs inhibit TIR-mediated cell death

Our results support a crucial role of 2/,3'-cAMP/cGMP in TIR-
mediated cell death. Conceivably, the intracellular homeostasis
of these noncanonical cNMPs has to be maintained in the
absence of biotic or abiotic stress conditions. Although in vivo

substrates of AtNUDT6 and AtNUDT7 remain unknown, the cat-
alytic residue Glu154 is required for AtNUDT7 inhibition of EDS1
signaling (Ge et al., 2007). Therefore, we hypothesized that
AtNUDT?7 acts as a 2/,3'-cAMP/cGMP PDE to negatively regu-
late EDS1-dependent signaling. HPLC analyses showed that
purified AtNUDT7 protein exhibited PDE activity toward
2/,3'-cAMP/cGMP but not 3',5'-cAMP/cGMP (Figures 6A, S6A,
and S6B). Furthermore, the substitution of the catalytic residue
Glu154 with GIn abolished the PDE activity (Figures 6A and
S6A). These results demonstrate that AtNUDT7 acts as a
2',.3'-cAMP/cGMP PDE in vitro. Further supporting this
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conclusion, the AtINUDT7 protein hydrolyzed 2’,3'-cAMP/cGMP
produced by L7™ but had no effect on L7"'"F-mediated degrada-
tion of AtRNA (Figures S6A and S6C).

Next, we investigated if the 2/,3'-cAMP/cGMP PDE activity is
required for AtNUDT?7 inhibition of EDS1 signaling. Supporting
previous data (Bartsch et al., 2006; Ge et al., 2007), Atnudt7
Arabidopsis plants exhibited a stunted growth phenotype
(Figure S6D). Quantification with LC-MS showed that levels of
both 2/,3'-cAMP (Figure 6B, left) and 2',3'-cGMP (Figure S6E,
left) were markedly elevated in the Atnudt7 plants as compared
with those of WT plants, suggesting that the absence of
AtNUDT7 reduces hydrolysis of these cNMPs. Although not sta-
tistically significant, the levels of 2/, 3'-cAMP/cGMP in Atnudt7
eds1 double-mutant plants appear to be higher than those of
WT plants (Figures 6B and S6E), suggesting an EDS1-dependent
and an EDS1-independent role in promoting the production of
these cNMPs. These results support A{NUDT7 as a
2/,3'-cAMP/cGMP PDE in vivo and reinforce our conclusion
that synthetase activity is required for TIR-mediated and
EDS1-dependent signaling.

We next assessed the effect of AtNUDT7 on RBA1-mediated
cell death in Nb. Co-expression with AtNUDT7 strongly
suppressed the cell death activity of RBA71 (Figures 6C, 6D,
and S6F). This suppressing activity of AtNUDT7 was nearly abro-
gated by the catalytic mutation E154Q, indicating that AtNUDT7
inhibition of RBA1-mediated cell death is dependent on
2/,3'-cAMP/cGMP PDE activity. In support of this conclusion,
2/,3'-cAMP/cGMP levels were significantly reduced in Nb ex-
pressing RBA1 and AtNUDT7 compared with Nb expressing
RBA1 and EV (Figures 6B, right and S6E, right). By contrast,
co-expression with 3',5'-cGMP-specific PDE9 (Hanna et al.,
2012) had little effect on RBA1-mediated cell death (Figures
6C, 6D, and S6F). Taken together, these data indicate that At-
NUDT7 suppresses RBA1-mediated cell death by acting as a
2/,3'-cAMP/cGMP PDE.

We then asked whether 2’,3'-cNMP PDEs can generally inhibit
RBA1-mediated cell death. 2',3'-cyclic-nucleotide 3'-PDE
(CNPase) is an animal enzyme that hydrolyzes 2/,3'-cNMPs to
their respective 2'-nucleotides (Myllykoski et al., 2016). The
enzymatic activity of mouse CNPase (nCNPase) was confirmed
by HPLC (Figures 6A and S6A). Like AtNUDT7, mCNPase had no
activity of hydrolyzing 3',5'-cAMP/cGMP in vitro (Figures S6A

¢ CellP’ress

and S6B). Co-expression with mCNPase in Nb greatly compro-
mised RBA1-mediated cell death (Figures 6C, 6D, and S6F).
Similar observations were made with an Arabidopsis 2',3'-cyclic
PDE (AtCPDase) (Figures 6A, 6C, 6D, S6A, S6B, and S6F).

Our data above show that Nudix hydrolases can act as
2',.3'-cAMP/cGMP PDEs to suppress EDS1 signaling. Nudix
hydrolases are present in many pathogens (Dong and Wang,
2016) and some Nudix effectors like Xanthomonas euvesicato-
ria XopQ (Adlung and Bonas, 2017) and Phytophthora sojae
Avr3b (Kong et al., 2015) are critical for pathogen virulence ac-
tivity, suggesting that these two effectors may have
2/,3'-cAMP/cGMP PDE activity. Assays by HPLC showed that
purified XopQ and Avr3b displayed activity to hydrolyze 2',3'-
but not 3',5'-cAMP/cGMP (Figures 6A, S6A, and S6B). Further-
more, co-expression with Avr3b compromised RBA1-mediated
cell death in Nb (Figures 6C, 6D, and S6F). A similar experiment
was not performed for XopQ because the effector is recognized
by the endogenous Nb TNL Roqgl (Schultink et al., 2017).
Nonetheless, these results support pathogen-mediated nega-
tive regulation of 2',3'-cAMP/cGMP-induced signaling by
PDEs. The metabolization of 2/,3'-cAMP/cGMP by XopQ also
provides an explanation for XopQ-mediated inhibition of
EDS1-dependent cell death in Nicotiana species (Adlung and
Bonas, 2017).

Model on the role of 2/,3'-cAMP/cGMP in TIR signaling
Next, we asked whether upregulation of 2/,3'-cAMP/cGMP pro-
motes RBA1 cell death activity. Treatment of Nb plants with
8-Br-2',3'-cAMP, a cell-permeable analog of 2',3’-cAMP, had
no effect on the cell death activity of RBA1, likely because the
analog is unable to mimic all functions of 2/,3'-cAMP in plants
and/or both 2/,3'-cAMP and 2’,3'-cGMP are needed to promote
RBAT1 signaling. We then tested if HopBA1-induced cell death
in Arabidopsis Ag-0 is accompanied by increased levels of
2/,3'-cAMP/cGMP. Supporting a previous study, delivery of
HopBA1 by Pseudomonas fluorescens Pf0-1 in leaves induced
visible cell death in Arabidopsis Ag-0 48 h post infection (hpi)
(Figure S7A). 2/,3'-cAMP/cGMP levels in these plants were higher
than those in EV carrying PfO-1 infiltrated plants (Figure 7A).
Together with previous data (Nishimura et al., 2017), these results
indicate a positive correlation between 2',3'-cAMP/cGMP levels
and RBA1-mediated immune signaling.

Figure 6. 2',3'-cAMP/cGMP PDEs suppress RBA1-mediated cell death

(A) Hydrolysis of 2/,3'-cAMP/cGMP by the indicated proteins. Peaks from the absorbance of the hydrolyzed products of 2',3'-cAMP/cGMP are indicated by red
arrows. Vertical axis: UV absorbance at 260 nm. Data are depicted as a representative chromatograph of three independent experiments.

(B) 2/,3'-cAMP/cGMP PDEs reduce the levels of 2/,3'-cAMP in planta. Left: Atnudt7 displays a higher level of 2/,3'-cAMP than WT plants. Leaf extract of the
indicated 4-week-old Arabidopsis plants was analyzed by LC-MS as described in Figure 5D. The level of 2’,3'-cAMP in Arabidopsis Col-0 was normalized to 1.0.
Right: expression of 2,3'-cAMP/cGMP PDEs reduces the 2/,3'-cAMP levels of Nb plants expressing RBA1. Empty vector (EV) or constructs indicated were co-
expressed with RBAT in Nb plants and leaf extract was analyzed by LC-MS as described in Figure 5D. The level of 2/,3'-cAMP in Nb expressing EV+EV was
normalized to 1.0. For quantification, internal standard 8-Br-2',3’-cAMP was used. Significance was calculated with Tukey’s HSD test (n = 3, o = 0.05; shared
lowercase letters indicate no significant difference). Data are depicted as the average peak intensity of three independent experiments.

(C) Co-expression with AtNUDT7 (top) or other 2’,3'-cAMP/cGMP PDEs (bottom) suppress RBA1-mediated cell death in Nb. EV or indicated constructs were co-
expressed with RBAT in Nb plants. Cell death was visually assessed and photographed at 4 dpi. The assays were performed as described in Figure 5C.
Representative images from a single replicate of three independent experiments are shown.

(D) Electrolyte leakage assay of Nb plants transiently co-expressing RBA7T with various constructs indicated. The assays were performed as described in Fig-
ure 5C. Colors indicate biological replicates. Significance was calculated with Tukey’s HSD test (n = 15, . = 0.05; shared lowercase letters indicate no significant
difference). Data are depicted as the average electrolyte leakage value of three independent experiments.

See also Figure S6.
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Figure 7. Working model of TIR-mediated signaling

(A) 2/,3'-cAMP (top) and 2',3'-cGMP (bottom) levels are enhanced by HopBA1
in Arabidopsis Ag-0 plants. Pf0-1 carrying HopBA1 was infiltrated into Arabi-
dopsis accession Ag-0. Leaf extract was analyzed by LC-MS at 24 hpi (left)
and 36 hpi (right). Significance was calculated with Tukey’s HSD test (n = 3,
a.=0.05; shared lowercase letters indicate no significant difference). The levels
of 2/,3'-cAMP/cGMP extracted from EV carrying PfO-1 infiltrated leaves at
each time point were normalized to 1.0. Data are depicted as the average
peak intensity of three independent experiments.

(B) Model on signaling mechanism of 2/,3'-cAMP/cGMP. In response to
different stimuli, TIR proteins can form oligomers for NADase and 2’,3'-cAMP/
cGMP synthetase activity. Products such as variant of cyclic ADP-ribose
(v-cADPR) from the NADase activity and 2’,3’-cAMP/cGMP might act coop-
eratively to trigger the initiation of EDS1-dependent immune signaling.

See also Figure S7.

Our results suggest that the production of 2/,3'-cNMPs by TIRs
is upstream of EDS1. Unexpectedly, however, expression of
RBAT1 in eds1 mutants of Nb induced no pronounced accumula-
tion of 2/,3’-cAMP/cGMP (Figure S7B). This is consistent with the
observation that 2/,3'-cAMP/cGMP levels in Atnudt7 eds1 plants
were comparable with those of WT Arabidopsis (Figures 6B
and S6E). However, downregulation of these two cNMPs by
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2',3’-cAMP/cGMP PDEs greatly compromised EDS1-dependent
immune signaling in Nb (Figures 6C and 6D). A model reconciling
these data is positive feedback between TIR-catalyzed
2/,3'-cAMP/cGMP and EDS1, which is negatively regulated
by 2/,3'-cAMP/cGMP PDEs (Figure 7B). The model agrees
with the observation that the strength of TIR-mediated HR-like
cell death is strongly correlated with protein levels (Zhang et al.,
2004). Since TIR signaling is activated during PTI (Pruitt et al.,
2021; Roth et al., 2017; Tian et al., 2021), this model may
also explain why PTl activation potentiates HR cell death in trans-
genic Arabidopsis plants expressing AvrRps4 (Ngou et al., 2020)
and flg22 enhances HR-like cell death mediated by AfTN3 in Nb
(Nandety et al., 2013). Thus, 2/,3'-cAMP/cGMP-promoted EDS1
signaling appears to involve a self-amplification mechanism.

DISCUSSION

Enzymes engaging in the specific production of 2/,3'-cNMPs
remained unidentified. Here, we provide evidence that plant
TIR proteins are bifunctional enzymes with both NADase and
synthetase activity. TIR mutants lacking either enzymatic activity
lost their cell death activity, indicating that the dual enzymatic
activity is important for TIR function. Furthermore, downregula-
tion of 2/,3'-cAMP/cGMP levels by 2',3'-cyclic PDEs from
different origins suppressed TIR-mediated cell death;
conversely, upregulation of 2/,3'-cAMP/cGMP in Atnudt7 plants
or the delivery of HopBA1 into RBA1-containing host cells was
associated with cell death. These results collectively support
an important role for the synthetase activity in TIR-mediated
immune signaling. This study not only identified an enzyme fam-
ily for the production of 2/,3'-cNMPs but also established an
essential role for them in mediating EDS1-dependent signaling.

Catalytic mechanism of TIR

Both DNA and RNA were hydrolyzed by TIR proteins to produce
2/,3'-cAMP/cGMP in vitro, but whether DNA, RNA, or both are
substrates of TIR synthetases remains unknown. In vitro, RNA
appears to be a much more favorable substrate. It is rather
surprising that DNA acts as a substrate for 2',3'-cAMP/cGMP
production since it does not have a 2'-hydroxyl group. The
mechanism of TIR-catalyzed 2',3'-cNMPs remains undefined,
but our data (Figures 4B, S1F, and S5A) suggest a two-step
mechanism for their production: RNA/DNA cleavage could result
in the flipping and binding of a nucleotide to the catalytic site of
TIRs for the cyclization reaction. Consistently, a patch of density
in the catalytic pocket of the intermediate state appears to come
from a flipped nucleotide (Figure S2K). This model would explain
why ATP and guanosine triphosphate (GTP) were not substrates
of TIRs to produce 2',3'-cAMP/cGMP (Figure S7C). Thus, plant
TIRs are different from human DNase/RNase endonuclease G
that directly cleaves RNA/DNA for apoptotic cell death (Cregan
et al., 2004). However, we cannot exclude a role of TIR nuclease
activity in other processes than plant cell death.

Mechanism of TIR proteins as bifunctional enzymes

In contrast to canonical bifunctional enzymes that generally
harbor two structural domains with separate catalytic sites
(Moore, 2004), the dual enzymatic activity of TIR proteins is
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encoded by the same structural domain. TIRs form different
oligomers for their NADase and synthetase activities
(Figures 2B and 2D). In addition to the AE and DE interfaces,
RNA/DNA substrates clearly have an important role in forming
TIR oligomers for synthetase activity, because mutations pre-
dicted to disrupt DNA binding activity resulted in the loss of the
enzymatic activity (Figures 3D and 3E).

The formation of the L7""P-dsDNA complex is mediated by
both AE and DE interfaces (Figure 2B), revealing the mecha-
nism underlying the simultaneous requirement of the two inter-
faces for TIR functions (Nishimura et al., 2017; Williams et al.,
2016; Zhang et al., 2017). Although the AE interface is highly
conserved among TIRs, variations exist in the DE interface.
These variations, as seen in the crystal structure of RPP1T'R,
allow no propagation of the DE and AE interfaces to form a fila-
ment-like structure (Zhang et al., 2017). However, the RPP1TR
protein was active in producing 2',3'-cAMP/cGMP albeit with
lower activity (Figure S7D), suggesting that filament formation
is not absolutely required for the synthetase activity. This can
be explained by the observation that a L7"'" tetramer mediated
by the AE and DE interfaces is sufficient for binding one com-
plete turn of dsDNA/dsRNA (Figure 3A). The tetramer is incom-
patible with the tetrameric TIR that is important for the NADase
activity (Ma et al., 2020; Martin et al., 2020), suggesting that
synthetase and NADase activity are exclusive in a given oligo-
meric TIR. Consistent with this conclusion, the L7™R-dsDNA
complex had little NADase activity (Figure 2D). NADase activity
of TIR domain proteins from different kingdoms has been
demonstrated (Essuman et al., 2018; Horsefield et al., 2019;
Wan et al., 2019; Ofir et al., 2021). Our data with AbTIR could
be a hint that TIR synthetase activity did not evolve universally
in all kingdoms.

2/,3'-cNMPs-promoted self-amplification of EDS1
signaling

Both synthetase and NADase activities are essential for RBA1-
mediated HR cell death in Nb but whether and how the two
activities interact remain unknown. Triggering initiation of TIR
immune signaling may require the dual enzymatic activity. Once
initiated, TIR signaling can promote the production of2’,3'-cNMPs,
which in turn further amplify TIR signaling. Initiation of EDS1
signaling may cause alterations, for example, in structures and/
or stability of DNA/RNA, which allow a TIR protein to access the
otherwise poor substrates. This model agrees with the observa-
tions that some TNLs require nuclear localization (Wirthmueller
et al., 2007; Zhu et al., 2010) for function and NLR activation in-
duces EDS1-dependent DNA damage (Rodriguez et al., 2018).
Furthermore, cytosolic or membrane localization has been re-
ported for other TIRs (Nandety et al., 2013; Roth et al., 2017; Nishi-
mura et al., 2017). Thus, different cellular localization may enable
TIRs to guard the integrity of RNA/DNA. This would provide an
explanation of how TIR-only proteins sense the presence of path-
ogen effectors despite the lack of the pathogen-sensing leucine-
rich repeat (LRR) as demonstrated in both CNLs and TNLs (Ma
et al., 2020; Martin et al., 2020). Clearly, more studies, including
the identification of predicted 2',3'-cAMP/cGMP receptors, are
needed to unveil the signaling mechanism of these noncanonical
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cNMPs. These studies may also aid to determine whether these
cNMPs act as second messengers or not.

Negative regulation of 2',3'-cAMP/cGMP levels

Although several small molecules were shown to be substrates
of AtNUDTY7 in vitro, changes in their levels were not detected
in Atnudt7 mutant plants (Ge et al., 2007). Accumulation of
2',3'-cAMP (Figure 6B, left) and 2',3'-cGMP (Figure SE6E, left)
were strongly enhanced in Atnudt7 leaves, supporting the
role of these two cNMPs in immune signaling. However, the
phenotypes of Atnudt7-1 plants are largely abolished under con-
ditions of reduced stress (Straus et al., 2010), suggesting that
2',3'-cNMPs alone are insufficient for EDS1 activation. This is
consistent with the idea that both 2',3'-cNMP synthetase and
NADase activities are required for TIR-mediated signaling.
Notably, the Nudix effector XopQ and Avr3b also exhibited
2/,3'- but not 3',5'-cAMP/cGMP PDE activity in vitro, with the
latter effector suppressing RBA1-mediated cell death in Nb
(Figures 6C and 6D). These results suggest that pathogens
have evolved strategies for targeting 2',3'-cAMP/cGMP-induced
signaling to defeat plant immunity.

Nudix hydrolases belong to a highly conserved family of
enzymes across all organisms and have broad substrate speci-
ficities (McLennan, 2006). Our finding that AINUDT7, XopQ, and
Avr3b act as 2/,3'-cAMP/cGMP PDEs opens opportunities for in-
vestigations of this enzyme family and the two noncanonical
cNMPs beyond plants. In addition to Nudix hydrolases, plant
2',3'-AMP/cGMP PDEs were also found in Triticum aestivum
germ and shown to possess the ability to hydrolyze 2',3'-cNMPs
into 2’-NMPs (Tyc et al., 1987). Two homologs of this group of
PDEs are present in Arabidopsis. Biochemical data showed
that At4g18930 has similar enzymatic activity (Genschik et al.,
1997). It will be of interest to know whether these non-Nudix
2/,3'-cAMP/cGMP PDEs have a role in regulating EDS1-depen-
dent signaling. Given the diversity of TIR and Nudix hydrolase-
encoding gene families in plant genomes, the accumulation of
these non-canonical cNMPs might be differentially regulated in
other plant organs and tissues.

Multiple potential functions of 2/,3'-cAMP/cGMP

The accumulation of RBA1 is induced by HopBA1 and broadly
correlated with HR cell death triggered by canonical NLRs
(Nishimura et al., 2017), including the role of RBA1 in immune
signaling mediated by the CNL ZAR1 (Martel et al., 2020). Consis-
tent with a contribution of TIRs in CNL-mediated ETI, more recent
datarevealed adirect functional link between AtTN13 and RPS5in
Arabidopsis (Cai et al., 2021). These results agree with gene
expression profiling analysis revealing biotic stress-induced
expression of TIR-only and TN genes (Nandety et al., 2013). In
addition to ETI, accumulating evidence supports the role of TIR
signaling in PTI responses (Pruitt et al., 2021; Roth et al., 2017;
Tian et al., 2021). Consistently, EDS1-dependent signaling is
required for basal resistance to virulent pathogens (Bonardi
et al.,, 2011; Rietz et al., 2011). These results suggest a broad
role for TIR signaling in ETI and PTI responses. The role of
2/,3'-cAMP/cGMP in plant abiotic stresses was supported by
recentdata (Van Dammeetal.,2014; Kosmaczetal.,2018). More-
over, 2/,3'-cAMP mediates SG formation (Kosmacz et al., 2018),
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which mimics the abiotic response in Arabidopsis (Chodasiewicz
et al., 2022). Interestingly, AINUDT?7 is one of the most induced
genes in response to 2/,3'-cAMP (Chodasiewicz et al., 2022).
AtNUDTY7 transcripts are responsive to numerous abiotic and bi-
otic stress conditions (Straus et al., 2010), suggesting a broad role
for AtNUDT7 and possibly 2/,3'-cAMP/cGMP in the regulation of
plant stress responses. However, it remains unknown whether
TIR signaling is directly involved in abiotic stress responses
induced by 2’,3'-cAMP in plants. Future investigations are needed
to determine whether and how 2’,3’-cNMPs are involved in the
interplay between PTI and ETI, TNL- and CNL-triggered, and
abiotic/biotic stress responses. Answering these questions may
provide new signaling paradigms for stress biology.

Limitations of the study

In this study, we show that plant TIR proteins act as synthe-
tases with RNA/DNA serving as substrates and provide evi-
dence for the role of the two noncanonical cNMPs in TIR-medi-
ated cell death. Thus, TIR proteins are bifunctional enzymes
with NADase and 2/,3'-cAMP/cGMP synthetase activities. We
propose that products such as the previously identified
v-cADPR from the NADase activity and 2’,3'-cAMP/cGMP act
cooperatively to trigger the initiation of TIR-dependent immune
signaling, but the underlying mechanism remains unknown. In
the future, identification and characterization of 2/,3'-cAMP/
cGMP targets will reveal whether the two mutually exclusive
TIR enzyme activities converge on the same or act on different
host targets. Finally, chemical synthesis of the cell-permeable
prodrug analogs that can be hydrolyzed to 2',3'-cAMP/cGMP
in plant cells will be useful to provide further evidence for their
biological function and to explore a broader role of these
cNMPs in plant stress biology.
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Materials availability
Constructs and reagents in this study will be made available upon request, but a completed Materials Transfer Agreement may be
required if there is potential for commercial application.

Data and code availability

The structures of the L7""P-dsDNA initial state complex, intermediate state complex and end state complex were deposited in the
Protein Data Bank (PDB) with PDB code: 7X5K, 7X5L, 7X5M, respectively. In the end state complex, a 2’,3’-cAMP bound L7™"? pro-
tomer was deposited in PDB with PDB code: 7VU8. This paper does not report original code. Any additional information required to
reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacteria strain

Bacteria strain Escherichia coli BL21 (DE3) was used in this work for protein purification. Bacteria were cultured in LB medium
(CarlRoth) at 37°C until ODggq reached 0.6, protein expression was induced by addition of 0.8 mM Isopropyl-B-D-thiogalactoside
(IPTG) at 18°C for 16 h with 180 rpm in shaking incubator (MaxQ 6000, Thermo Scientific).

Insect cell line

Insect cell strain Spodoptera frugiperda (Sf21) was used in this work for protein purification. Cells were cultured in Sf-900 Il SFM me-
dium (Gibco) at 28°C with 120 rpm in shaking incubator (Innova 44, Eppendorf). Baculovirus infected cells were cultured at 28°C with
120 rpm for 48 h.

Plant materials

Arabidopsis thaliana accession Ag-0, Col-0 and Nicotiana benthamiana were used in this work. The N. benthamiana quadruple
mutant epss (eds1, pad4, sag101a, sag101b), Arabidopsis single mutant Atnudt7 and double mutant Atnudt7 eds1 were described
previously (Lapin et al.,2019; Straus et al., 2010). All plants were grown on soil in walk-in growth chambers, the greenhouse, the Max
Planck Institute for Plant Breeding Research, Cologne.

METHOD DETAILS

Recombinant protein expression and purification

TXO0 (At1g57630, residues 1-172) was cloned into pMAL C2X vector and expressed in E. coli as MBP-fusion protein with an additional
C-terminal GST tag, TX7 (At1g57850, residues 1-192), AbTIR (residues 1-269), L6™ (residues 26-231) and L7"'" (residues 26-231)
were cloned into pMAL C2X vector and expressed in E. coli as MBP-fusion proteins with additional C-terminal 6 X His tags. The
constructs were transformed into the E. coli strain BL21 (DE3) (Novagen) at 42°C with 90 s heat shock and the cell cultures were
grown at 37°C to ODggq of 0.6. Isopropyl--D-thiogalactoside (IPTG, Sigma) was added to induce protein expression at 18°C for
16 h. The E. coli cells were harvested and lysed by sonification in buffer containing 25 mM Tris-HCI at pH 8.0, 150 mM NaCl, and
15 mM imidazole. The cell lysates were centrifuged at 30,000 g for 1.5 h. The supernatant containing soluble proteins was collected
and allowed to flow through Ni-NTA resin (GE Healthcare). After washing with three column volumes of sonification buffer, the fusion
proteins were eluted in the buffer containing 25 mM Tris-HCl at pH 8.0, 150 mM NacCl, and 150 mM imidazole. For TX0 and TX7, tags
could not be completely removed by PreScission protease. Arabidopsis NUDT7 (residues 1-322), NUDT75'%4Q (residues 1-322),
Phytophthora sojae Avr3bP%*®7 (residues 19-314), Xanthomonas euvesicatoria XopQ (residues 85-465), mouse CNPaset
(mMCNPase1, residues 161-380) and Arabidopsis CPDase (AtCPDase, residues 1-181) were cloned into pGEX6p-1 vector and
expressed in E. coli as N-terminal GST-fused proteins. The same protocol as described above was used for E. coli culturing. The
E. coli cells were harvested and lysed by sonification in buffer containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl. The cell lysates
were centrifuged at 30,000 g for 1.5 h. The supernatant containing soluble proteins were collected and allowed to flow through
GST4B resin (GE Healthcare). After washing with three column volumes of sonification buffer, the fusion proteins were incubated
with PreScission at 4°C overnight to remove the N-terminal GST tag and the digested proteins flowed through the columns in the
buffer containing 25 mM Tris-HCI pH 8.0, and 150 mM NaCl. WT RBA1 (residues 1-363) and RBA1 mutant proteins were
cloned into the pFastBac 1 vector (Invitrogen) with an N-terminal SUMO-6xHis tag. The constructs were used for generating
recombinant baculovirus in Sf21 insect cells (Invitrogen). RBA1 and RBA1 mutant proteins were expressed in Sf21 insect cells
with recombinant baculovirus infection at 28 °C for 48 h. The infected cells were harvested and lysed by sonification in buffer
containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl, and 15 mM imidazole. The cell lysates were centrifuged at 30,000 g for 1.5 h.
The supernatant containing soluble proteins were collected and allowed to flow through Ni-NTA resin. After washing with three col-
umn volumes of sonification buffer, the fusion proteins were incubated with PreScission protease at 4°C overnight to remove the
N-terminal SUMO-6 xHis tag and the digested proteins flowed through the columns in the buffer containing 25 mM Tris-HCI pH
8.0, and 150 mM NaCl.
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In vitro NADase assay

Purified WT and mutant L7™® proteins (20 uM), AbTIR (20 M), WT RBA1 and mutant proteins (10 M) were used for NADase assays.
Proteins were individually incubated with 100 uM NAD" (final concentration) and 10 mM MgCl, in buffer containing 100 mM NaCl,
25 mM Tris-HCI pH 8.0. The total volume for each reaction was 100 ul. Reactions were performed in a thermoshaker (CellMedia)
at 25°C for 16 h. After reaction, samples were centrifuged and immediately applied for high-performance liquid chromatography
(HPLC) analysis.

HPLC was performed on an Agilent 1260 bioinert HPLC system using a Synergi Fusion-RP 80 A (4.6 x 150 mm, 4 um) (Phenom-
enex) column. The samples were measured via an 8-min method. Samples (10 pul) were injected at 550 pl/min with ammonium formate
(5mM) in water and methanol used as mobile phases A and B, respectively. The elution profile was as follows: 0 to 3 min, 10to 70% B;
3 to 6 min, 70% B; 6 to 6.1 min, 70 to 10% B; 6.1 to 8 min, 10% B. The autosampler temperature was maintained at 4°C and the
column temperature at 25°C. UV signals were detected at 260 nm. Reference standards were used to determine respective retention
times. The integrations of peak area were used to calculate relative concentrations.

Site-directed mutagenesis
AtNUDT7E"%4Q construct was introduced using overlap extension PCR. All other mutations of the constructs used for in vitro and
in vivo assays were introduced using a Q5 site-directed mutagenesis kit (NEB). All constructs were verified by DNA sequencing.

In vitro nuclease activity assay
Arabidopsis genomic DNA, Arabidopsis total RNA, PCR product and plasmid (100 ng for each) were individually incubated with
purified RBA1 and RBA1 mutant proteins (200 nM for each), TX0, TX7, AbTIR, L7™ and L7 mutant proteins (1 uM for each) in
the buffer containing 25 mM Tris-HCI pH 8.0 and 150 mM NaCl at 25°C for 16 h if not mentioned otherwise. After reaction, the prod-
ucts were mixed with DNA loading buffer and visualized by agarose gel electrophoresis. Reaction products were visualized 6 h after
reaction when RNA was used as substrate.

Nuclease activity was further measured by DNase | Assay Kit (Fluorometric, Abcam) with a fluorescent DNA probe as the substrate.
The purified TIR proteins (5 uM) individually were incubated with the fluorescent DNA probe (25 uM, Abcam). The samples were
measured by microplate reader SynergyH1 (BioTek) with excitation/emission 646/686 nm fluorescence.

In vitro 2',3'-cNMP PDE activity assay

Purified AtNUDT7, AtNUDT7E"%4?, Avr3b, XopQ, mCNPase and AtCPDase (2 pM for each) were used for 2/,3'-cAMP/cGMP PDE
assay. Proteins were individually incubated with 100 puM 2',3'-cAMP, 2’,3'-cAMP cGMP, 3',5'-cAMP or 3',5'-cGMP (final concentra-
tion) and 10 mM MgCl, in buffer containing 100 mM NaCl, 25 mM Tris-HCI pH 8.0. The total volume for each reaction was 50 pl.
Reactions were performed in a thermoshaker (CellMedia) at 25°C for 16 h. After reaction, samples were centrifuged and immediately
applied for high-performance liquid chromatography (HPLC) analysis.

Production and detection of 2',3'-cNMP in vitro

The purified RBA1 and RBA1 mutant proteins (5 uM for each), TX0, TX7 AbTIR, L7™F and L7™® mutant proteins (1 pM for each) were
incubated with 100 ng Arabidopsis genomic DNA or Arabidopsis total RNA in the buffer containing 25 mM Tris-HCI pH 8.0 and
150 mM NaCl. 2.5 pL of RNase T1 (Thermo Scientific) or DNase | (Jena Bioscience) was incubated with 100 ng Arabidopsis total
RNA or gDNA. The total volume for each reaction was 100 pl. After incubation at 25°C for 16 h, the samples were centrifuged at
12,000 g for 10 min, and the supernatant was applied to LC-MS/MS for metabolite identification and quantification.

Negative-stain electron microscopy

For quality examination and overall structure analysis, TX0, RBA1, L6™%, L7™® and MBP tagged L7""" were subjected to Superose 6
10/300 gel filtration column (GE Healthcare). Fractions eluted at void volume were collected. 3 pl of each protein (0.1mg/ml) was
applied to formvar carbon grids glow-discharged for 45 s at high level in Harrick Plasma after 2 min evacuation. The sample stayed
on grid for 1 min at room temperature and dried by touching the edge of a filter paper. 3 1l 2% uranyl acetate was then applied to the
grid for 45 s. The excess stain was removed. Grids were dried at room temperature for 2 min. Samples were imaged using Hitachi
H-7650 120 kV transmission electron microscope (TEM) and images were recorded with an AMT XR-41 camera.

Cryo-EM sample preparation and data collection

For structure determination, MBP tagged L7"'F was incubated with PreScission protease at 4°C or 22°C for 12 h to remove the MBP
tag. The L7™" protein was further purified by size-exclusion chromatography using Superose6 10/300 gel filtration column in
buffer containing 10 mM Tris-HCI pH 8.0, 100 mM NaCl. 2.5 ul L7™® protein (1mg/ml) was applied to holey carbon grids (Quantifoil
Cu 1.2/1.3, 300 mesh) glow-discharged for 30 s at high level in Harrick Plasma after 2 min evacuation. Grids were then blotted on filter
paper (Ted Pella Inc.) for 3 s at 4°C with 100% humidity and plunge-frozen in liquid ethane using FEI Vitrobot Marked IV. Several other
conditions were tested with the hope to capture intermediate states, MBP-L7™'" samples were cleaved by PreScission protease at
room temperature (22°C) for 4 h, then further purified and blotted following similar protocol.
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Two datasets of the L7 filaments were collected: 4°C processed dataset on a Titan Krios2 electron microscope operated at
300 kV, equipped with Gatan K2 Summit direct electron detector and a Gatan Quantum energy filter, and the 22°C processed dataset
on Titan Krios2 with Gatan K3 detector later on.

Cryo-EM data processing

Processing of the cryo-EM data followed a previous workflow used for reconstructing thin flexible helical complexes (Gong et al.,
2021). Firstly, Motion Correction and CTF determination were carried out using corresponding modules in RELION. An in-house
picking script designed specifically for filament picking was then used to select end-to-end filament coordinates (https://github.
com/Alexu0/Cryo-EM-filament-picker). After segment extraction, coordinates and raw images were imported to cryoSPARC for
binned 2D classification. Then selected particle coordinates were transferred back to RELION for helical 2D and 3D classification,
3D helical refinement, and final refinement and masked polishing.

In preliminary non-helical 2D analysis, 150 A appeared to be the basic repeat unit of the physical rise after rotating the filament by
either 180° or 360°. In addition, it appeared that there was a smaller helical unit around 35 A. Then we exhausted and tested all the
potential combinations of helical parameters that fit with these two observations. The preliminary helical parameter hits emerged to
be +/-43°, and 34 A. After iterative 3D classification and optimization, it turned out that the initial state Complex had helical
parameters of 159.2°, 16.56 A (mathematically equivalent to -41.6°, 33.12 A). The intermediate state complex was -48.6°,
33.51 A. The end state complex was -49.3°, 33.43 A. Based on Gold Standard FSC = 0.143 measurement, the initial complex,
intermediate complex and the end state complex maps were refined to the resolution of 3.4 A, 3.5 A and 3.0 A, respectively.

Model building

Previous TIR domain crystal structure was used as initial model. Model refinement was achieved by fitting PDB 600W into a single
TIR domain density of the end state complex (PDB code: 7VU8). Phenix real space refinement module was used to optimize the
model fitting. Final model to density FSC (0.143) =2.95 A, while mask to density CC values (CC-mask, volume, peak, box) were within
the range of 0.718 to 0.791. An extra blob of density was identified inside the nucleotide binding pocket. Extensive small molecule
docking identified 2’,3’-cAMP as the best fit to accommodate this extra density. 16 refined L7™'" models were docked into initial state
complex, and the remaining dsDNA like density was fitted with 43 bp A-form dsDNA (PDB code: 7X5K), model generated by Chimera.
For every 11bp DNA, there was 2-3 base pairs found to be stretched, and possessing high slide and twist values, after Phenix real
space optimization of the model fitting. This 43bp-16 TIR model was used to analyze how TIR domains oligomerize and cooperatively
recognize nucleic acids. From several intermediate state complex structures, one representative density, which showed all double
stranded region hydrolyzed down to 3 remaining base pair, was selected for model building. Using Coot and Chimera, nucleotides
were manually added in to best represent the density. A detailed four L7™'F model with the bound nucleic acids was built (PDB code:
7X5L), with the aim of analyzing the nucleic acid-TIR interface during the progressive hydrolysis.

Two L7™® models together, with the bound single stranded DNA, was docked into the end state complex map to determine the
complex conformation at the end of nucleic acid hydrolysis (PDB code: 7X5M). Nucleotides were manually docked in, using Coot
and Chimeraand later optimized using Phenix real space refinement. This model highlighted additional TIR-TIR interactions and
how the residual single stranded nucleic acids remaining associated with TIR after many nucleotides were cleaved and removed.
At this conformation, the 2’,3'-cNMP density inside the TIR domain was most obvious among all complexes.

Protein expression in N. benthamiana and western blot analysis

For N. benthamiana transient expression, RBAT (residues 1-363), AtNUDT7 (residues 1-322), PDE9 (residues 1-533), mCNPase1
(residues 161-380), AtCPDase (residues 1-181), Avr3b (residues 19-314), were cloned into the pENTR/D-TOPO vector (Thermo
Fisher Scientific, K240020). The obtained pENTR/D-TOPO RBA1 and RBA1 mutant plasmids were LR-recombined into pXCSG vec-
tors with a C-terminal MYC tag. AtNUDT7 and PDE9 were cloned into pEGAD vectors with a C-terminal GFP tag by ligation and the
obtained pENTR/D-TOPO mCNPase1, AtCPDase, Avr3b plasmids were LR-recombined into pXCSG vectors with a C-terminal
3xHA tag. All the constructs were verified by DNA sequencing. Generated constructs were transformed into Agrobacterium
tumefaciens (Rhizobium radiobacter) GV3101 pMP90RK via electroporation.

RBAT1 and RBA1 mutants were expressed in leaves of four weeks old N. benthamiana plants using agrobacteria-mediated transient
expression assays in the presence of the P19 suppressor of RNAi silencing. The final ODgqg for each strain was set to 0.8. For co-
infiltration, agrobacteria carrying TIR and hydrolases expression constructs were mixed at 1:1 ratio. TIRs mixed with the EV were
applied as a negative control to rule out the possibility that high titer of agrobacteria would affect infection efficiency. To detect
RBA1, RBA1 mutants and the co-infiltrated AtNUDT7, AINUDT75%4? and PDE9 protein expression, N. benthamiana leaves were
collected at 2 dpi, snap-frozen in liquid nitrogen, and ground to fine powder. The powder (~100 pl in a tube) was resuspended in
100 pl of urea-SDS sample buffer [50 mM Tris-HCI pH 6.8, 2% SDS, 8 M urea, 2% B-mercaptoethanol, 5% glycerol, protease inhibitor
cocktail (Roche), and 0.004% Bromophenol Blue] and vortexed for 10 min at room temperature. No boiling step was included. After
centrifugation at 16,000 g for 10 min, 10 ul of the supernatant was loaded onto 8% SDS-PAGE and proteins were blotted onto a PVDF
membrane.

To detect co-infiltrated mCNPase, AtCPDase and Avr3b proteins expression, 300 mg N. benthamiana leaves were collected at
2 dpi and snap-frozen in liquid nitrogen. All further steps were performed at 4°C if not mentioned otherwise. Tissue samples were
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ground to fine powder and resuspended in 1 ml of IP buffer [100mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mM EGTA,
5% (v/v) glycerol, 1% Triton, 2% (w/v) PVPP, 10mM Dithiothreitol (DTT) 2% (v/v), protease inhibitor cocktail (Roche), 0.5 mM
PMSF] and incubated for 1 h with gentle rotation. Debris was removed by centrifugation at 21,000 g for 15 min. Immunoprecipitations
were performed with 5 pl rabbit polyclonal anti-HA antibody (Abcam 9110) coupled to 50 ul bed volume Protein A agarose (Roche) per
sample. After 4 h of incubation under constant rotation, beads were washed 5 times in 1 mL IP buffer (without PVPP) and eluted by
boiling in 100 pL of 2x Laemmli sample buffer for 10 min at 95°C. 10 pul was loaded onto 10% SDS-PAGE and proteins were blotted
onto a PVDF membrane.

Immunoblot assays were performed using monoclonal rat anti-HA antibody (Sigma Aldrich, 11867423001), mouse anti-Myc anti-
body (ThermoScientific R950-25), and rabbit anti-GFP antibody (Chromtek.pabg1-100) diluted 1:3000 in 1x TBS, 0.1% Tween-20
with 5% non-fat milk powder. Proteins were detected with a Gel Doc XR+ Gel Documentation System by using ECL SuperSignal
West Femto Maximum Sensitivity Substrate and ECL Western Blotting substrate (Thermo Scientific) in a ratio of 2:1.

Cell death quantification in N. benthamiana

RBAT1 and RBA1 mutants and combinations with 2/,3'-cAMP/cGMP hydrolase AtNUDT7, PDE9, mCNPase, AtCPDase and Avr3b
were transiently expressed in N. benthamiana as described above and three individual agrobacteria-infiltrated leaf zones were
used for electrolyte leakage assays. Five 8-mm leaf discs from N. benthamiana agroinfiltrated leaves were taken at 3 dpi, washed
in 10 to 20 mL of milliQ water (18.2 MQ*cm, mQ) for 30 to 60 min, transferred to a 24-well plate with 1 mL mQ in each well, and
incubated at room temperature. Electrolyte leakage was measured at 0 and 6 h with a conductometer Horiba Twin Model B-173.
Statistical analysis was performed on conductivity data via Tukey’s HSD (honestly significant difference) test (a=0.05). Images of
agrobacteria-infiltrated leaf spots were taken at 4 -5 dpi.

HopBA delivery assay

Cloning of the HopBA1 effector into bacterial type Il secretion vector pCK014 to mobilize into the Pseudomonas fluorescens strain
Pf0-1was performed as described (Gantner et al., 2018). Overnight grown Pf0-1 carrying HopBA-1 or EV bacteria were resuspended
in 10 mM MgCl, to ODgqg of 0.2 and infiltrated with a needleless syringe into rosette leaves of 5-6 weeks old Arabidopsis Ag-0 plants
before noon. 3 infiltrated leaves were harvested from each pot, leaves from 3 pots were harvested and snap-frozen at 24 or 36 hpi for
2',3'-cAMP/cGMP detection. Images of infiltrated leaves were taken at 48 hpi.

In vivo 2',3'-cNMP extraction and detection

2',3'-cNMP were extracted from N. benthamiana or Arabidopsis as described (Van Damme et al., 2014). For WT and RBA1 mutants
infiltrated or RBA1-hydrolase co-infiltrated N. benthamina leaves, 3 individual infiltrated zones were harvested and snap-frozen at 3
dpi. For 4 weeks old Col-0 and Atnudt7 eds1 Arabidopsis, 3 leaves were harvested from each pot; for 4 weeks old Atnudt7 leaves, due
to the dwarf phenotype, 2 leaves were harvested from each pot. Leaves from 4 pots were harvested and snap-frozen. Frozen plant
leaves were homogenized manually with a precooled mortar and pestle with liquid nitrogen. 100 (+5) mg ground tissue was
transferred to precooled 2 ml. Eppendorf tubes. 600 pl 4% acetic acid with 20 ul 1mM phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX, Sigma) and 0.6 ul 1mM spike control 8-Br-2',3'-cAMP (BioLog) were added to per 100 mg sample. The
samples were vortexed for 2 min and subsequently centrifuged for 9 min at 9000 g. The supernatant was transferred into new
precooled tubes. 800 pl chloroform was added to each tube. The tubes were gently inverted 6 times and then centrifuged at 6000
g for 6 min. Aqueous phase were collected and extracted again by chloroform. The samples were dried at 30°C in speed vacuum
concentrator and reconstituted in 50 pl of water and vortexed for 1 min. The samples were centrifuged 12,000 g for 10 min, and
the supernatant was applied to the LC-MS/MS for metabolite identification and quantification.

Metabolite measurement by LC-MS/MS

Chromatography was performed on a Nexera XR 40 series HPLC (Shimadzu) using a Synergi 4 uM Fusion-RP 80 A150%2mm column
(Phenomenex). The column temperature was maintained at 40°C and the sample tray at 4°C. Samples (10 pl) were injected at a flow
rate of 0.2 ml/min using 10 mM ammonium formate at pH 4.2 and methanol as mobile phases A and B, respectively. Metabolites were
eluted using the profile 0-8 min, 8-90% B; 8-10 min, 90% B; 10-10.1 min 90-8% B; 10.1-20 min, 8% B. The LCMS-8060 triple quad-
rupole mass spectrometer with electro spray ionization (Shimadzu) was operated in positive mode. Scheduled multiple reaction
monitoring (MRM) was used to monitor analyte parent ion to product ion formation. MRM conditions were optimized using authentic
standard chemicals including: 2',3'-cAMP ([M+H]* 330.00>136.20, 330.00>99.15, 330.00>119.15), 2/,3'-cGMP ([M+H]*
346.00>152.15, 346.00 >135.20, 346.00>110.15), 2/,3'-cCMP ([M+H]* 306.00>112.15, 306.00>95.20, 306.00>178.20), 2',3'-cUMP
((M+H]* 307.00>113.15, 307.00>195.10, 307.00>136.15), 8-Br-2/,3'-cAMP ([M+H]* 407.90 >214.00, 407.90>99.20,
407.90>69.25), 3,5-cAMP (IM+H]* 329.80>135.95, 329.80>311.90, 329.80>96.95), 3',5-cGMP ([M+H]* 345.90>151.95,
345.90>135.05, 345.90>110.20), 3',5-cCMP ([M+H]* 306.00>112.20, 306.00>95.20, 306.00>69.20), 3',5'-cUMP ([M+H]*
307.00>97.15, 307.00>148.15, 307.00>113.15). Both Q1 and Q3 quadrupoles were maintained in unit resolution. LabSolutions
LCMS v5.97 software was used for data acquisition and LabSolutions Postrun for processing (both Shimadzu). Metabolites were
quantified by scheduled MRM peak integration using external calibration curves of standard chemicals.
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Abstract

Nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs) in plants can
detect avirulence (AVR) effectors of pathogenic microbes. The Mildew locus a (Mla) NLR
gene has been shown to confer resistance against diverse fungal pathogens in cereal
crops. In barley, Mla has undergone allelic diversification in the host population and confers
isolate-specific immunity against the powdery mildew-causing fungal pathogen Blumeria
graminis forma specialis hordei (Bgh). We previously isolated the Bgh effectors AVRa;,
AVRa7, AVRag, AVRAa13, and allelic AVRa1o/AVRAa22, Which are recognized by matching
MLA1, MLA7, MLA9, MLA13, MLA10 and MLA22, respectively. Here, we extend our knowl-
edge of the Bgh effector repertoire by isolating the AVR ¢ effector, which belongs to the fam-
ily of catalytically inactive RNase-Like Proteins expressed in Haustoria (RALPHS). Using
structural prediction, we also identified RNase-like folds in AVRa1, AVRA7, AVRA10/AVR A2,
and AVRa13, suggesting that allelic MLA recognition specificities could detect structurally
related avirulence effectors. To better understand the mechanism underlying the recognition
of effectors by MLAs, we deployed chimeric MLA1 and MLABG, as well as chimeric MLA10
and MLA22 receptors in plant co-expression assays, which showed that the recognition
specificity for AVRa1 and AVR a6 as well as allelic AVRa10 and AVRaxs is largely determined
by the receptors’ C-terminal leucine-rich repeats (LRRs). The design of avirulence effector
hybrids allowed us to identify four specific AVR a1 and five specific AVRa2o aa residues that
are necessary to confer MLA10- and MLA22-specific recognition, respectively. This sug-
gests that the MLA LRR mediates isolate-specific recognition of structurally related AVRA
effectors. Thus, functional diversification of multi-allelic MLA receptors may be driven by a
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common structural effector scaffold, which could be facilitated by proliferation of the RALPH
effector family in the pathogen genome.

Author summary

Barley powdery mildew caused by the fungus Blumeria graminis forma specialis hordei
(Bgh) can result in annual yield losses of 15% of this cereal crop. Bgh promotes virulence
in plants through the secretion of diverse effector molecules, small proteins of which a
subset enters into and modifies the immune status and physiology of the host leaf. In
response, the host has evolved a multitude of disease resistance genes. The Mildew locus a
(Mla) resistance gene stands out because diversification in the host population has gener-
ated numerous Mia variants encoding multi-domain receptors, each of which can directly
recognize an isolate-specific Bgh effector, designated as avirulence (AVR,) effectors. Rec-
ognition of AVR, effectors by MLA triggers plant immune responses, a phenomenon
known as isolate-specific resistance, which invariably results in localized host cell death.
Here, we identify the powdery mildew effector AVR ¢ and validate its specific interaction
with its matching receptor MLA6. Furthermore, through the use of hybrid receptors con-
structed from MLA1 and MLAG6 as well as MLA10 and MLA22 receptors, we provide
insights into the specific domains and amino acid residues generally important for AVR 4
recognition by MLA receptors. We find that sequence variation in the leucine-rich repeats
(LRRs) of multi-allelic MLA receptors determines specific recognition of AVR, effectors.
These effectors are sequence-unrelated, but our analysis indicates that they may be struc-
turally related. This data may assist in the future generation of synthetic immune recep-
tors with pre-defined recognition specificities.

Introduction

Plants have evolved sophisticated innate immune systems to protect themselves against coloni-
zation by pathogenic microbes [1,2]. At the population level, a host-adapted pathogenic species
is comprised of numerous isolates/races with distinctive genetic blueprints which determine
their infection phenotypes on individual accessions (genotypes) of a plant host population. In
isolate-specific resistance, individual host accessions often mount a hypersensitive immune
response against a subset of pathogenic isolates [3,4]. Isolate-specific resistance is mediated by
genetic interactions between plant host resistance (R) genes and matching pathogen avirulence
(AVR) effector genes (gene-for-gene model) [5]. Plant R genes often encode intracellular
nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs) [6]. These recep-
tors have a characteristic modular domain architecture, consisting of a variable N-terminal
Coiled-Coil (CC), Toll-Interleukin (TIR) domain or HeLo domain (named after the fungal
HET-S and LOPB proteins), a central NB-ARC (nucleotide-binding adaptor shared by APAF-
1, certain R gene products, and CED-4) domain, and C-terminal leucine-rich repeats (LRRs)
[7,8]. The LRRs often constitute a determinant for specific pathogen recognition. NLRs can
detect AVRs by direct interaction [9-11], a receptor-integrated decoy [12], or indirectly
detecting effector-mediated alterations of a host target [13]. Upon AVR recognition by NLRs,
alocalized host cell death is typically, but not invariably, associated with receptor-mediated
immunity.
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Here, we study the NLR gene Mildew locus a (Mla), which has the capacity to confer isolate-
specific resistance against both biotrophic basidiomycete and ascomycete fungal pathogens in
closely related host cereal species, including wheat and barley. The barley Mla locus contains a
cluster of NLR genes and is orthologous to the Stem Rust (Sr) resistance loci Sr33 and Sr50 in
wheat, which confer immunity against specific isolates of the barley powdery mildew Blumeria
graminis £. sp. hordei (Bgh) and against the wheat rust pathogen Puccinia graminis f. sp. tritici
(Pgt), respectively [14-16]. Bgh and Pgt are filamentous eukaryotic pathogens that belong to
different phyla and diverged from each other approximately 500-650 million years ago [17].
Furthermore, Resistance to Magnaporthe oryzae (RMol) confers immunity to the rice blast
pathogen in barley, and also maps to the barley Mla locus [18].

In barley, the Mla gene has undergone tremendous diversification into over 30 different
allelic resistance specificities in the host population [19,20]. This is the result of a co-evolution-
ary arms race in which each Mla allele recognizes a matching AVR 4 effector encoded by a sub-
set of Bgh isolates [14]. Prior to the molecular isolation of Bgh AVR, effectors, domain swap
experiments with MLA1 and MLAG6 suggested that the LRR is a determinant of isolate-specific
disease resistance, an idea which is further supported by the observation that most sites under
positive selection map to the predicted solvent-exposed sites of the LRR [19,20]. A multi-allelic
Powdery mildew 3 (Pm3) resistance locus also evolved in wheat populations, in which it confers
isolate-specific resistance against the wheat powdery mildew Blumeria graminis f. sp. tritici
(Bgt) through recognition of sequence-unrelated but possibly structurally related Bgt
AVRPM3 effectors [21,22]. Although barley Mla and wheat Pm3 both encode CC-type NLRs,
the receptors are sequence-unrelated and map to non-syntenic locations in the genomes of the
sister host species. Most sites that are polymorphic between different Pm3 resistance alleles
localize to the LRR [23-26]. For other multi-allelic NLRs, yeast two-hybrid and co-immuno-
precipitation experiments with matching effectors suggested that the LRRs determine isolate-
specific resistance by direct effector binding [10,27]. However, it remains unclear whether
AVRPM3 effectors directly bind to PM3 receptors and whether the LRRs of allelic variants of
MLA or PM3 receptors are directly responsible for specific discrimination between powdery
mildew avirulence effectors, and thereby for isolate-specific recognition.

Recently, we identified the sequence-unrelated Bgh effectors AVRA;, AVR4;, AVR 5o,
AVR43, and allelic AVR 5 ;1o/AVR 55, [11,28], which are recognized by barley MLA1, MLA7,
MLA9, MLA13, MLA10 and MLA22, respectively [11]. Experiments in yeast, in the absence of
other plant proteins, provided evidence for direct interaction of three receptor-effector pairs,
namely MLA7/AVR 57, MLA10/AVR 419, and MLA13/AVRy;; [11]. However, it is not known
how MLA receptors with >90% sequence identity can recognize the sequence-unrelated fun-
gal Bgh effectors. Structural relatedness between effectors, which is needed for recognition by
allelic variants of MLA, could explain this phenomenon. For instance, based on structural pre-
dictions, ~15% of candidate-secreted effector proteins (CSEPs) were predicted as RNase-Like
Proteins expressed in Haustoria (RALPHs), among them, CSEP0064 [29-31]. The X-ray struc-
ture of Bgh CSEP0064 indeed revealed a ribonuclease-like fold. Structural overlay of
CSEP0064 and the active fungal F1 RNase from Fusarium moniliforme demonstrated the
absence of canonical catalytic residues in the predicted substrate-binding pocket of CSEP0064
[30]. Notably, AVR4; and AVR,;; but not the other isolated Bgh AVR4 proteins were pre-
dicted by IntFOLD version 3.0 to also adopt a RNase-like fold. Here, we used a transcriptome-
wide association study (TWAS) approach [11,28] to identify the effector recognized by the bar-
ley Mla6 receptor. The protein which we identified as AVR 45, CSEP0254, is very likely struc-
turally similar to the RALPH effector CSEP0064 [30]. By applying version 5.0 of the structural
prediction algorithm IntFOLD [32], we found that all identified AVR, effectors are predicted
to share structural similarity with fungal RNases, but similar to all other Bgh ribonuclease-likes
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CSEPs, the isolated AVR, effectors also lack the residues critical for catalytic activity [30,31].
By taking advantage of previously engineered hybrid receptors of MLA1 and MLA6 we con-
firm that the molecular basis of isolate-specific disease resistance against Bgh isolates A6 and
K1 lies in the specific recognition of AVR 56 and AVRy, effectors by six and 12 C-terminal
LRRs of MLA1 and MLAG receptors, respectively. We find that the LRRs of allelic MLA10 and
MLA?22 are largely sufficient for specific perception of allelic AVR 41 and AVRy,, effector
proteins. Co-expression of hybrid effectors generated from allelic AVR 5 ;o and AVR 4, with
MLA10 and MLA22 receptors revealed that multiple effector residues participate in AVR 4 rec-
ognition specificities. Our findings imply a model in which co-evolution of the barley Mla-Bgh
AVR, pathogen interaction is driven MLA sequence diversification upon detection of a com-
mon structural effector scaffold. This co-evolutionary process may have contributed to the
proliferation and sequence diversification of RALPH effectors in the powdery mildew
genome.

Results
TWAS identifies BLGH_00709 (CSEP0254) as an AVR, 4 candidate

For the isolation of AVR 5, we examined the gene-wise association of Bgh transcriptomes with
the published infection phenotypes of 27 Bgh isolates on Mla6 barley lines [11,28]. We used the
previously described in planta fungal transcripts of the 27 Bgh isolates and their published infec-
tion phenotypes on barley Mla6 near-isogenic lines (NILs) of the barley cultivars (cv.) Pallas
and Manchuria [11]. In short, we integrated high-confidence non-synonymous variants over
each annotated Bgh gene and considered absence of a transcript as a missing genotype to obtain
gene-wise genotypes. We then tested the gene-wise genotypes for association with the observed
avirulence phenotypes using Fisher’s exact test [11]. Association mapping identified a number
of genes encoding CSEPs. The csep encoding genes with the lowest p-values in this analysis
were BLGH_00709 (CSEP0254; gene-wise: p = 7,40E-07) and BLGH_00697 (p = 7.25E-07), sug-
gesting them to be top-ranking candidates for AVR,s (Fig 1A, S1 and S2 Tables). To first deter-
mine which candidate is recognized by MLAG6 in barley, we transiently co-expressed the AVR,
candidate gene and Mla6 receptor gene in cv. Golden Promise barley protoplasts. Co-expression
of matching AVR,-Mia pairs in this system triggers a reduction in luciferase (LUC) reporter
gene activity as a proxy for cell death [33]. Co-expression of BLGH_00709 and Mla6 led to a sig-
nificant reduction of relative LUC activity in comparison to the empty vector (EV) control
(98% reduction), while co-expression of BLGH_00697 with Mla6 did not reduce LUC activity
(S1 Fig). This suggests that BLGH_00709 is recognized by Mla6 in barley, and we therefore sub-
jected BLGH_00709 to further analysis as the top AVR,s candidate.

First, we analyzed the gene architecture of the AVR,4 candidate gene in the available
genomes of the Bgh isolates DH14 and RACE1 (both avirulent on Mla6 lines). The annotated
near chromosome-level reference genome of the DH14 Bgh isolate harbors two more identical
copies of BLGH_00709. These copies are annotated as BLGH_00708 and BLGH_07091 (Fig
1B). Additionally, DH14 harbors another CSEP0254 paralog, called BLGH_07092. In compari-
son to BLGH_00709, BLGH_07092 carries a frameshift mutation that predicts an altered
sequence from aa 64 onwards in the BLGH_07092 encoded protein (Fig 1D). BLGH_00708
and BLGH_00709 are located in close proximity to each other in a head-to-tail orientation
next to the cyclin B1 gene on scaffold 16 of the DH14 genome, while BLGH_07091 resides
with BLGH_07092 on scaffold 309 in a head-to-head orientation. In the genome of the Mla6
avirulent RACEI isolate, three identical copies of BLGH_00709 can be found on tig00005311:
BLGHRI_15960 (syntenic position to BLGH_00709) is located next to the cyclin B1 gene and
on the same scaffold BLGHRI_15970 (syntenic position to BLGH_07091) and BLGHR1_15971
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Fig 1. Identification of BLGH_00709 (CSEP0254) as one of the top ranking AVR, candidates by association of
Bgh AVR,, profiles on Mla6 near-isogenic lines with transcript polymorphisms. (A) Manhattan plot summarizing
the gene-wise association results for candidate AVR. The x axis represents the Bgh DH14 genes, sorted by Bgh gene

ID; the y axis shows —Ig of p-values for all genes with at least one nonsynonymous coding SNP, indels as well as

presence or absence of transcripts. CSEPs with a p < 0.018 (dotted line) are depicted by arrowheads. The candidate

AVR, gene copies BLGH_00709 (CSEP0254) and BLGH_07091 are designated in the plot with bright green

arrowheads. BLGH_07092 is designated by a dark green arrowhead. The other candidates BLGH_00697 (CSEP0058)
and BLGH_00700 are depicted with a dark red and a bright red arrowhead, respectively. (B) Schematic illustration of
the chromosomal regions harboring the AVR ;s candidate BLGH_00709 and its paralogues and family members with
corresponding gene IDs in the genomes of Bgh isolates DH14, RACEI, and K1. All CSEPs are depicted by arrows. (C)

Phylogeny of CSEP family 8 containing AVR ¢, which can be divided into clade 1 (BLGH_00709, BLGH_07092,

BLGH_00700, BLGH_00698, BLGH_00697) and clade 2 (BLGH_05882, BLGH_05875, BLGH_05881), based on the

protein sequences excluding the signal peptide and using BLGH_05397 as an outgroup. (D) Protein sequence
alignment of AVR 5¢ and CSEP family 8 members including their respective signal peptides.

https://doi.org/10.1371/journal.ppat.1009223.9001
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(syntenic position to BLGH_07092) reside in a head-to-head orientation. Further analysis of
genes surrounding the AVR ;s locus in DH14 and RACE1 suggests major genomic rearrange-
ments: a gene cluster containing a tRNA nucleotide transferase and the DNA repair protein
RadR is present in inverted orientation in scaffold 16 and tig00005311, and the BLGH_00700
family member cannot be found on tigd005283 of the RACE1 genome (Fig 1B). For simplicity,
from here on we will refer to the three sequence-identical paralogues BLGH_00709,
BLGH_00708, and BLGH_07091 as AVR,;5. AVR 56 is part of the CSEP family 8, which contains
six additional members and can be subdivided into two clades: AVR 54, BLGH_07092,
BLGH_00698 (CSEP0333), BLGH_00700, and BLGH_00697 (CSEP0058) belong to clade 1,
whereas BLGH_05881 (CSEP0151), BLGH_05875 (CSEP0147), and BLGH_05882
(CSEP0148) belong to clade 2 (Fig 1C). The clade 1 CSEP family 8 members share a 48.3-
60.4% sequence identity with AVR ¢, while the clade 2 family members share a 32.9-39.7%
sequence identity with the avirulence effector candidate. As BLGH_07092 is most likely a non-
functional copy of AVR ¢, and its expression is lower when compared to AVR ;s in every Bgh
isolate (S2 Fig), we did not subject it to further analysis.

Analysis of transcriptomic data revealed that all isolates avirulent on the cv. Manchuria and
cv. Pallas Mla6 NILs express A VR, which encodes a 115-aa-long protein with a predicted
24-aa-long signal peptide (SP) (S3 and S4 Figs). AVR 4 possesses one intron, which is spliced
out in all transcripts of avirulent isolates. However, we identified transcripts of AVR s carrying
this intron in all Bgh isolates virulent on Mla6 NILs. The transcription of the AVR 4 intron may
be facilitated by two different mechanisms (S4 Fig): The AVR,4 transcript variant expressed in
the virulent isolates CC66 and CC148 exhibits a T270C mutation in the intron branch point
consensus sequence, suggesting that intron retention may be caused by inefficient or nonexis-
tent U2 spliceosome recognition (S4B Fig). If this is the case, the intron retention leads to a pre-
mature stop codon and a truncated protein, which is only 79 aa-long including the signal
peptide. This deduced truncated protein variant, which we named AVR 54-V1, would also har-
bor A48S, A75T, and R79S amino acid substitutions. The isolates K1, K2, K3, B103, S15, S16,
S22, and S25 are virulent on Mla6 lines and contain a splice donor site mutation (S3 and S4B
Figs) in the transcripts that maps to the AVR,4 gene of the reference genome. Genome analysis
of isolate K1 [11] confirmed this splice-site mutation (Fig 1B). The predicted intron retention in
the transcript of the AVR ¢ variant expressed by the K1, K2, K3, B103, S15, S16, S22, and S25
isolates leads to a premature stop codon as well as to a predicted 79-aa-long truncated protein
(S4B Fig). In addition, the encoded protein exhibits two amino acid substitutions when com-
pared to AVR4: A75T and R791 and we named this variant AVR6-V2. Furthermore, the num-
ber of transcripts from virulent Bgh isolates that map to AVR ¢ is approximately four-fold lower
than the AVR 4 transcripts in the avirulent DH14 isolate (S2 Fig), which could be a consequence
of nonsense-mediated mRNA decay. In conclusion, virulence of Bgh isolates on barley NILs
harboring Mla6 is likely conferred by SNPs in splice sites that may lead to intron retention in
the respective genes. This is associated with reduced levels of the transcripts that map to the
AVR,¢ gene in Bgh isolates virulent on Mla6 lines.

Transient co-expression assays provide evidence for specific recognition of
AVR, s by Mla6

To determine if the candidate AVR ¢ is specifically recognized by MLAS6, we first co-expressed
AVR,¢s and Mla6 in a transient barley protoplast system containing leaf mesophyll cells [33].
Co-expression of matching AVR s or AVR,; with Mla6 or Mlal, respectively, triggered signifi-
cant reductions in LUC activity, when compared to reference samples where the effector gene
has been exchanged to an EV (98% and 85% reductions, respectively, Fig 2A). Co-expression
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Fig 2. Mla6 and AVR,s co-expression in barley protoplasts and N. benthamiana causes a specific cell death
response. (A) Barley cv. Golden Promise protoplasts were transfected with pTPKb002 vectors containing cDNAs of
Mia6 or Mlal and either an empty vector (EV), AVR,s, AVR,6-V2 AVR,; AVR,; V1, or AVR,;-V2 variants lacking
their respective signal peptides together with a pUBI:Luciferase construct. The LUC activity relative to the EV sample
was measured as a proxy for cell death 16 h post transfection. Box plot diagrams show median of the relative LUC
activity of six independent transfections, which are represented by dots, while the box shows the interquartile range.
Significant differences between samples were analyzed using non-parametric Kruskal-Wallis (KW) analysis followed
by a Dunn’s test. Calculated KW p-values are as follows: Mla6: p = 0.007146; Mlal: p = 0.0007392. Samples labeled with
identical letters did not differ significantly (p < 0.05) in the Dunn’s test for the corresponding Mia variant. (B) cDNAs
of clade 1 AVR; family members BLGH_00698, BLGH_00697, BLGH_00700, AVR ¢, and AVR,,; variants were
expressed without their respective signal peptides and stop codons and with a C-terminal mYFP fusion under the
control of a 35S promotor in N. benthamiana. The effectors were co-expressed with Mlal and Mla6 cDNAs fused C-
terminally with a 4xmyc tag under the control of a 35S promotor. Cell death was scored five days post infiltration and
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Figures show a representative of at least 15 co-transformations. (C) Protein levels of AVRy;-mYFP, AVR,s-mYFP,
AVR6-V2-mYFP, BLGH_00698-mYFP, BLGH_00697-mYFP and BLGH_00700-mYFP. Samples for total protein
extraction were harvested two days post infiltration. mYFP fusion proteins were enriched by an GFP-Trap. Proteins
were separated using 10% or 12% polyacrylamide gels and proteins were detected using o.-GFP and o-myc western
blotting (WB). IP = immunoprecipitation. CBB = Coomassie Brilliant Blue.

https://doi.org/10.1371/journal.ppat.1009223.g002

of Mla6 with a DNA sequence that encodes a truncated version of AVR 4 (likely encoded by
AVR,6-V2) or co-expression of AVR s with Mlal did not lead to significantly reduced LUC
activity compared to samples co-expressing A VR s with Mla6, confirming the specificity of the
recognition (Fig 2A).

To examine whether AVR ¢ is recognized by MLAG in a heterologous expression system
without the presence of other barley proteins, we co-expressed the C-terminally mYFP-tagged
effector fusion protein with the C-terminally 4xmyc-tagged receptor in N. benthamiana.
Unlike the essentially complete cell death observed in the barley protoplast system (as evi-
denced by the very low levels of LUC activity), co-expression of AVR,s-mYFP and Mla6-
4xmyc triggered a cell death of varying confluence in Agrobacterium tumefaciens infiltrated tis-
sue in independent N. benthamiana leaves compared to the cell death observed when co-
expressing AVR,; and Mlal (Figs 2B and S14). Co-expression of AVR,s-mYFP with Mlal-
4xmyc did not elicit cell death, confirming the specific recognition of candidate AVR 44 by
MLAG6 but not MLA1. No cell death was observed when Mla6-4xmyc was co-expressed with a
DNA sequence that encodes a truncated version of AVR,s-mYFP (here named AVR s¢-
V2-mYFP), even though both AVR, and MLA proteins are detectable in N. benthamiana leaf
extracts (Figs 2B, 2C and 5C). Furthermore, co-expression of the clade 1 CSEP family 8 mem-
ber BLGH_00698-mYFP, which shares the highest sequence similarity with AVR 4, with Mla6
did not lead to cell death, even though BLGH_00698-mYFP is detectable in N. benthamiana
leaf extracts (Fig 2B and 2C). Detection of BLGH_00700 and BLGH_00697 proteins was possi-
ble only after enrichment with a GFP-Trap, suggesting that their protein stability is lower than
those of AVR 56 and BLGH_00698 in this system. A faster-migrating protein band for
BLGH_00697-mYFP and a double band visible after blotting for BLGH_00700-mYFP suggest
that these proteins may either be cleaved post-translationally by proteases in heterologous N.
benthamiana or that they are not stable in the plant extraction buffer (Fig 2C). Taken together,
co-expression of AVR ¢ with MLAG6 in both homologous and heterologous plant expression
systems triggers a significant and specific cell death response, indicating specific effector recog-
nition by the matching MLA immune receptor.

AVR, effectors have low sequence similarity, but show predicted structural
homology to RNases

We subjected AVR ¢ to a phylogenetic analysis including all annotated CSEPs in B. graminis
formae speciales poae, lolium, avenae, tritici (isolate 96224), hordei DH14, secalis (isolate
$1459), triticale (isolate T1-20), and dactylidis, but were unable to detect significant polypep-
tide sequence relatedness to other known Bgh AVR, effector proteins or to the so far isolated
wheat powdery mildew avirulence effectors, AVRPM2, AVRPM32%¥2 AVRPM35%2 and
AVRPM3"? (Fig 3A). However, we noted that all the avirulence proteins isolated from barley
and wheat powdery mildews belong to CSEPs with a length of approximately 80 to 130 amino
acids when neglecting their respective signal peptides. The same is true for CSEP0064, which
was shown to form a RNase-like protein structure. To determine potential structural similarity
between AVR ¢ and known Bgh effectors, we subjected AVR ¢ to structural prediction using
IntFOLD version 5.0 [32]. AVR 44 exhibited high predicted structural similarity to the RNase-
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Fig 3. Bgh AVR, and Bgt AVRPM effectors are sequence-unrelated but exhibit predicted structural similarity to
RNases. (A) Maximum likelihood phylogeny including all predicted CSEPs from B. graminis formae speciales poae,
lolium, avenae, tritici 96224, hordei DH14, secalis S1459, triticale T1-20, and dactylidis. Depicted in red are the
BLGH-IDs of all so far isolated Bgh AVR4 and Bgt AVRPM effectors. Depicted in blue are the clade-1 family members
of AVR 54, while the clade-2 family members are colored in green. CSEP clades that were collapsed (grey circles) to
improve legibility of the tree do not include AVR members and are indicated by grey circles. (B) Structural prediction
of isolated AVR 55 and AVRPM by IntFOLD version 5.0 in red (p-values: AVR; = 4.888e™ most similar to PDB IDs
5gy6, 3who and 1rds, AVR 6 = 3.293¢° to 6fmb, AVR, = 2.114e™* to PDB ID 5gy6, AVRpq = 1.18¢”® most similar to
PDB IDs 6fmb, 3who, and 1ch0, AVR ;0 = 9.759¢> most similar to PDB ID 1fusa and to 3whoa, AVR5-1 = 7,359¢”
most similar to 6fmb, AVRPM2 = 8.741¢”® most similar to 6fmb, 1chOA, and 1rmsA, AVRPM3"? = 8.82¢”° most
similar to PDB 6fmb and 5gy6A, AVRPM3%F2 = 1.145¢"® to 3ub1A2, AVRPM3"¥“? = 7.079¢ %, no structural
similarities predicted). Yellow arrow depicts relative position of the characteristic RALPH intron in effector structures.
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like fold observed for the X-ray structure, suggesting that AVR 5 possesses a ribonuclease-like
fold similar to AVR, ;3 and AVR,7 (S5 Fig). This prompted us to also reanalyze all isolated
AVRy effectors using the with IntFOLD version 5.0. We found that AVR,;, AVR,e, and
AVR410/AVR,,, are also predicted to harbor a central a-helix directly facing three to four -
sheets with a topology characteristic of ribonucleases (Fig 3B). This is reminiscent of structural
predictions for Bgt effectors AVRPM2 and AVRPM3"?, which also suggested structural simi-
larities to ribonucleases (Fig 3, [22,34-36]). Although the relationship to ribonucleases is less
clear for Bgt AVRPM3***2 and AVRPM3"*“?, these two effectors were predicted to exhibit a
central o-helix and two to four f8-sheets like AVRPM3? ([22], Fig 3B). We examined AVR,
and AvrPm gene models for the presence of an intron, which is thought to be characteristic for
RALPH effector-encoding genes [29,31] and identified one intron at position +163 to +201 bp
after the end of the signal peptide (S6A and S7A Figs). The relative intron position in the struc-
tural predictions is in an unstructured loop between the first and the second 3-sheet, except in
AVR 3, AVRPM3*%F2 and AVRPM35%/¢2 (Fig 3B). For the latter three effectors, the intron
is positioned in a predicted unstructured loop C-terminal to the second 3-sheet (Figs 3B and
S6). No common sequence motifs are detectable in the highly diverse intron sequences (S7B
Fig). Thus, it remains unclear whether all known Blumeria avirulence effectors are descendants
of one common “ur-RALPH” ancestor [29]. Irrespective of this, our analysis suggests that iso-
lated Bgh and Bgt avirulence effectors are structurally related to fungal ribonucleases.

RNase-like AVR, effectors do not show ribonuclease activity

Using an RNase activity assay, we tested whether AVR, proteins are truly catalytically inactive
as suggested for RNase-like Bgh effectors previously [29,30]. First, we expressed N-terminally
GST-tagged AVR 6, AVR, ¢, and AVR ;3 in Escherichia coli and purified them by GST affin-
ity chromatography. We then cleaved the GST tag and applied size-exclusion chromatography
(S8A Fig). Successtul protein expression and purification of the AVR 4 effector proteins was
tested by SDS-PAGE (S8B Fig). We then incubated AVR 56, AVR 10, and AVR, 5 effectors
with denatured HYRNA or native rRNA to test for ribonuclease activity [37]. Using RNA gel
electrophoresis, we observed a degradation of RNA when co-incubated with a commercially
available T1 RNase, which has the same function as the Fusarium F1 RNase. We did not
observe RNA degradation when incubating HYRNA or rRNA with the AVR, effectors (Fig 4A
and 4B). These results were independently validated with AVR 6, AVR 519, and AVR 55 effec-
tor proteins that were produced in eukaryotic insect cells, followed by affinity chro-
matographic purification (S9A and S9B Fig). Taken together, the data indicate that AVR
effectors have no RNase activity, which is consistent with the previous prediction that ascribed
pseudoenzymatic function to the RALPHs [29,30].

The C-terminal leucine-rich repeats of MLA1 and MLAG6 receptors account
for specific discrimination of structurally homologous AVR,; and AVR,4
effectors in planta

A previous study showed that most of the residues under positive selection in allelic MLA
resistance specificities in barley populations are located in the LRR region [19]. Using single-
cell expression of MLA chimeras in barley leaf epidermal cells, C-terminal LRR regions of
Milal and Mla6 were shown to encode determinants for isolate-specific immunity in barley to
Bgh isolates K1 (carrying AVR,;) and A6 (carrying AVR,) [38]. Here, we tested if the LRRs
determine isolate-specific immunity by specifically recognizing AVR 4 effectors in barley.
Therefore, we made use of the previously constructed intron-containing DNAs of the chimeric
receptors M 16666, M11166, M61111,and M66111 ([38] (protein sequence shown in S10 Fig)
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Fig 4. Recombinant AVR ¢, AVR, ¢, and AVR,; effector proteins do not exhibit ribonuclease activity. To test
for ribonuclease activity, heterologous AVR g, AVR 10, and AVR ;5 proteins, purified upon expression of the
respective genes in E. coli, or T1 RNase were co-incubated with (A) denatured HYRNA and (B) native rabbit rRNA
always. All samples were separated on non-denaturing 2% agarose gels (top panels) and analysed on a Bioanalyzer
(lower panels) to check for RNA degradation.

https://doi.org/10.1371/journal.ppat.1009223.g004

and co-expressed them with matching AVR 6, AVR6-V2, AVR,;, and AVR,;-V1 cDNAs lack-
ing the signal peptide (SP) in the pIPKb002 vector under the control of a strong maize ubiqui-
tin promoter in barley protoplasts. Upon co-expression of AVR,s with M16666 or M11166 we
detected a significant 79% or 92% reduction in relative LUC activity when compared to the EV
samples, respectively (Fig 5A). This reduction was not observed when M16666 or M11166
were co-expressed with AVR ,4-V2, AVR,;, or AVR,;-V1, respectively, suggesting that both
chimeric receptors specifically recognize their matching effector (Fig 5A). These findings sug-
gest that the last six C-terminal leucine-rich repeats of a total of 15 deduced LRRs in MLA6
account for the recognition specificity of AVR ¢ in barley. Furthermore, we discovered that
co-expression of AVR,; with M61111 or M66111 triggered a significant and specific 92%
reduction of relative LUC activity in barley protoplasts indicative of a cell death response com-
pared to the EV sample (Fig 5A). This suggests that, out of 15 predicted LRRs in the MLA1
receptor, the 12 C-terminal ones contribute to the specific recognition of AVR,;. Together,
these findings corroborate previous experiments that show a significant growth reduction of
Bgh isolate A6 when barley cells express M16666 and M11166, or growth reduction of Bgh iso-
late K1, when barley cells express M61111 or M66111 [38]. While our data does not exclude
that other MLA domains contribute to the association with the Bgh AVR, effector proteins,
we conclude that the MLA LRR regions confer Bgh recognition specificities to of the different
Mia alleles in barley.
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Fig 5. Specific recognition of AVR,¢ and AVR,; by MLA1/MLAG6 chimeric constructs in planta. (A) Barley cv.
Golden Promise protoplasts were transfected with a LUC reporter construct and pIPKb002 vectors containing cDNAs
of AVR 5, AVR6-V2, AVR,;, AVR,;-V1 or an empty vector (EV) together with vectors harboring intron-containing
DNA of receptor chimeras M16666, M11166, M61111, or M66111 under the control of a pZmUBI promotor.
Transfections were performed at least seven times independently. Significant differences between samples were
analyzed using non-parametric Kruskal-Wallis (KW) analysis followed by a Dunn’s test. Calculated KW p-values are as
follows: M16666: p = 0.001883; M11166: p = 0.000559, M61111: p = 0.0001582, M66111: p = 1.658e-05. Samples labeled
with identical letters did not differ significantly (p < 0.05) in the Dunn’s test for the corresponding Mla variant. (B)
Transient transformation of N. benthamiana leaves with empty vector (EV) or cDNAs of AVR ;s or AVR,; variants
fused C-terminally with a mYFP tag together with Mlal or Mla6 cDNAs or M16666, M 11166, M61111, or M66111
intron-containing DNAs with a C-terminal 4xmyc fusion. All constructs were expressed from a 35S promotor. Figures
show a representative of at least three independent co-transformations. (C) MLA-4xmyc proteins were extracted two
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days post infiltration and separated using a 10% polyacrylamide gels and detected using a-myc western blotting,
CBB = Coomassie Brilliant Blue.

https://doi.org/10.1371/journal.ppat.1009223.9g005

To determine if these results can be independently validated in a heterologous system, we
co-expressed C-terminally 4xmyc-tagged M16666, M11166, M61111, and M66111 and C-ter-
minally mYFP-tagged AVR,s and AVR,; variants in N. benthamiana. We observed a strong
cell death response upon co-expression of M11166-4xmyc with AVR,s-mYFP, suggesting that
the last six C-terminal LRR repeats of MLAG are sufficient for recognition of AVR,4 even in
the absence of further barley-specific host proteins (Fig 5B). We detected weak recognition of
AVRy4; by M61111 under UV light at 302 nm in N. benthamiana (indicative of accumulation
of autofluorescent compounds in dying plant cells; S11 and S14 Figs), whereas the specific rec-
ognition of AVR s by M16666 and AVR,; by M66111 seen in barley protoplasts was
completely lost, suggesting that other barley-specific protein(s) might be necessary for the
functionality of these chimeric receptors in the heterologous expression system.

The LRRs of the MLA10 and MLA22 receptors specifically recognize allelic
AVRAIO and AVRAZZ

To test if the LRRs of MLA NLRs are necessary to specifically recognize not only sequence
unrelated, but also sequence related allelic AVR 4 effectors, we designed two chimeric receptor
genes encoding the MLA10 CC-NB fused with the MLA22 LRRs (MLA10LRR22) and the
MLA22 CC-NB domain fused with the MLA10 LRRs (MLA22LRR10) (S12 Fig). Subsequently,
Mlal10-4xmyc, Mla22-4xmyc, Mlal0Lrr22-4xmyc or Mla22Lrr10-4xmyc were co-expressed
with AVR,;o-mYFP, AVR,19-V/AVR 5,-V-mYFP, or AVR;,,-mYFP in heterologous N.
benthamiana. Co-expression of Mlal0-4xmyc or Mla22Lrr10-4xmyc with AVR,;o-mYFP led to
cell death in N. benthamiana leaves, but no cell death was observed when these Mla NLRs were
co-expressed with an empty vector (EV), AVR,;9-V / AVR ,5,-V-mYFP, or AVR ,,,-mYFP (Fig
6A). Additionally, expression of Mla22-4xmyc and Mlal0Lrr22-4xmyc led to cell death when
co-expressed with AVR,,,-mYFP, but not when these proteins were co-expressed with
AVR,100mYFP, AVR;19-V/AVR 155-V-mYFP, or an EV control (Fig 6A). The MLA10LRR22
and MLA22LRR10 receptor chimeras were detectable in N. benthamiana leaf extracts at levels
comparable with the MLA10 and MLA22 receptors (Fig 6B). To determine whether these
results were reproducible in the homologous barley protoplast system, we expressed
MialOLrr22 or Mla22Lrr10 together with AVR,;o and AVR,,, in leaf protoplasts and measured
reduction of LUC activity as a proxy for cell death. In comparison to the EV reference sample,
co-expression of AVR,,,, with Mlal0Lrr22 and AVR,;, with Mla22Lrr10 lead to an average
80% and 40% reduction of relative LUC activity, respectively, and this was not the case when
AVR, ;9 was co-expressed with Mlal0Lrr22 or when AVR,,,, was co-expressed with
MIia22Lrr10 (Fig 6C). Taken together, the results suggest that the 58 amino acid differences
between the LRRs of Mla10 and Mla22 are major determinants of respective recognition speci-
ficities for the allelic AVR 5,0 and AVR,,, effectors.

An association between MLA10 and AVR 4, was previously shown to be detectable in
plant extracts and in yeast [11]. Using a previously established split-LUC complementation
assay, we therefore tested, whether the MLA22LRR10 hybrid receptor also specifically interacts
with the AVRy g effector when co-expressed in planta. We generated constructs expressing
AVR, variants fused C-terminally to the N-terminal part of the LUC reporter (AVR,-nLUC);
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fused C-terminally with mYFP together with Mla10 or Mla22 cDNAs fused C-terminally with a 4xmyc tag. All
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show a representative of at least 15 co-transformations. (B) Protein levels of MLA-4xmyc after total protein extraction
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and pIPKb002 vectors containing cDNAs of AVR, ;o or AVR,, together with Mla10Lrr22 and Mla22Lrr10 chimeras.
Transfections were performed at least eight times independently. Significant differences between samples were
analyzed using non-parametric Kruskal-Wallis (KW) one-way analysis of variance. Calculated KW p-values are as
follows: MlalOLrr22: p = 0.0007775; Mla22Lrr10: p = 0.01654. Samples labeled with different letters differed
significantly (p < 0.05).

https://doi.org/10.1371/journal.ppat.1009223.9006

and Mia variants fused C-terminally to the C-terminal part of the LUC reporter (Mla-cLUC)
[11]. We then performed A. tumefaciens-mediated transformation of N. benthamiana leaves to
express AVR,;o-nLUC or AVR,;0-V/AVR ,5,-V-nLUC (not recognized AVR,,;, variant)
together with either Mla10-cLUC, Mla22Lrr10-cLUC or Mlal0Lrr22-cLUC. Forty hours post
infiltration, we determined LUC activity as a proxy for AVR,/MLA association, as described
previously [11]. LUC activity was significantly higher in samples that co-expressed AVR,;0-
nLUC with Mla10-cLUC or Mla22Lrr10-cLUC, when compared to samples where AVR,;,-
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Mial0Lrr22-cLUC or Mla22Lrr10-cLUC together with vectors containing cDNAs of AVR,;o-nLUC or AVR,;0-V/
AVR,5,-V nLUC lacking signal peptides (SPs), under the control of a 35S promoter. LUC activity was determined forty
hours after transfection. The experiment was performed on at least three independent days with two to four replicates
(independent set of plants) each day. Significant differences between AVR,;4-nLUC or AVR;19-V/ AVR 25-V nLUC
were analyzed using one-way Kruskal-Wallis (KW) analysis. Calculated KW p-values are as follows: Mla10:

p =0.0001491; Mla22Lrr10: p = 0.009035; Mlal0Lrr22: p = 0.8079. Samples labeled with different letters differed
significantly (p < 0.05). (B) Protein levels of MLA10-cLUC, MLA22LRR10-cLUC and MLA10LRR22-cLUC in N.
benthamiana leaf extracts. Proteins were separated on a 8% SDS-PAGE gel and a detected using anti-LUC western blot
(WB). (C) Yeast was co-transformed with cDNAs of N-terminal LexABD-fused MLA and N-terminal B42AD-fused
AVR, variants. Growth on media lacking Leucine indicates association of respective proteins fused to AD (activation
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domain) and BD (Binding domain). (D) Protein levels of LexABD-MLA and B42AD-AVR, variants. Proteins were
precipitated using an ammonium-acetate buffer and dissolved in a urea-SDS sample buffer before separation on a 10%
or 12% polyacrylamide gel and detection by either a-LexA or a-HA WB.

https://doi.org/10.1371/journal.ppat.1009223.g007

nLUC was exchanged with its virulent variant AVR,;o- V/AVR;2,-V. This was not the case
when the AVR,;p-nLUC variants were co-expressed with Mlal0Lrr22-cLUC (Fig 7A and 7B).
Our data suggests a reduced association of AVR ;o with the MLA22LRR10 hybrid receptor
compared to wild-type MLA10, which is in agreement with differences in cell death scores of
N. benthamiana leaves co-expressing AVR,;o-mYFP with Mlal0-4xmyc and Mla22Lrr10-
4xmyc (S14D Fig).

We also tested whether AVR; can interact with MLA22LRR10 in the absence of other
plant proteins in yeast. We co-expressed LexABD-Mlal0Lrr22 or LexABD-Mla22Lrr10 under
the control of a constitutive ADH1 promoter with B42AD-AVR,;p, B42AD-AVR;;9-V/AVR 5,-
V, or B42AD-AVR ;5 under the control of a galactose (GAL1)-inducible promoter. Co-
expressing B42AD-AVR,;, with LexABD-Mla22Lrr10 or with LexABD-Mlal0 in a yeast two-
hybrid assay (Y2H) led to yeast growth on leucine-deprived media (Fig 7C). Little growth was
detectable when LexABD-Mla22Lrr10 or LexABD-Mlal0 was co-expressed with
B42AD-AVR,19-V/AVR,5,-V, while no growth was detected when co-expressing
B42AD-AVR,,, (Fig 7C), even though all effector and receptor fusion proteins were detectable
in yeast extracts (Fig 7D). Taken together, our findings suggest that the MLA10 LRR domain is
responsible for specific recognition of AVR, and that this is dependent on effector-receptor
association. However, we were unable to detect an interaction of LexABD-MIa22 or Lex-
ABD-Mlal0Lrr22 with B42AD-AVR,,5, in this Y2H assays (Fig 7C).

Multiple residues in AVR,;, and AVR,,, are responsible for differential
recognition specificities of MLA10 and MLA22

It has been proposed that direct fungal effector-plant NLR receptor interactions are mediated
by cumulative binding of multiple effector aa residues to the surface of its corresponding NLR
receptor [27,39]. We aimed to resolve which of the 11 amino acid residues that are polymor-
phic between AVR, ;o and AVR 5, alleles (excluding the SP) are responsible for the specific
recognition by the cognate MLA10 and MLA22 receptors. On the basis of AVR ;o secondary
structural predictions, we divided AVR5;10/AVRy,, proteins into three equally long parts: an
N-terminal (residues 22-54 aa, comprising 31-132 sheets and the o1-helix, which included the
two amino acid substitutions D45G, D53E), a central (55-86aa; comprising the £33-134 sheet
and cluster of most amino acid differences Q55H, D58N, G59D, Q61P, H64Y, and the residue
F77Y), and a C-terminal part (87-118 aa; including the $35-836 sheets and three amino acid dif-
ferences V93L, W96L, I111N) (Fig 8A). These individual regions were exchanged between
AVR410/AVRy,; effector peptides and we then tested the interactions of the six resulting chi-
meric AVR;0/AVR 5, effector constructs (called chimerall, chimeral2, chimeral3, chi-
meral4, chimeral5 and chimeral6) with MLA10 and MLA22, in N. benthamiana as described
above. All chimeric proteins were detectable after GFP-Trap enrichment except for chimer-
al6-mYFP, which was not consistently detectable (Fig 8C). Co-expression of chimeral4-mYFP
with Mla22-4xmyc led to cell death (Figs 8B, S13 and S14). These findings suggest that the C-
terminal polymorphic residues V93, W96, and 1111 are not responsible for the specific recog-
nition by MLA22.

While in chimeral4-mYFP, the three C-terminal residues of AVR 4, are exchanged for the
respective amino acids found at these positions in AVR 410, in chimeral2-mYFP the three C-
terminal residues of AVR, ;¢ are exchanged for AVR 4,,-specific amino acid residues (Fig 8A).
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mYFP western blotting.

https://doi.org/10.1371/journal.ppat.1009223.9008

Even though both effector chimeras were stable in planta, chimeral2-mYFP was not recog-
nized by MLA10-4xmyc (Figs 8B, 8C and S13 and S14). This suggests that single, double, or
triple amino acid mutations at aa positions 93, 96, or 111 within the C-terminus of AVR4 1o
can lead to a loss of MLA10-specific recognition. We sought to determine which amino acid resi-
dues at the C-terminus, if exchanged to the respective AVR 4, residues, would result in abro-
gation of MLA10-specific recognition. To this end, we introduced L93V, L96W, or N1111I single
amino acid substitutions in chimeral2-mYFP. The resulting chimera28-mYFP (L93V), chimer-
a29-mYFP (L96W), and chimera30-mYFP (N111I) constructs were co-expressed with Mla10-
4xmyc and with Mla22-4xmyc. Co-expression of chimera29-mYFP with Mlal0-4xmyc led to cell
death, while co-expression of chimera28-mYFP or chimera30-mYFP with Mla10-4xmyc did not
(Figs 8B-8D and S13 and S14), suggesting that the tryptophan at position 96 in AVR 4 is impor-
tant for MLA10-specific recognition. However, we cannot exclude that differences in protein

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1009223  February 3, 2021

17/36



PLOS PATHOGENS

LRR domain of MLAs define specificity towards avirulence effectors with a predicted common fold

stability between mYFP fused chimera 29 and 28, or 30, accounts for the lack of cell death in sam-
ples co-expressing chimera28-mYFP and chimera30-mYFP together with Mla10-4xmyc.

Even though chimeral4-mYFP and chimeral 5-mYFP differ by only two N-terminal amino
acids at positions 45 and 53 and both proteins are detectable, co-expression of chimeral5--
mYFP with Mla22-4xmyc did not trigger cell death (Figs 8B, 8C and S13 and S14). This sug-
gests that residues at one or both of these N-terminal positions are necessary for the specific
recognition by MLA22. To test this hypothesis, we introduced single D45G or D53E substitu-
tions into chimeral5-mYFP (Fig 8A). The resulting chimera2l-mYFP (D53E) and chimera22--
mYFP (D45G) constructs were co-expressed with Mlal0-4xmyc or Mla22-4xmyc. Co-
expression of chimera22-mYFP but not chimera21-mYFP with Mla22-4xmyc led to cell death,
while no cell death was observed upon co-expression of chimera21-mYFP with Mla22-4xmyc,
suggesting that the glycine at position 45 but not the glutamic acid at position 53 is essential
for MLA22-specific recognition (Fig 8A, 8B and 8E).

To test if the N-terminal and central parts of the AVR,, effector are sufficient to trigger cell
death when co-expressed with Mla22, we constructed a deletion construct (A93-118) of chi-
mera22, which we termed chimera23 (Fig 8A). Co-expression of chimera23-mYFP with
Mial0-4xmyc or Mla22-4xmyc did not trigger cell death, although the chimera23-mYFP pro-
tein was seemingly more stable than AVR,;, and all other chimeric proteins (Figs 8B-8E and
S13 and S14). Even though the C-terminal residues L93, L96, and N111 are not specifically rec-
ognized by MLA22, our findings suggest that the C-terminal region of the AVR 5, effector
potentially stabilizes the conformation of the N-terminal and central regions, which are neces-
sary for MLA22-specified recognition. In summary, the N-terminal glycine at position 45 and
the C-terminal tryptophan at position 96 are important for MLA22- and MLA10-specific rec-
ognition, respectively.

In addition, we assessed the role of amino acids in the central positions 55, 58, 59, 61, 64,
and 77 for MLA10- and MLA22-specific recognition. We introduced double mutations in chi-
mera22-mYFP to generate chimera24-mYFP (H55Q and N58D), chimera25-mYFP (D59G and
P61Q) and chimera26-mYFP (Y64H and Y77F), which were co-expressed with Mla10-4xmyc
or Mla22-4xmyc (Fig 8A). While co-expression of chimera24-mYFP with Mla22-4xmyc, but
not with Mla10-4xmyc led to a specific cell death response, co-expression of chimera25-mYFP
with Mla22-4xmyc or with Mla10-4xmyc did not lead to cell death in N. benthamiana leaves
(Figs 8B-8E and S13 and S14). Surprisingly, chimera26-mYFP triggered a strong cell death
response when co-expressed with Mlal0-4xmyc and a subtle but consistent cell death pheno-
type when co-expressed with Mla22-4xmyc, suggesting that it is recognized by both receptors
(Fig 8B-SE).

To independently verify the data, we also co-expressed a selection of AVR,;¢/AVR,,, chi-
meras (chimeral2, chimeral4, chimera2l, chimera22, chimera24, chimera26 and chimera29)
together with Mlal0 or Mla22 in protoplasts of barley cv. Golden Promise and determined cell
viability by LUC activity, as described above. LUC activity was approximately 50% lower in
samples co-expressing Mlal0 with AVR,;o when compared to samples that co-express Mlal0
with AVR,,, and this is in agreement with previously published data [11] (Fig 9A). We
detected intermediate LUC activity when co-expressing Mla10 together with chimera26 or chi-
mera29, but this reduced LUC activity did not differ significantly from the sample co-express-
ing Mlal0 and AVR,;, (Fig 9A). This was not the case for samples co-expressing Mlal0
together with chimeral2, chimeral4, chimera2l, chimera22, or chimera24 (Fig 9A).

LUC activity was on average 80% lower in samples co-expressing Mla22 with AVR,,, when
compared to samples that co-express Mla22 with AVR,;,, and this is again in agreement with
published data [11]. LUC activity of samples co-expressing Mla22 together with chimeral4,
chimera22, chimera24 and chimera26 was not statistically different from the activity observed
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Fig 9. Co-expression of a selection of AVR4;0/AVRy,;, chimeras with MLA10 and MLA22 in barley protoplasts.
Barley protoplasts of cv. Golden Promise were co-transfected with a LUC reporter assay and pIPKb002 vectors
containing cDNAs of AVR, 19, AVR2,, chimeral2, chimeral4, chimera2l, chimera22, chimera24, chimera26 or
chimera29 without signal peptide or with an empty vector (EV) together with either (A) MlaI0 or (B) Mla22 in
pipkb002. Transfections were performed at least six times independently. Significant differences between samples were
analyzed using non-parametric Kruskal-Wallis (KW) analysis followed by the Dunn’s test. Calculated KW p-value are
as follows: Mlal0: p = 1.439e-07, Mla22: p = 5.374e-11. Samples labeled with different letters differed significantly

(p < 0.05) in the Dunn’s test.

https://doi.org/10.1371/journal.ppat.1009223.g009

when co-expressing Mla22 and AVR,,, (Fig 9B). This was not the case for samples co-express-
ing Mla22 together with chimeral2, chimera2l or chimera29. Notably, we detected an interme-
diate relative LUC activity when co-expressing Mla22 together with chimera26 (Fig 9B).
Similarly, cell death scores of N. benthamiana leaves co-expressing Mla22-4xmyc together with
chimera26-mYFP were also lower than when co-expressing Mla22-4xmyc together with
AVR,,,-mYFP (Figs 8 and S14). We thus conclude that the barley protoplast cell death data
(Fig 9) overall recapitulate the MLA10 and MLA22 specificities towards AVR, chimeric con-
structs observed in the heterologous N. benthamiana system (Fig 8).

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009223  February 3, 2021 19/36



PLOS PATHOGENS

LRR domain of MLAs define specificity towards avirulence effectors with a predicted common fold

In summary, our findings suggest that for triggering MLA10-specific cell death, the four
residues D53, H64, F77, and W96 of AVR,;, cannot be exchanged to the residues found in
AVR4 ;. In turn, to trigger MLA22-specific cell death, the five amino acid residues G45, H55,
N58, D59, and P61 of AVR4,, cannot be exchanged to the residues found in AVR »,, Further-
more, deletion of the C-terminal third of the AVR 50 and AVR4,, effectors leads to loss of
avirulence function (Fig 8).

To determine if MLA-mediated cell death initiated by recognition of the AVR, effector
also correlates with receptor-effector association in plant extracts, we again applied the split-
LUC complementation assay. We transiently expressed Mla10-cLUC together with AVR,;o-
nLUC, chimera26-nLUC, chimera29-nLUC and as a control, chimera22-nLUC in N. benthami-
ana leaves, followed by LUC measurements at 40 hours post infiltration of leaves with the A.

A

] C
250 4

a
>
=
=
+5 200 T
& B3 AVR,;o-nLUC
e " KX chimera22-nLUC
g @ chimera26-nLUC
= - chimera29-nLUC
O 150 - )
S b
4 (-]

100 | ?
Mla10-cLUC
o 8 ¥ ¢

5 & ¥ 5

N 4 o > &

s & & §FF

&K & § § &8
< $ § S o

e } u‘ﬂé‘ ‘ | cen

Fig 10. AVR,; amino acid residues that are responsible for specific recognition correlate with residues that
interact with the MLA10 receptor. (A) N. benthamiana plants were transformed transiently with vectors containing
c¢DNAs of Mlal0-cLUC together with cDNAs of AVR,;,-nLUC without signal peptide, chimera22-nLUC,
chimera26-nLUC or chimera29-nLUC under the control of a 35S promoter. LUC activity was determined 40 h after A.
tumefaciens-mediated transformation. The experiment was performed on at least four independent days with two to
four replicates (independent set of plants) each day. Significant differences between samples were analyzed using non-
parametric Kruskal-Wallis (KW) analysis followed by the Dunn’s test. Calculated KW p-value = 5.03e-05. Samples
labeled with different letters differed significantly (p < 0.05) in the Dunn’s test. (B) Protein levels of AVR5;0-nLUC,
chimera22-nLUC, chimera26-nLUC and chimera29-nLUC. Proteins were separated on a 8% SDS_PAGE gel and a
detected using anti-LUC western blotting (WB).

https://doi.org/10.1371/journal.ppat.1009223.g010
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tumefaciens carrying constructs of interest. LUC activity of samples co-expressing Mlal0-
cLUC with AVR,;o-nLUC, chimera26-nLUC and chimera29-nLUC was significantly higher
than the LUC activity observed in the samples expressing Mla10-cLUC together with chimer-
a22-nLUC (Fig 10A and 10B). Chimera26 and chimera29 but not chimera22, can trigger
MLA10-mediated cell death in co-expression assays (Figs 8 and 9), and as such, we conclude
that the recognition specificities mediated by MLA10 towards the AVR, chimeric variants 26,
29 and 22 correlate with receptor-effector association. We again only observed intermediate
levels of LUC activity in samples co-expressing Mlal0-cLUC together with chimera26-nLUC
or chimera29-nLUC (Fig 10A). This is in agreement with the quantitative cell death assay in
barley protoplasts (Fig 9A), and suggests that when compared to AVR,;,, these constructs are
impaired in their ability to activate and associate with MLA10 in planta and this may be associ-
ated with levels of protein expression (Fig 10B).

Two amino acids of AVR,;, that cannot be exchanged to respective
AVR,,; residues are located in a predicted positively charged area that
corresponds to the catalytic cleft of the fungal F1 RNase

Microscale thermophoresis assays suggested that CSEP0064 has some affinity to total RNA but
its X-ray structure suggests that it lacks residues required for RNA hydrolysis [30]. Our data
also suggests that the putative RNase-like fold of AVR, effectors is not associated with RNase
activity (Fig 4). Here, we examined the location of the AVR 4,0 and AVRy,, residues that are
required for specific recognition by MLA10 and MLA22, and if the corresponding residues in
the F1 RNase are required for RNA binding and hydrolysis. To do this, we superimposed
AVR4 0 and AVR,,; predicted structures on the structure of Fusarium moniliformis F1
RNase. Residues Y38, Y42, and Y45 of the F1 RNase are involved in binding the ribose and
phosphate of 2 GMP and the respective amino acids found in AVR ;4 (F51, F54, and H57) are
identical to those of AVR,,, and as such, do not account for specific MLA recognition (Fig
11A-11C). The R77 residue in the F1 RNase, also forms a contact with the phosphate in 2’
GMP. The corresponding residue can also be found in AVR 410 and AVRy,, (residue R81, Fig
11A-11C) but not in the CSEP0064 structure or the predicted structures of any other AVR 5
effector isolated so far. The residues W96 and H64 of AVR 4, are L96 and Y64 in AVR,,, and
have dissimilar properties to the corresponding residues (H92 and E58, respectively) in the F1
RNase. Electrostatic potential prediction using Adaptive Poisson-Boltzmann Solver (APBS) of
surfaces suggests that H64, R77, and W96 in AVR 5,9 and L64, R77, and L96 in AVR,,, belong
to a positively charged cleft (Fig 11B-11D). In AVR 40, these residues are predicted to be part
of the positively charged surface patch. For recognition by MLA10, H64 and W96 can indeed
not be exchanged to the respective residues found in AVR,, (Fig 11B). In contrast, the
AVRy,, residues that cannot be exchanged to the respective AVR 4o residues without losing
MLA22 avirulence activity, can be found in a negatively charged surface patch away from the
positively charged area, presumably required for MLA10 recognition (Fig 11D). These results
suggest that the AVR, residues, which confer specific recognition by MLA10 and MLA22
receptors, are located in distinct predicted surface patches of the avirulence proteins encoded
by allelic AVR,;p and AVR,5,.

Discussion
Identification of AVR 44

Long-read DNA sequencing and high-quality genome assembly of the DH14 Bgh isolate
recently recovered 30 Mb of previously unassembled repetitive regions of the Blumeria
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Fig 11. The location of amino acid residues in AVR ;o and AVR,,, that determine MLA10 and MLA22
recognition specificities. (A and C) show structural superimposition of the crystal structure of Fusarium moniliformis
RNase F1 (yellow) and IntFOLD version 5.0 structural predictions of AVR ;o or AVRy», (grey). Depicted in green is
the F1 RNase ligand 2’-guanosine monophosphate (2 GMP); residues of the F1 RNase catalytic triad and
corresponding AVR,4 residues are depicted in red; residues of the F1 RNase RNA binding pocket and corresponding
AVR, residues are shown in blue. The residues of AVR 4,9 and AVRy,, required for specific MLA10 and MLA22
recognition as determined in Figs 8-10 are framed with a purple rectangle. (B and D) Predicted electrostatic surface
potential of the AVR ;9 and AVR4,; effector surface calculated using Adaptive Poisson Boltzmann Solver (APBS)
[67]. The residues of AVR 19 and AVRy,, required for specific MLA10 and MLA22 recognition as determined in Figs
8-10 are indicated. Below is a scale bar of the electrostatic potential (red = negative charge, white = neutral charge,
blue = positive charge).

https://doi.org/10.1371/journal.ppat.1009223.g011

genome, which linked together multiple non-contiguous series of genomic sequences, including
scaffold 16 [40]. This may explain why we failed to identify BLGH_00708, BLGH_00709 and
BLGH_07091 as AVR x4 in our previous studies [11,28] and emphasizes the importance of high-
quality Blumeria genome assemblies for identification of novel AVR, effectors. We found three
AVR s paralogues in the RACE1 genome, and in line with this observation, three non-identical
paralogues of AVR,,; have been described in RACEI [11], indicating that these AVR, effectors
were duplicated [11]. Similarly, BLGH_07092 is likely an AVR,4 copy with a frameshift mutation.
This AVR, duplication could facilitate the gain of new virulence functions.
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Unlike other virulent variants of Bgh AVR,, effectors that carry SNPs in the coding region
or transposon insertions, or are transcriptionally silent [11,28], here we report that virulence
of Bgh isolates on Mla6 NILs is possibly caused by splice site mutations in the intron of tran-
scripts from isolates virulent on Mla6 lines that map to the AVR 4 gene. The intron retention
observed in most of these transcripts is potentially caused by either a splice branch point muta-
tion or a splice donor site mutation and leads to premature stop codons (S3 and S4 Figs).

Even though the encoded truncated proteins are detectable in heterologous N. benthamiana
(Fig 2C), RNA-Seq analysis of virulent Bgh isolates on barley leaves suggests that these muta-
tions result in significantly reduced transcript levels. The latter is possibly a consequence of
nonsense-mediated mRNA decay (NMD) [41]. This observation, together with a high viru-
lence frequency on Mla6 NILs in European Bgh populations [42], suggests that the loss of the
AVR ¢ effector gene does not have a detrimental impact on Bgh virulence. Future studies
might clarify whether AVR 4 virulence function can be compensated by AVR,¢ family mem-
bers or more distantly related effectors.

A predicted common ribonuclease-like fold among Blumeria AVR 5
AVRPM3 and AVRPM?2 effectors

AVR 56 was predicted to be structurally similar to CSEP0064 (Fig 3). Upon re-analysis of all previ-
ously reported Bgh AVR, effectors using the version 5.0 of the IntFOLD structural prediction
server, we report here evidence supporting a common structural fold amongst the so far isolated
AVR, effectors despite the lack of relatedness between their DNA and protein sequences (Fig 3).
Moreover, AVR, effectors appear to share this structural fold at least with Bgt AVRPM2 and
AVRPM3"™? effectors that are recognized by wheat NLRs PM2 and PM3, respectively (Fig 3;
[22,35,36]). In addition, protein alignments and in silico tertiary structure modelling suggest that
Bgt AVRPM3%%" and AVRPM3"¥“? also have a central o-helix that faces three to four B-sheets
[22]. Even though AVR, effectors seem to have a common predicted fold similar to RNases, the
residues critical for catalytic activity are lacking in the predicted AVR, structures and we did not
detect ribonuclease activity when AVR, effectors were co-incubated with RNA (Fig 4A).

Given that multi-allelic barley MLA, multi-allelic wheat PM3, and wheat PM2 NLRs are
sequence-unrelated and are encoded on non-syntenic chromosomal locations, it is possible
that these immune receptors arose by convergent evolution to detect distinct members of the
structurally related superfamily of powdery mildew RALPH effectors.

We speculate on two evolutionary scenarios that might explain the diversity of extant
RNase-like effectors in Bgh and Bgt. In a common descent scenario, all RALPH effectors have
diversified from an “ur-RALPH”, which was present in the last common ancestor prior to host
specialization of grass powdery mildews [29]. For instance, striking sequence conservation of
AvrPm2 among Blumeria ff spp secalis, tritici and hordei [36] and the presence of orthologous
candidate effector gene families among specialized forms of grass powdery mildews support a
common descent model [43]. The relatively small number of RALPH effectors in dicot-infect-
ing powdery mildew species such as Erysiphe pisi [44] and in the early-diverged Parauncinula
polyspora [45] suggests that RALPHs could have evolved 80-90 million years ago [46]. How-
ever, the variable intron location in Blumeria AVR genes (S6 and S7 Figs) questions this
hypothesis. In an alternative scenario, the predicted structural relatedness of known AVRPM
and AVR, effectors could be the product of convergent evolution from different fungal
RNases in the order Erysiphales after the differentiation of formae speciales. In summary, our
data is reminiscent of findings indicating the existence of sequence unrelated but structurally
related MAX effectors (Magnaporthe Avrs and ToxB-like) that account for 10% of the M. ory-
zae effector repertoire in this Ascomycete pathogen [47]. Another example for sequence-
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diversified but structurally-related effectors are oomycete RXLR effectors, such as ATR1 and
ATR13 in Hyaloperonospora arabidopsidis [48,49], and PexRD2 and AVR3all in Phy-
tophthora infestans [50].

The LRRs of allelic MLA receptors determine recognition of matching
AVR, effectors

Earlier work with hybrids built from MLA1 and MLAG6 receptors demonstrated that the MLA
LRR is a determinant of Bgh isolate-specific recognition [38]. In this previous study it could not
be clarified whether the respective AVR, effectors are the only fungal components that determine
isolate-specific recognition by the MLA LRR domains. We show here that the LRR of four MLA
receptors (MLA1, MLA6, MLA10, and MLA?22) is responsible for specific recognition of match-
ing AVR, effectors. We found that for the recognition of AVR 4 the C-terminal six LRR repeats
of MLAG6 cannot be exchanged to the ones found in MLA1, while the 12 C-terminal LRR repeats
of MLA1 cannot be exchanged to those of MLAG for recognition of AVR,;. Similarly, four C-ter-
minal LRR repeats of the flax allelic L5 and L6 receptors are necessary for recognition of matching
AvrL567 effectors [27]. Most sites of positive selection among MLA resistance specificities cluster
on the predicted concave site of the C-terminal LRRs [19,20]. Thus, it is possible that these LRR
residues are contact sites for specific recognition and association with structurally related AVR 4
effectors. We confirmed this assumption for the LRRs of MLA10 by observing an association of
MLA22LRR10 with AVR4;o when the proteins were co-expressed in plants or in yeast (Fig 6C).

Unexpectedly, whereas M11166, M16666, M61111, and M66111 chimeras clearly recognize
the corresponding AVR, effectors in barley protoplasts (Fig 5A), the latter three hybrid recep-
tors are non-functional in heterologous N. benthamiana. The resistance function of several
barley Mla recognition specificities, including Mla6, is genetically dependent on HvRar1,
HvSgt1, and HvHsp90 [38,51,52], which form a chaperone/co-chaperone complex in which
HvHSPI0 directly interacts with the LRR of MLA [52,53]. Thus, the hybrid MLA1/MLA6
receptors might be dependent on an additional barley protein for full resistance function.
Interestingly, the function of M11166 is known to be fully independent of HvSGT1 and
HvRARI in barley and we have shown here that this is the sole MLA6/MLA1 chimeric receptor
functional in N. benthamiana [38,51].

Multiple polymorphic AVR,;o/AVR,,, residues influence recognition by
MLA10 and MLA22

AVR,9and AVR,,; effector alleles are maintained as a balanced polymorphism in a world-
wide collection of Bgh isolates [11], which implies an important virulence function for the
AVR,10/AVR 3, gene, supported by its membership in the Blumeria core effectorome [40]. As
the effector alleles with only 11 polymorphic amino acids likely adopt an identical protein
structure, we aimed here to pinpoint polymorphic residues in AVR4;0/AVR 5, recognized by
MLA10 and MLA22, respectively. Some effector chimeras, including chimerall or chimeral3
containing only two polymorphic residues compared to the respective WT avirulence effec-
tors, escaped recognition by MLA10 and MLA22, even though these are stable proteins in N.
benthamiana. This is consistent with the observation that other naturally occurring virulent
AVR, effector variants can escape recognition by only one or two amino acid substitutions in
the respective AVR, polypeptides [11,28]. Similarly, one amino acid exchange in Bgt
AVRPM3"* leads to a loss of pathogen recognition [54]. We identified four residues in
AVR4p that cannot be exchanged to the ones found in AVR,,, without losing recognition by
MLA10. Four different residues in AVR 45, cannot be exchanged to the ones found in AVR, ;o
without losing recognition by MLA22. Of note, chimera26 can be recognized by MLA10 and
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MLA?22 (Figs 8 and 9), further suggesting that differential regions in AVR ;0 and AVR,,, are
recognized by MLA10 and MLA22, respectively. Our findings are consistent with the identifi-
cation of multiple residues, spread along the Bgt AVRPM3"*“ effector polypeptide, that can-
not be exchanged for specific detection by wheat PM3b or PM3c NLRs [22]. Multiple, additive
contact points of the AvrL567-A and -D flax rust fungus alleles are recognized by the flax
receptors L5 and L6, respectively [27]. In summary, our findings suggest that multiple residues
on the AVR, effector surface determine the specific recognition by MLA receptors, and this
may influence the functional diversification process of these receptors.

Previous studies suggested that RALPH effectors are pseudoenzymes that cannot cleave
RNA due to the absence of a catalytic amino acid triad present in the fungal F1 RNase that are
needed for enzymatic RNA catalysis [30]. These catalytic residues are E58, R77, and H92 [55].
We found that only one residue involved in RNA catalysis (R81) is conserved in the deduced
AVR,10/AVR 52, RNase-like effectors. Notably, four amino acids in AVR, ;o cannot be
exchanged to the ones found in AVRy,, (D53, F77, H64, and W96), and these are located close
to a predicted positively charged area on the effector’s surface. In the F1 RNase, the correspond-
ing area forms the catalytic cleft. Residues required for MLA22 recognition are found in a nega-
tively charged surface patch away from the negatively charged area presumably recognized by
MLA10 (Fig 11A and 11B). This data is underlined by the recognition of chimera26 through
MLA10 and MLA22, as chimera26 carries both of the described recognition patches. Recently, a
few RALPH effectors were found in E. pisi, which infects a dicotyledonous host, and structural
predictions showed that residues for RNA catalysis are partially conserved and are located
within a positively charged binding cleft [44]. This is in agreement with our findings for Bgh
AVR 10 and AVR 4, but contrasts with the absence of any catalytic triad residue as well as a
positively charged binding cleft in the structure of Bgh CSEP0064 [30]. If these residues, which
are located in the predicted positively charged cleft, and are recognized by MLA10, are also
involved in potential RNA binding of AVR ;o and AVRa,;, remains to be determined.

Methods

Phylogenetic analysis of Blumeria graminis formae speciales candidate-
secreted effector proteins

Secretomes for the B. graminis formae speciales poae, lolium, avenae, tritici 96224, hordei DH14,
secalis S1459, triticale T1-20, and dactylidis were obtained as described in Frantzeskakis et al. 2019
[40]. Subsequently, protein sequences without the signal peptide were aligned using MAFFT
v7.310 (command used: mafft—amino —6merpair—maxiterate 1000—thread 12; [56]). The
resulting alignment was then passed to IQ-TREE v1.6.beta4 (command used: iqtree-1.6.beta4-Li-
nux/bin/iqtree -m VT+R8 -s all_seqs.fa.aln -nt 12 -bb 1000; [57]), and the phylogenetic tree gen-
erated was visualized using ITOL (https://itol.embl.de/tree/13461102183294661576347461; [58]).
If not already publicly available [40,43,59], proteomes used for secretome prediction were gener-
ated using the MAKER pipeline [60] as described previously [40].

Plant material

The barley cultivar Golden Promise was grown at 19°C, 70% humidity and under a 16 h photope-
riod. N. benthamiana plants were grown and maintained under standard greenhouse conditions.

Association analysis

RNA-seq read alignment, variant calling, and association analysis were performed as described
in Saur et al., 2019 [11].
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Generation of expression vectors

Entry clones and destination constructs for the expression of AVR,;, AVR,;-V1, AVR,;0,
AVR,22, AVR10-V/IAVR 155V, Mlal0, Mla22, Mlal, and Mla6 were previously published by
Saur et al., 2019 [11]. CSEP0058 (BLGH_00697) was cloned from the cDNA of Bgh isolate
DH14 using the primers listed in S3 Table. M16666, M61111, M11166, and M66111 DNA
sequences with introns in the pUBI-NOS vector were previously published by Shen et al., 2003
[38], and for expression in N. benthamiana were amplified from the pUBI-NOS vector [38]
and cloned into pENTR/D-TOPO without a stop codon (S3 Table). cDNAs of AVR ;6, AVR 56-
V2, CSEP0333 (BLGH00698), and BLGH_00700, chimeras 11, 12, 13, 14, 15, 16, and 23, chime-
ric Mla10Lrr22 and Mla22Lrr10 were synthesized with or without a stop codon as pPDONR221
(Km®) entry clones by GeneArt (Thermo Fisher). Chimeras 21, 22, 24, 25, 26, 28, 29, and 30
were generated by site-directed mutagenesis PCR using primers listed in S3 Table. The integ-
rity of all entry clones was confirmed by Sanger sequencing.

For transient expression assays in barley protoplasts, N. benthamiana, and yeast, the genes
were recombined using LR-Clonase II (Thermo Fisher) into the pIPKb002 (SpecR) [61],
pGWB517 (Spec®) [62], pXCGS-GW-mYFP (Carb®) [63], the pLexA-GW (Carb®) [64], or the
pB42AD-GW (Carb®) [64] gateway-compatible destination vectors. Additional constructs
used in this study were described in Saur et al., 2019 [11].

Transient gene expression assays in barley protoplasts

The isolation and transfection of barley protoplasts was performed as described in Saur

et al., 2019 [33]. In short, cDNAs of the AVR,s were co-expressed with cDNAs of Mlal10,
Mla22, Mlal0Lrr22, and Mla22Lrr10 using the pIPKb002 vector with a strong ubiquitin
promoter or with intron-containing DNA of chimeras M16666, M11166, M61111, or
M66111 in a pUBI-NOS-vector (described in Shen et al., 2003 [38]) in barley cv. Golden
Promise protoplasts. Protoplast solution (300 pl of 3.5 x 10° cells/ml) was transfected with
4.5 pug of LUC reporter construct, 10 ug of Mla plasmid, and 6.5 pg of the respective AVR,
effector or an empty vector (EV). The protoplasts were incubated for 16 h at 21°C in a plant
growth chamber and then harvested by centrifugation at 1,000 x g. Subsequently, the super-
natant was removed, and protoplasts were lysed by addition of 180 pl of cell culture lysis
reagent (Promega, E1531). The LUC activity of samples was measured in a luminometer
(Centro, LB960) using a 96-well plate in which 50 yl of protoplast lysate were mixed with
50 ul of the LUC substrate (Promega, E1501). The relative LUC units (RLU) were calculated
by setting the absolute value of the EV sample to 1.

Transient gene expression assays in Nicotiana benthamiana

Expression constructs for AVR, and MLA and respective chimeras were always freshly trans-
formed into Agrobacterium tumefaciens strains GV3101::pm90 and GV3101::pm90RK and
selected on LB media containing the respective antibiotic resistance. Single colonies were inoc-
ulated into liquid LB medium and grown overnight at 28°C with agitation at 220 rpm to a
maximal ODggo = 1.5. Agrobacteria were centrifuged at 2500 x g for 15 min and the pellet was
resuspended in infiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl,, and 200 pM acetosyr-
ingone) to an ODggg of 1 to 1.2. The suspensions of Agrobacteria were incubated at 28°C with
shaking 150 rpm for at least 2 h. Leaves of four-week-old N. benthamiana plants were infil-
trated with a 1:1 mix of bacteria carrying AVR, constructs or Mla constructs. The cell death
score was assessed at four days post infiltration. Leaf tissue was harvested two days post infil-
tration for western blot analysis and 40 hours for split-LUC assays.
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Split-luciferase complementation assay

The assay was performed as described in Saur et al., 2019 [11].

Plant protein extraction and immunoprecipitation for detection of fusion
proteins

N. benthamiana leaf material was frozen in liquid nitrogen and ground to a fine powder using
a Retsch bead beater.

For the detection of AVR,-nLUC and MLA-cLUC proteins, 50 mg of leaf tissue was resus-
pended in 150 pl of urea-SDS sample buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 8 M urea, 2%
B-mercaptoethanol, 5% glycerol, and 0.004% bromophenol blue) and vortexed at room tem-
perature for 10 min before centrifugation at 16,000 x g for 10 min.

For the detection of AVR,-mYFP and MLA-4xmyc proteins, 300 mg of ground leaf tis-
sue were dissolved in 2 mL of ice cold extraction buffer (150 mM Tris-HCI, pH 7.5, 150
mM NaCl, 10 mM EDTA, 10% (v/v) glycerol, 10 mM DTT, 2% (v/v) plant protease inhibi-
tor cocktail (Sigma), 1 mM NaF, 1 mM Na;VO,, 1 mM PMSF, and 0.5% (v/v) IGEPAL).
Extracts were centrifuged twice for 16 min at 16,000 x g at 4°C. For the detection of MLA-
4xmyc proteins, the extracts were diluted 4:1 with 4 x SDS loading buffer for SDS-PAGE.
Samples were heated for 5 min at 95°C. For the detection of AVR ,-mYFP, the proteins
were concentrated using GFP-trap-MA (Chromotek) beads. Beforehand, the beads were
incubated in equilibration buffer (150 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM
EDTA, pH 7.5, 10% Glycerol, 1.5% (w/v) BSA) for 1 hour at 4°C with slow rotation. The
protein extracts were incubated with the equilibrated beads for 4 h at 4°C with slow rota-
tion. Subsequently, the beads were washed five times with cold wash buffer at 4°C. The
conjugated proteins were stripped off the beads by boiling the samples in 30 pl 4 x Laemmli
sample buffer at 95°C for 10 min.

Samples were separated on 8% or 10% SDS-PAGE gels, blotted onto PVDF membranes
and detected using anti-LUC (SIGMA L0159), anti-GFP (abcam ab6556) or anti-myc
(abcam ab9106) antibodies followed by anti-rabbit IgG-HRP (Santa Cruz Biotechnology
sc-2313). Proteins were detected with the SuperSignal West Femto chemiluminescent sub-
strate (Thermo Fisher, catalog number 34095) using Gel Doc XR and a gel documentation
system (Bio-Rad).

Protein expression and purification from Escherichia coli

AVRj¢ (25-115) AVRp10 (21-119), and AVR 45 (21-122) were expressed in E. coli as fusion
proteins with N-terminal GST tags. The expression plasmids pGEX6p-1 (GE Healthcare) were
transformed into the E. coli strain BL21 (DE3) (Novagen) by heat shock and grown at 37°C in
Luria-Bertani broth to an ODgqg of 0.6. Isopropyl-B-D-thiogalactoside (IPTG, Sigma) was
added to induce protein expression at 18°C for a further 12 h. The cells were harvested by cen-
trifugation at 6,000 x g for 10 min at 4°C and resuspended in resuspension buffer (25 mM
TRIS pH 8, 150 mM NaCl). Cell suspensions were lysed by sonification. Cell debris was
removed by centrifugation at 30,000¢ for 2 h. The soluble fractions were collected and allowed
to flow through GST resin (GE Healthcare). After washing with two column volumes of the
same buffer used for resuspension, another 2 ml of buffer and 10 pl of PreScission protease
(GE Healthcare) were added to the column followed by overnight incubation to cleave off the
AVR, proteins from the GST resin. The cleaved AVR, proteins were then eluted and further
purified by size-exclusion chromatography using a Superdex 200 10/30 gel filtration column
(GE Healthcare).
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Protein expression and purification from insect cells

AVR46 (25-115) AVRp 0 (21-119), and AVR 43 (21-122) were expressed in insect cells as
fusion proteins with N-terminal GST tags. The expression plasmids pFASTBACI1 (Invitrogen)
were transformed into the E. coli strain DH10Bac (Invitrogen) by heat shock. Successful trans-
formation was validated by blue-white selection and bacmids of positive colonies were subse-
quently isolated with a DNA Mini Kit (QIAGEN). Sf21 insect cells (Invitrogen) were
transfected with sequence verified bacmids by Cellfectinll (Thermo Fisher). After five days
incubation at 28°C, recombinant baculovirus PO were harvested and used to amplify P1 virus
for another three days. Insect cells were infected at concentration of 2.0 x 10°-2.5 x 10° cells/
ml with P1 virus for 60 h. Insect cells were harvested and re-suspended in resuspension buffer
(25 mM TRIS pH 8, 150 mM NaCl,15mM imidazole) followed by sonification lysis. Cell debris
were removed by centrifugation at 30,000¢ for 2 h. The soluble fractions were collected and
allowed to flow through a GST affinity trap. After washing with two column volumes of the
same buffer used for resuspension, another 2 ml of buffer and 10 pl of PreScission protease
(GE Healthcare) were added to the column, followed by overnight incubation to cleave off the
AVR, proteins from the GST resin. The cleaved AVRA proteins were then eluted and further
purified by size-exclusion chromatography using a Superdex 200 10/30 gel filtration column
(GE Healthcare). The proteins were tested for RNase activity with the same method applied
for E. coli purified proteins.

RNase activity assays

Leaf material from three-week-old barley cv. Golden Promise plants was harvested to extract
total RNA using the RNeasy Plant Mini Kit (QIAGEN). The remaining genomic DNA was
removed by treating RNA with TURBO DNase enzyme (Ambion). Purified AVR, effectors
from E. coli were incubated with denatured total barley RNA. Then, 30 pl reaction mixtures

(1 pg RNA, 1 pM protein in 15 mM Tris-HCI (pH 8.0), 15 mM NaCl, 50 mM KCl, and 2.5 mM
EDTA) were incubated at 25°C for 90 min. RNase F1 (Sigma) was included as a positive con-
trol. For analysis by the Bioanalyzer 2100 (Agilent Technologies, USA) 10 ul of sample were
used.

To test the consumption of native rabbit rRNA, purified AVR, effectors were incubated
with 20 pl of rRNA from rabbit reticulocyte lysate (Promega) following the method of Kao
etal. 2001 [37]. 30 pl reaction mixtures (20 pl rabbit reticulocyte lysate, 1uM purified AVR
effectors in 15 mM Tris-HCI pH 8.0, 15 mM NaCl, 50 mM KCI, 2.5 mM EDTA) were incu-
bated at 25°C. After 60 or 30 min, the reaction was terminated by adding 20 ul phenol/chloro-
form and was vortexed for 30 seconds. Samples were sedimented at 14,000 rpm for 15 min and
30 ul of the aqueous layer was removed and mixed with 6 pl electrophoresis loading buffer. For
analysis by the Bioanalyzer 2100 (Agilent Technologies, USA) 10 ul of sample were used.

Yeast two-hybrid assays

Mila variants were cloned into the pLexA-GW vector [64] for expression with an N-terminal
LexA activation domain under the control of a constitutive ADH1 promoter (BD-MLA). The
AVR, variants were cloned into pB42AD-GW [64] for expression with an N-terminal B42 acti-
vation domain followed by the HA tag under the control of an inducible GAL1 promoter
(AD-AVR,). Using the lithium acetate method [65], Mla bait constructs and AVR, prey con-
structs were co-transformed into the yeast strain EGY4.8 p8op-lacZ and successful transfor-
mants were selected by colony growth on SD-UHW/Glu (4% (w/v) Glucose, 0.139% (w/v)
yeast synthetic drop-out medium pH 5.8 without uracil, histidine, tryptophan, 0.67% (w/v) BD
Difco yeast nitrogen base, and 2% (w/v) Bacto Agar). Yeast transformants were grown to
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ODgpp 1 in liquid SD-UHW/Glu before harvesting cells for serial dilution on SD-UHW/Gal/
Raf media (SD-UHW without glucose but with 2% (w/v) Galactose 1% (w/v) Raffinose, with
(-UHW) or without Leucine (-UHWL)) and incubated for 14 days at 30°C.

Yeast protein extraction

For protein extraction, 10 ml of co-transformed yeast strains were grown to an ODgg of 1 in
SD-UHW/Gal/Raf liquid medium at 30°C with shaking at 200 rpm. The proteins were precipi-
tated using the ammonium acetate method (modified from Karginov and Agaphonov et al.,
2016 [66]). In short, cells were harvested by centrifugation at 700 xg for 5 min. The pellets were
resuspended in 200 ul NH,-acetate buffer (1 M NH4(CH5;COO), 150 mM NaCl, 30 mM Tris-
HCI, pH 7.5, 10 mM PMSF, 5 mM EDTA, and one tablet of Protease Inhibitor Cocktail (Roche).
The yeast suspension was transferred into BeadBug-prefilled tubes with 0.5-mm silica glass
beads (Sigma) and ground in a Precellys homogenizer (two times at 6,200 rpm for 30 sec, break:
15 sec). Afterwards, the DNA was sheared using a Diogenode Bioruptur ultrasonic water bath
(twice for 30 sec at high power, break: 90 sec). The suspension without the beads was transferred
into a Protein LoBind tube (Eppendorf). The glass beads were washed three times with 250 ul
NH-acetate buffer. The washes were combined with the suspension and incubated for 1.5 h on
ice. Precipitated proteins were harvested by centrifugation (16,000 x g for 10 min). Precipitates
were washed with 1 ml 1 M NaCl and the pellet was resuspended with 200 pl Urea-SDS sample
buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 8 M Urea, 1% f3-mercaptoethanol, 2 mM EDTA, 5%
glycerol, and 0.004% bromophenol blue) at room temperature. Resuspension in urea-SDS buffer
and omission of the boiling step is essential for detection of LexA-MLA fusion proteins. For
western blotting, 10-15 pl of the sample were loaded on 8% or 12% SDS page gels, blotted onto
PVDF membranes and probed with either anti-HA (Merck, clone 3F10, RRID:AB_390914) or
anti-LexA (Santa Cruz, Biotechnology, sc7544, RRID:AB_627883) primary antibodies, followed
by incubation with secondary anti-rat (Santa Cruz Biotechnology, sc2065, RRID:AB_631756) or
anti-mouse IgG-HRP antibodies (Santa Cruz Biotechnology, sc2005, RRID:AB_631736) for the
detection of AVR, or MLA proteins, respectively. HA and LexA fusion proteins were detected
by HRP activity on SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher
34095) using a Gel Doc XR and gel documentation system (Bio-Rad).

Supporting information

S1 Fig. Transient co-expression of A VR, candidates with Mla6 in cultivar (cv.) Golden
Promise barley protoplasts. Transient co-expression of EV or cDNAs of BLGH_00709 or
BLGH_00697 lacking their respective signal peptides together with Mla6 and pUBI:Luciferase
in cv. Golden Promise protoplasts. The LUC activity relative to the EV sample was measured
as a proxy for cell death 16 hours post transfection. Bar diagrams represent mean relative LUC
activity of eight transfections, which are represented by dots, while the standard deviation is
indicated by error bars. Significant differences between samples were analyzed using a one-
way ANOVA and siginificant difference is indicated by different letters. Calculated p-value:
p=0.000331

(TIF)

S2 Fig. Association of AVR 4 transcriptomic data with phenotypes of Bgh isolates on Mla6
NILs. The table depicts infection phenotypes of 27 Bgh isolates on barley Mla6 near-isogenic
lines (NILs) [11,28] of the cultivar (cv.) Manchuria and cv. Pallas, a heatmap of the fragments
per kilobase million (fpkm) expression data of AVR s, BLGH_07092 and AVR family mem-
bers BLGH_00698, BLGH_00697 and BLGH_00700 and a list of the deduced AVR »¢ proteins
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expressed by each isolate.
(TIF)

S3 Fig. Schematic illustration of splice site mutations in AVR,s which presumably lead to
virulence of Bgh isolates on Mla6 NILs. (A) Schematic illustration depicting the three
observed splice site mutations: Splice donor site, splice branch point, and splice acceptor site
mutations. (B) Schematic illustration of the genomic, transcriptomic, and deduced protein
sequences of the three AVR 4 effector variants: AVR 6, AVR,6-V1, and AVR4-V2. Depicted is
the mutation in the consensus sequence of the branch point in AVR - V1 transcripts of Bgh
isolates CC66 and CC148 and the splice donor site mutation in AVR4-V2, which can be found
in transcripts and the genome of Bgh isolate K1. This splice site mutation likely lead to an
intron retention, which is supported by RNA-seq reads. Intron retention introduces an early
stop codon leading to anticipated truncation of the AVRz¢-V1 and AVR,6-V2 proteins.
(TIF)

$4 Fig. Alignment of DNA, RNA, and protein sequences of AVR 4, AVR,6-V1 and
AVR,6-V2 variants including the signal peptide. (A) DNA sequence alignment of AVR 6,
AVR,6-V1,and AVR4-V2. The sequence of AVR,4-V1 was deduced from RNA-seq reads. (B)
RNA sequence alignment of AVR 4, deduced AVR 6-V1, and AVR4-V2. (C) Protein sequence
of AVR 4, deduced AVR4-V1, and AVR 46-V2.

(TIF)

S5 Fig. Overlay of predicted AVR 4¢ structure (red) with the X-ray crystallography struc-
ture of CSEP0064 (yellow) (PDB ID: 6fmb).
(TIF)

S6 Fig. Examination of the intron characteristic for RALPHs in Bgt and Bgh avirulence
effectors. (A) Position of the intron, which was found to be characteristic for RALPH-like
effectors in the gene models of Bgt and Bgh A VR effectors. Black boxes are the 5 UTR and 3’
UTR, white boxes are the gene coding regions, dark grey boxes denote the signal peptides, and
light grey boxes depict introns. The characteristic intron, which was found in RALPH effec-
tors, is shown in yellow. (B) Protein sequence alignment of Bgt and Bgh avirulence effectors
showing the amino acid similarity and identity using grey and black backgrounds, respectively.
Red arrows depict the relative position of the intron. Two black bars at positions 37 and 133 of
the alignment show two characteristic cysteines present in all effectors except for AVRy 3,
which are predicted to form a disulfide bond.

(TIF)

S7 Fig. DNA sequence alignments of Bgh and Bgt AVR effectors. (A) DNA sequence align-
ment of Bgt and Bgh avirulence effectors including the signal peptide. Yellow background
depicts the characteristic intron in RALPH effectors. B) Alignment of the intron sequence,
which can be found in Bgt and Bgh RALPH avirulence effectors. Intron gDNA sequence align-
ment depicting identical nucleotides with a black background.

(TIF)

S8 Fig. Size exclusion chromatography and SDS-PAGE of purified AVR 56, AVR,;9, and
AVR,,; effector proteins. (A) Size exclusion chromatogram (SEC) of AVR 6, AVR4 10, and
AVR,; showing absorbance at 280 nm (y-axis) against the retention volume (ml) (x-axis) and
the respective fraction above (A34 and A36 for AVR ¢, A31 and A33 for AVR,,; A32 and
A34 for AVR,3), which was used for further RNase activity assays. (B) Stain-free SDS-PAGE
(Bio-rad) showing the fractions of purified AVRA¢, AVRA 19, and AVR, ;5 proteins used for
further RNase activity assays with a white arrow. AVR, protein fractions were separated on a
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12% polyacrylamide gel and visualized by the ChemiDoc MP Imaging System (170-8280).
(TIF)

S9 Fig. Protein quality control of AVR 4, AVR4 ¢, and AVR, 3. (A) Size exclusion chro-
matogram of AVR e, AVR4 10, and AVR, 5 purified from insect cells. Fractions eluted at 18.5,
17,17.5ml of AVR 45, AVR 5o, and AVR, ;5 proteins were verified by SDS-PAGE (indicated by
red, green and blue arrows) and used for further RNase activity assays. (B) After size exclusion,
insect cell-purified AVR 56, AVR 419, and AVR 3 proteins or T1 RNase were incubated with
denatured HvRNA. All samples were separated on non-denaturing 2% agarose gels and ana-
lyzed on a Bioanalyzer to determine for RNA degradation.

(TIF)

$10 Fig. Amino acid sequence alignment of M61111, M66111, M16666, and M11166. Col-
ored boxes depict different domains of the receptors: blue = CC-domain, green = NB-ARC
domain, red = LRR as defined previously in [19]. Grey boxes depict individual LRRs.

(TIF)

S11 Fig. N. benthamiana corresponding to results of Fig 5. Pictures were taken under UV
light (302 nm) at 5 days post transformation.
(TIF)

$12 Fig. Amino acid sequence alignment of MLA10, MLA22, MLA10LRR22, and
MLA22LRR10 receptors. Colored boxes depict different domains of the receptors: blue = CC-
domain, green = NB-ARC domain, red = LRR as defined previously in [19]. Grey boxes depict
individual LRRs.

(TIF)

S13 Fig. N. benthamiana leaves corresponding to results shown in Fig 8. Pictures were
taken at 5 days post transformation.
(TIF)

S14 Fig. HR indices of N. benthamiana leaf infiltrations. (A) HR index used for scoring cell
death in N. benthamiana. 0 = no cell death, 1 = weak chlorosis of infiltrated spot, 2 = chlorosis,
3 = strong chlorosis with rare spots of collapsed, dead leaf material, 4 = strong cell death with
collapsed leaf material. The color of the frames around cell death pictures indicates HR indices
in stacked bar plots B-E. (B-E) Stacked bar plots showing the count of individual HR indices
from independent leaf infiltrations. Significance of cell death scores was calculated by Fisher’s
exact test and an asterisk depicts p < 0.05: (B) MLA6, AVR 56-1: 8.68xe '*; MLA1, AVR
2.6xe ' (C) M11166, AVR 6-1: 3.98xe™'% (D) MLA10, AVR 510 1.25xe "% MLA22LRR10,
AVR 10 3.07xe%7; MLA22, AVR y5,: 7.74xe %, MLA10LRR22, AVR 55,: 5.8xe *” (E) MLAL10,
AVR,,0: 3.07xe s MLA10, chimera26: 1.54xe”'*; MLA10, chimera29: 3.73xe™'%; MLA22,

AVR 55 2.77xe™*; MLA22, chimeral4: 6.68xe >*; MLA22, chimera22: 6.39xe™'*; MLA22, chi-
mera24: 1.5xe”!, MLA22; chimera26: 9.59xe ™.

(TIF)

S1 Table. Top-ranking AVR,s candidates in the transcriptome-wide association study
(TWAS) determined by gene-wise calling. * *The table columns show the new and former
BLGH_ID, the description, the scaffold localization and the p-value of the top-ranking candi-
dates for the gene-wise association of Bgh transcriptomes with infection phenotypes on Mla6
near-isogenic lines (NILs). Color codes depict top-ranking A VR, candidates and are consis-
tent with the color code used in Fig 1A: bright green: CSEP0254 paralogues, dark green:

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009223  February 3, 2021 31/36



PLOS PATHOGENS

LRR domain of MLAs define specificity towards avirulence effectors with a predicted common fold

BLGH_07092, dark red: BLGH_00697, bright red: BLGH_00700.
(TIF)

S2 Table. Top-ranking A VR, candidates in the transcriptome-wide association study
(TWAS) determined by variant-wise calling. * *The table columns depict the scaffold locali-
zation, the effect that the mutation has on the reference gene (non-synonymous mutation,
gained stop codon), the codon change and the respective aa exchange, a gene description, the
CSEP_ID and the p-value of the top-ranking candidates for the variant-wise association of Bgh
transcriptomes with infection phenotypes on Mla6 near-isogenic lines (NILs). Color codes
designate top-ranking A VR ;s candidates and are consistent with the color code used in Fig 1A:
bright green: CSEP0254 paralogues, dark green: BLGH_07092 and bright red: BLGH_00700.
(TIF)

S3 Table. Primers used in this study.
(TIF)
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3. Supplementary Results

3.1 Mechanism for the NADase activity of plant TIR domain proteins

Given the significance of NOD-mediated tetramerization in TNL NADase activity, how can
TIR domains themselves confer TNL-like NADase activity? To address this question, I co-
crystalized RPP1T® with NAD" and solved the crystal structure of RPP1T® using molecular
replacement. In the crystal structure, the RPP1™® domain forms a tetramer in which the NAD"
hydrolyzed products ADPR and NAM bind to the catalytic centers formed by two head-to-tail
asymmetric TIR dimers (Figure 4A). Structural comparison showed that the RPP1TR tetramer
in the crystal is identical to that in the RPP1 resistosome, explaining why the TIR domain
could perform the same enzymatic activity as full-length RPP1. This tetrameric RPP1™R also
explained why the AE interfaces (interface involving helices aA and aE) were repeatedly
observed in the crystal structures of TIR domain proteins, and mutations disrupting the AE

interface impaired TIR-mediated cell death (Zhang et al., 2017; Williams et al., 2016).

Figure 4 Mechanism for the NADase activity of RPP1™®

(A) Packing of four RPP1™R protomers in the crystal structure of RPP1™, ADPR and nicotinamide
(NAM) bind to the catalytic centers formed by head-to-tail asymmetric TIR dimers. BE interface
refers to interface between the two head-to-tail TIR protomers (TIRa/TIRc). Some structural elements
are labelled.

(B) Detailed interactions between the ribose sugar ring and one RPP1™®, The image represents a
vertically rotated black frame in (A). Black dashed lines represent polar interactions. The C1°” atom is
indicated by the red arrow.

(C) Structural comparison of RPP1™ (green) in (A) with free RPP1™ (PDB: 5TEB) (yellow). The
BB-loop was labelled to highlight the difference in conformation.

The structure of product-bound RPP1TR provides insight into the catalytic mechanism of
NAD" hydrolysis. The C1°" position in the ribose sugar ring of ADPR faces the catalytic
glutamic residue of RPP1T® (Figure 4B), suggesting that this residue is important for
catalyzing NAM release from NAD" (Jia et al., 2022). Structural comparison reveals a striking
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difference between the previously reported free RPP1T® (PDB: 5TEB) and the product-bound
RPP1™ (Figure 4C). In free RPP1™, the BB-loop adopts a closed conformation and RPP1™TR
forms a trimer (crystal packing) mediated by AE and DE interfaces (interface involving helices
aD and oE) (Zhang et al., 2017). By contrast, in the product-bound structure (Figure 1A), the
BB-loop adopts an open conformation, allowing a substrate such as NAD" to access the
catalytic pocket. While RPP1T™® was a monomer in solution, RPP1T™® forms a tetramer when
crystallized in the presence of NAD", which is almost identical to the tetrameric TIR domains
observed in the RPP1 resistosome (Ma et al., 2020). This suggests that the tetramer in the
RPP1™R crystal structure was likely induced by NAD".

3.2 The 2',3"-cAMP/cGMP synthetase activity of plant TIR domain proteins

3.2.1 Substrate-induced L7™R filaments in vitro

The cryo-EM structure of the L7T™® filaments suggests that its substrates, RNA or DNA, have
arole in forming the filament structure. To test this hypothesis, we incubated L7™™ monomer
with Arabidopsis total RNA or genomic DNA (gDNA) and assayed the samples using
negative staining EM. Compared to the L7™ monomer alone, incubation with RNA or DNA
(Figure 5A-C) induced the formation of TIR filaments. The average lengths of L7™™® filaments
induced by RNA were shorter than those induced by DNA. This might result from more
efficient TIR-mediated RNA hydrolysis, because our enzymatic activity assays showed that
RNA is a more favorable substrate for TIR nuclease than DNA. Notably, L7™® can be clearly
detected wrapping around DNA (Figure 5C).

>

w L7"Rmonomer

L7TR monomer
() +RNA

L7TR monomer
+DNA
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Figure 5. Reconstruction of L7™® filament in vitro

(A) Negative staining images of monomeric L7"R, Tag free L7™® protein eluted at 17 ml in Superose
6 SEC column was collected and incubated with water for 45 min before preparing the negative
staining grid.

(B) Negative staining images of monomeric L7™® incubated with Arabidopsis total RNA. Protein in
(A) was incubated with an excess of Arabidopsis total RNA for 45 min before preparation of negative
staining sample.

(C) Negative staining images of monomeric L7™® incubated with Arabidopsis gDNA. Protein in (A)
was incubated with excessive gDNA for 2 h. Red arrows point to the position where L7™ wraps
around DNA.

3.2.2 Both DNA and RNA are substrates of TIR synthetases in vitro

Our enzymatic activity assays using Arabidopsis gDNA or total RNA suggested that TIR
domain proteins harbor nuclease and synthetase activities. To dissect substrate selection of
TIR synthetases, we used chemically synthesized polynucleotides including double-stranded
DNA (dsDNA), single stranded RNA (ssRNA) and dsRNA with different sizes as substrates
of L7™R to examine the 2',3-cAMP/cGMP synthetase activity of L7"™®. The ssRNA was
predicted to form secondary structures (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi).

After incubation with L7™®, all synthetic RNA produced 2',3'-cNMPs, but only long-chain
dsRNA poly (I:C) (1.5kb to 8kb) produced a comparable amount of 2’,3’-cCMP to
Arabidopsis total RNA (Figure 6B, 6C and 6D), suggesting that RNA length is a determinant
for L7™®-mediated 2’,3-cNMP synthesis. 2',3-cAMP was also clearly detectable when
dsDNA (PCR product) was used a substrate, but with a lower yield than dsRNA (Figure 6C).
As a negative control, L7"™® had no activity in producing 2',3'-cAMP using ATP as substrate.
This is likely because the phosphate group of ATP is at 5” position (Figure 6A). Taken
together, these data suggest that TIR proteins are promiscuous in the substrates that they use

for synthetase activity, as L7™R

could catalyze the production of 2’,3’-cNMPs using different
types of DNA and RNA as substrates. It is surprising that DNA can be a substrate of L7TR
synthetase because DNA contains no 2’-hydroxyl group required for production of 2',3'-
cNMPs. Thus, it currently remains to be determined whether RNA or DNA or both are the

genuine TIR substrates in vivo.
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Figure 6. L7™R catalyses production of 2,3’-cNMP using synthetic RNA/DNA as substrates

(A) L7™R displays no 2',3'-cAMP synthetase activity when ATP was used as substrate. L7 ™ was
incubated with water (top) and 100 uM ATP (bottom) at 25°C for 16 h. Reaction products were analyzed
by LC-MS in multiple reaction monitoring (MRM) mode.

(B-D) L7™R displays 2',3-cNMP synthetase activity when synthetic RNA and DNA were used as
substrates. L7™ (1 uM) was incubated with 100 ng RNA40 (20 nt ssRNA); RNA 334nt (mRNA
transcribed from antisense mouse s-actin probe); 100 ng poly (A:U) (synthesized poly A:U); PCR
product and 100 ng poly (I:C) (synthesized poly A:U), respectively. After 16 h reaction at 25°C, the
products were analyzed by LC-MS. L7™ protein incubated with water was included as a negative
control (D). RNA/DNA themselves do not produce 2',3'-cNMP by themselves. MRM and retention time
of 2,3'-cAMP and 2',3'-cCMP were confirmed using authentic standards. Black line indicates the total
ion chromatogram (TIC), purple, blue and red lines indicate three different transitions. Data are depicted
as a representative chromatogram of MRM analyses of more than two independent experiments.

3.2.3 Do full-length TNLs have 2',3'-cNMP synthetase activity?

Given the 2',3’-cNMP synthetase activity of TIR domain proteins, we then asked whether
TNLs have a similar activity. To address this question, we examined the nuclease, 2',3'-
cAMP/cGMP synthetase and NADase activities of RPP1 alone and the RPP1-ATR1 complex
purified from insect cells (Figure 7A) (Ma et al., 2020). The results from the assay indicated
RPP1 alone showed stronger nuclease and 2',3’-cAMP/cGMP synthetase activities. By

contrast, a weaker NADase activity was found with the RPP1 protein (Figure 7B, 7C and 7D)
23



(Song et al., unpublished data). These results are consistent with the structural observation
that TIR domains in the RPP1 resistosome do not form oligomers seen in the L7™™® filament

which are required for 2',3’-cAMP/cGMP synthetase activity.
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Figure 7. Resistosome formation of RPP1 compromises 2',3'-cAMP/cGMP synthetase activity

(A) SDS-PAGE analysis of RPP1 alone and ATR1-RPP1 complex. Protein were purified using the
same method as (Ma et al. 2020). RPP1 and ATR1 are highlighted by red and blue arrows,
respectively.

(B) NADase activity assay of RPP1 alone and the ATR1-RPP1 complex. RPP1 and RPP1-ATR1 (0.5
uM) proteins were incubated with 100 uM NAD" in the presence of 1 mM MgSO, at 25°C for 16 h.
Reaction mixtures were centrifuged and immediately applied for HPLC analysis. Reaction completion
(%) of each sample was calculated as [1 — (concentration of unhydrolyzed NAD")/(concentration of
NAD" before reaction)] x 100%. Data are depicted as average reaction completion of three
independent experiments.

(C) RPPI alone exhibits stronger RNase activity than RPP1-ATR1 complex in vitro. RPP1 and RPP1-
ATRI1 proteins (0.5 uM) were incubated with 100 ng Arabidopsis total RNA in the presence of 1 mM
MgSO4. After incubation at 25°C for 6 h, the reaction mixtures were analyzed by agarose gel
electrophoresis.

(D) RPP1 alone exhibits stronger 2’,3'-cAMP/cGMP synthetase activity than RPP1-ATR1 in vitro.
RPP1 and RPP1-ATRI1 (0.5 pM) proteins were incubated with 100 ng Arabidopsis total RNA at 25°C
for 16 h and the reaction products were analysed by LC-MS. Data are depicted as average peak
intensities of two independent experiments.

The nuclease and 2',3’-cAMP/cGMP synthetase activities of the RPP1-ATR complex,
although much weaker than RPP1 alone, are not negligible. However, the TIR domains in the
RPP1 resistosome are exclusive with the TIR oligomers in the L7"® filament. How can the
RPP1-ATR1 complex still retain nuclease and 2',3’-cAMP/cGMP synthetase activities? Based
on the cryo-EM micrographs, RPP1-ATR1 could also exist as monomers and dimers besides
forming tetramers (Ma, et al., unpublished data). It is therefore a plausible hypothesis that
effector-primed non-tetrameric TNL could also form filament-like structures similar to those
formed by L7"™R. This is formally possible because of the largely solvent-exposed C-terminus
of L7™ in the filament. Previous data showed that the DE interface mutant K200E of full-

length L6 abolishes the cell death triggered by its corresponding effector AvrL567 (Zhang et
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al., 2017), suggesting that full-length TNLs may also require the DE interface and
consequently the 2',3-cAMP/cGMP synthetase activity to be fully functional.

3.2.4 Wounding increase 2',3'-cAMP/cGMP level in plants and promote TIR-mediated cell
death

As discussed (section 2.2), transient co-expression of TIR proteins with 2',3’-cAMP/cGMP
PDEs impaired TIR-mediated cell death in N. benthamiana, supporting a critical role of these
non-canonical cNMPs in TIR-mediated immune signaling. We then asked whether up-
regulation of 2',3’-cAMP/cGMP levels promotes the cell death activity of TIRs in plants. We
first attempted to deliver 2',3'-cAMP/cGMP into Arabidopsis protoplasts with PEG 4000 or
incubate the protoplasts with Br-2',3-cAMP/cGMP. We unfortunately failed to observe cell
death activity of these protoplasts (Figure 8A). Similarly, direct infiltration or petiole
absorption (Dalakouras et al., 2018) of Br-2',3'-cAMP also failed to cause macroscopic cell
death in N. benthamiana leaves. These results can be explained by our model that both TIR
NADase products and 2',3"-cAMP/cGMP are necessary for TIR-mediated cell death.
However, we cannot rule out the possibility that this could also be due to the poor ability of
(Br-)2',3’-cAMP/cGMP to permeate cell membranes or the requirement of other cNMPs.

To circumvent the difficulty in the uptake of 2',3’-cAMP/cGMP by plants, we switched to
inducing production of 2',3'-cAMP/cGMP in situ by wounding. In agreement with previous
data in Arabidopsis (Van Damme et al., 2014), we found that wounding of N. benthamiana
leaves could increase 2',3'-cAMP/cGMP levels 3-4-fold but caused no cell death (Figure 8B).
This is consistent with our model that both 2',3’-cAMP/cGMP and products of TIR NADase
are required to trigger EDS/-dependent immune signaling. We then combined physical
wounding and Agrobacterium-mediated expression of TIR proteins RBA1 or the TIR-only
protein TX7 to test whether wounding affects TIR-mediated cell death. Further supporting our
model, RBA1-mediated cell death developed earlier and concentrically with the wounded
sites serving as centers (3 dpi), whereas the area of cell death was random in the untreated
Agrobacterium-infiltrated region (Figure 8C). Visible cell death was also more pronounced at
the Agrobacterium infiltration site of the untreated leaf than at the remaining areas of the leaf,
which could be due to the mechanical wounding resulting from Agrobacterium infiltration.
These data suggest that physical injury upregulates local 2',3’-cAMP/cGMP accumulation and
promotes TIR-mediated cell death.
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Figure 8. Trans-generation of 2',3'-cAMP/cGMP by wounding promotes TIR-mediated cell death

(A) 2',3'-cAMP/cGMP treatment cannot trigger cell death in Arabidopsis protoplasts. Isolation,
transfection and luciferase activity measurements of Arabidopsis protoplasts were performed as
described previously (Saur et al., 2019). Freshly isolated protoplasts were either transfected with 100
UM 2'.3'-cAMP or 2',3'-cGMP together with the luciferase vector using PEG 4000 (+23cAMP and
+23cGMP), or transfected with the luciferase vector and then incubated with 100 uM 8-Br-2',3'-cAMP
or 8-Br-2',3'-cGMP (+Br23cAMP and +Br23cGMP). Luciferase activity was determined using a
luminometer (Berthold Centro LB 960) at 16 h post transfection as a proxy for cell death. Luciferase
activity of buffer treated protoplasts was normalized to 1.0. Luciferase activity of untransformed
(Mock) protoplasts was included as a negative control. Data are depicted as the average activity
changes of three independent experiments.

(B) Wounding induces 2',3'-cAMP/cGMP accumulation in N. benthamiana leaves. The experiment
was performed as previously described (Van Damme et al., 2014). In brief, plant leaves were
physically damaged by a needle. After 45 min, wounded leaves and untreated leaves were harvested
and flash-frozen. 2',3'-cAMP levels in N. benthamiana leaf extracts were analyzed by LC-MS.
Vertical axis: MS intensity (area) of 2',3’-cAMP and 2’,3’-cGMP. For quantification, the internal
standard 8-Br-2',3’-cAMP was used. The levels of 2',3’-cAMP/cGMP in untreated leaves were
normalized to 1.0. Data are depicted as the average activity changes of three independent experiments.
(C) Right: Wounding promotes TIR-mediated cell death. RBA1- or TX7-mediated cell death initiates
and propagates concentrically around wound sites (highlighted by red arrows). Left bottom: Wounding
cannot complement cell death of RBA1 2',3'-cAMP/cGMP deficient mutant. Left top: Physical injury
alone is insufficient to trigger cell death in EV infiltrated area. Wounding was introduced at 24 hours
post infiltration (hpi). Cell death was visually assessed and photographed at 2 dpi. The representative
images from a single replicate of three independent experiments are shown.
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Physical wounding did not cause a more pronounced cell death phenotype of V.
benthamiana plants expressing RBA1 KKK/AAA, the 2',3’-cAMP/cGMP synthetase activity
deficient mutants (Figure 8C). This is not due to expression differences, because RBA1
KKK/AAA accumulated to a similar level to WT RBAL1 in N. benthamiana (Yu et al., 2022).
One possible explanation for this is that synchronized expression of 2’,3’-cAMP/cGMP and
TIR NADase products is needed for their cooperative effect. This is relevant in our
experimental setup because mechanical wounding causes a rapid (within 30-60 min) increase
in the concentrations of 2',3'-cAMP/cGMP in plants (Van Damme et al., 2014). Thus, a trans-
combination of 2',3"-cAMP/cGMP and the TIR NADase activities may not well mimic the
spatiotemporal dynamics of a TIR bifunctional enzyme with these two activities. Nonetheless,
the promotion of WT TIR-mediated cell death by wounding further supports the idea that
2',3'-cAMP/cGMP play a key role in the cell death process. The failure to detect this
phenotype on leaf zones transiently expressing RBA1 KKK/AAA rules out the possibility that
the cell death phenotype facilitated by wounding is caused by other injury-induced responses,
and further supports our current model that the simultaneous TIR 2’,3’-cAMP/cGMP
synthetase and NADase activities are important for TIR-mediated cell death.

3.2.5 RNase T1 triggers EDSI-dependent and -independent cell death in plants

As introduced in (section 1.4.1), 2',3'-cNMPs have long been known as intermediates of
mRNA turnover by RNases. Indeed, I have observed 2',3'-cAMP/cGMP synthetase activity of
RNase T1 from Aspergillus oryzae when Arabidopsis total RNA was used as substrate (Yu et
al., 2022). Transient expression of the RNase in N. benthamiana caused a strong cell death
phenotype. This is unexpected because both NADase and 2',3'-cAMP/cGMP activities are
required for TIR-mediated cell death. A model to reconcile these data is that RNase T1-
mediated cell death is dependent on its nuclease activity but not 2',3’-cAMP/cGMP synthetase
activity. However, this does not seem true, because the cell death phenotypes could be
suppressed by 2',3-cAMP/cGMP PDE A/NUDT?7, AtCPDase and mCNPasel (Figure 9A).
Another model is that RNase T1 first induces EDS/-independent cell death, which initially
upregulates TIR genes and consequently induces £DS/-dependent cell death. To test this
model, we expressed RNase T1 in N. benthamiana epss line lacking EDS1 and its paralogues.
As predicted, massive cell death was observed in the N. benthamiana mutant line. However,
the phenotype was weaker than that in WT N. benthamiana expressing RBA1 (Figure 9B).
These data suggest that both EDS/-dependent and EDS/-independent pathways are required
for the cell death activity of RNase T'1.
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Figure 9. RNase T1-mediated cell death in N. benthamiana is partially dependent on EDS1

(A) Co-expression with 2',3-cAMP/cGMP phosphodiesterases suppresses RNaseT1-mediated cell
death in N. benthamiana. Empty vector (EV) or indicated constructs were co-expressed with RNaseT1
in N. benthamiana plants. Cell death was visually assessed and photographed at 4 dpi. The
representative images from a single replicate of two independent experiments are shown.

(B) Left: RBA1 mediated cell death is completely dependent on the EDS1 signaling pathway. Right:
RNase T1 mediated cell death is partially dependent on the EDSI signaling pathway. Cell death
phenotype was visually assessed and photographed at 5 dpi. The numbers in parentheses indicate the
numbers of leaves displaying cell death out of the total number of leaves infiltrated. Nb: N.
benthamiana; epss: edsl/pad4/sagl01a/sagl01b. The representative images from a single replicate of
two independent experiments are shown.

3.3 Interaction between FL NLRs and effectors

3.3.1 Direct interaction between MLAs and effectors was not detected in vitro

In the arms race between pathogens and plants, effectors evade NLR recognition by mutating
key residues involved in interactions, which in turn drives the evolution of NLRs to diversify
their recognition specificities. As a result, NLR gene clusters typically contain multiple
paralogs. For example, the MLA genes encode an array of allelic CNLs, each recognizing a
cognate AVRA effector from Bgh (Lu et al., 2016).

To test whether ML As directly recognize their corresponding effectors, I first expressed
MLAs in insect cells. After several unsuccessful attempts, including testing different insect
cell lines, altering insect cell culturing conditions and testing different ML A constructs or site
directed mutations, I synthesized cDNAs of MLAs with codons optimized for insect cells.
Codon optimization has been shown to improve protein production for many proteins (Mauro
and Chappell, 2018). Additionally, I also truncated the N-terminal amino acids which are

known to be required for the cell death activity of ZAR1 (Wang et al., 2019) and other CNLs
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(Adachi et al., 2019). With these changes, expression of several MLAs including MLA7,
MLA10, MLA13 and MLA22 was significantly improved. However, codon optimization
seems not to be universally effective, as expression of codon optimized MLA9 did not change
(Figure 10A). The N-terminal SUMO tag of MLA10, MLA10 R158K and MLA10 R310K
could be removed by PreScission protease (ppase), suggesting that expressed MLA10 protein
had been correctly folded (Figure 10B). Similarly, AVRa10 was well expressed in insect cells,
making it possible to test the interaction with MLA10.

To test the interaction between MLAs and AVRA effectors, N-terminally 6xHis-SUMO
tagged MLA10 was co-expressed with C-terminally GST tagged AVRA10 in insect cells.
HSP90 and SGT1, which are known to stabilize NLR proteins in plants (Moran Luengo et al.,
2019; Stuttmann et al., 2008), were also included in the co-expression. Although MLA10 and
AvrA10 proteins were robustly expressed, I failed to detect a clear interaction between them.
(Figure 10C). Similar results were also obtained with MLLA13 and AVRA13, and MLA13 and
AVRAa13-v2, a virulent version of AVRa13 which interacts with but cannot activate MLA13
(M. L. Saur et al., unpublished data) (Figure 10D).

I then tested MLA10 interaction with AVRA10 using purified proteins. Purified GST-
AVRA10 was incubated individually with insect cell-purified His-tagged MLA10 and
AVRA10 proteins in the presence of dATP (0.1mM), and the mixtures were loaded onto GST
beads. After extensive washing, proteins bound to the GST beads were detected. Consistent
with the co-expression data, no clear interaction between the two proteins was detected
(Figure 10E). It is noteworthy that flocculent debris were observed in the solution after
incubation of MLA10 with AVRA10 and both proteins were detected in the centrifuged pellet
(Figure 10F). To eliminate the precipitation problem, I reduced the incubation time and then
subjected the incubation mixture to SEC. The results showed that the MLA10 and AVRA10
proteins were eluted in different fractions, indicating they did not form a stable complex

(Figure 10G).
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Figure 10. Direct interaction between MLA and AVR, effectors or L7 and AVRL567-A was not
evident in vitro

(A) Expression of codon-optimized MLAs. Numbers at the left edge indicate the protein sizes of
molecular weight markers (kD).

(B) Expression of codon-optimized MLA10. R158K and R310K mutations were made in the ATP
binding pocket of MLA10 NBD, with the aim of attenuating ADP-dATP/ATP exchange and to avoid
the autoactivation of MLA10 during expression.

(C) Interaction between MLA10 and AVRA10 was not detected upon co-expression in insect cell. The
plus symbols on top of the image indicate the proteins used for co-expression. The protein used for
pull-down are underlined. MLA10 and AVRA10 are highlighted by red and blue arrows, respectively.
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(D) Interaction between MLA13 and AVRA13 or AVRA13 -v2 was not detected by co-expression in
insect cells. Experiment was performed as described in (C).

(E) Interaction between MLA10 and AVRA10 was not detected after incubation. Individually purified
SUMO-His-MLA10 and AVRA10-GST were first concentrated by protein concentrators
(ThermoFisher) and loaded at the end of the SDS-page as protein inputs. These two proteins were
mixed at 1:1 ratio in incubation buffer (100mM NaCl, 10mM Tris-HCI pH 8.0, 15mM imidazole,
0.1mM dATP) 4°C overnight. The incubated protein mixture was centrifuged at 12,000 g and loaded
onto GST or His resin, respectively. The protein used for pull-down are underlined on top of the
image. After loading, the FT was collected for protein tracking. Elution was performed after washing
with two column-volumes of suspension buffer (100mM NaCl, 10mM Tris-HCI pH 8.0, 0.1mM
dATP). MLA10 and AVRA10 are highlighted by red and blue arrows, respectively.

(F) MLA10 and AVR410 were detected in the insoluble fraction after incubation. The centrifuged
pellet from (C) was washed with suspension buffer twice and then subjected to SDS page. Both
MLA10 and AVRA10 were clearly detected in Western blot.

(G) MLA10 and AVRA10 did not form a stable complex. The experiment was performed as described
in (E) except that MLA10 and AVRA10 were incubated for 1 h in the presence of 0.5 mM dATP.

(H) Interaction between L7 and AVRL-567A was not detected when co-expressed in insect cell. The
experiment was performed as described in (C). L7 and AVRL-567A are highlighted by red and blue
arrows, respectively.

I also tested the interaction between full length L7 and Avr567L-A. Their interaction was
previously validated by yeast two-hybrid assays (Ravensdale et al., 2012). N-terminally
6xHis-SUMO tagged L7 was co-expressed with C-terminally GST tagged Avr567L-A in
insect cells. dATP (0.1 mM) was added to the purification buffer to prevent dissociation of the
potential L7-Avr567L complex. Pull-down assay using GS4B beads detected no interaction
between the two proteins (Figure 10H).

I have tried to reconstitute direct interactions of MLAs and L7 proteins with their cognate
effectors, but without success. This may be due to several reasons: 1) Like other
heterogeneously overexpressed proteins (Gasser et al., 2008), MLAs or L7 might not be fully
folded when expressed in insect cells. 2) These NLRs require other host proteins for
recognition of effector proteins. 3) The direct interactions between these NLRs and effectors
may require specific subcellular locations, as both MLAs and L6 have the ability to shuffle
between different cellular components (Shen et al., 2007; Takemoto et al., 2012).

3.3.2 Purification and analysis of the inactive CNL MLA27

To study the self-inhibition mechanism of MLAs, I purified MLA27 from insect cells
(Figure 11A). The SEC result showed that the protein was eluted as monomers. This is further
supported by negative staining EM analysis of the protein (Figure 11B). The MLA27 particles
were uniformly distributed on cryo-EM grids, rendering it amenable to structural analysis
(Figure 11B). After several iterations of two-dimensional (2D) classification, we were able to

visualize the overall 2D shapes of the monomeric MLA27 particles, which are similar to the
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inactive ZAR1 particles (Wang et al., 2019b). Interestingly, the C-terminus of MLA27"RR was
in close contact with the MLA27~BP in all the 2D classes (Figure 11C). By comparison, the
LRR and NBD of ZAR1 were linked by RKS1 (Wang et al., 2019b). This suggests that the
direct intramolecular interaction between LRR and NBD may lock MLLA27 in a self-inhibited
state. However, the 3D reconstruction of MLA27 was not successful probably due to the
preferred orientation of MLA27, as most of the particles were ‘C’ shaped particles (Figure
11C, top). Grid tilting was tested to eliminate the problem, but the improvement was modest
and did not significantly improve the 3D reconstruction of MLA27 (Figure 11C, bottom).

Taken together, based on the overall shape of MLA27 after cryo-EM 2D classification, we
speculate that self-inhibition of MLA27 is likely mediated by the direct interaction between
its LRR and NBD. Upon activation, this region may serve as an effector wedging point,

causing steric clash and triggering conformational change in and activation of MLA27.
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Figure 11. 2D averages of inactive MLA27

(A) Purification of MLA27. MLA27 proteins with different tags were purified from insect cells as
described in Figure 8A. SUMO tags were removed from MLA27 by ppase digestion and the tag-free
MLAZ27 proteins were subjected to superdex 200 column. Fraction eluted at 15 ml was visualized by
SDS page. MLA27 is highlighted by the red arrows.

(B) Left: Representative negative staining micrograph of the monomeric MLA27. Right:
Representative cryo-EM micrograph of MLA27.

(C) Representative 2D classes of inactive MLA27 with (bottom) or without (top) sample tilting. Red
arrows indicate the potential contact site between MLA27VBP and MLA27"RR, White scale bar: 10 nm.
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4. Discussion

4.1 Asymmetric dimers are critical for the NADase activity of TIR proteins

TNLs form tetrameric resistosomes upon recognition of their corresponding effectors as
demonstrated by RPP1 and ROQ1 (Ma et al., 2020; Martin et al., 2020). In both resistosomes,
opposite packing of two asymmetric head-to-tail TIR homodimers leads to the formation of
two symmetric TIR homodimers. The asymmetric TIR homodimer forms an NAD" catalytic
site mediated by the BB-loop, whereas the symmetric TIR homodimer mediated by the AE
interface stabilizes this two-fold dimer of dimers. The asymmetric and symmetric dimers were
also observed in the RPP1™8-ADPR tetramer (section 3.1). Remarkably, formation of similar
asymmetric homodimers was recently shown to be required for the NADase activity of
hSARMI (Shi et al., 2022), suggesting a conserved mechanism for the activation of TIR
NADase activity in plants and animals.

4.2 The DE interface and the enzymatic activities of TIRs

Typical bifunctional enzymes harbor two structural domains and catalyze two independent
reactions at separate catalytic sites (Moore, 2004). However, this does not hold true for plant
TIR proteins, as the conserved catalytic glutamate important for NADase activity is also
required for 2',3'-cAMP/cGMP synthesis (Yu et al., 2022). Our crystal structure of ADPR-
bound RPP1™® (section 3.1) and the cryo-EM structure of dsDNA-bound L7 revealed that
these two enzymatic activities were catalyzed through two mutually exclusive TIR oligomeric
forms.

The most striking difference between these two types of TIR oligomers lies in the DE
interface (section 2.2). In the RPP1™® tetramer, only part of the DE interface is involved in the
formation of TIR asymmetric dimers. The interaction between DE interface with the open
BB-loop forms the BE interface, which stabilizes the NAD" binding pocket (Hayden et al.,
2021; Ma et al., 2020). By comparison, the intact DE interface is involved in the formation of
L7™R filament. Mutations in the DE interface of L7™®, such as L7"™ K200E, retained
comparable NADase activity with WT L7™®, but the 2',3'-cAMP/cGMP synthetase activity
and the cell death activity was significantly compromised (Yu et al., 2022). DE interface
mutants, such as L6"™ K200E, L6'™®P160Y, RPV1T™ P121Y and RBA1 K149E disrupted
the TIR self-associations and auto-activities (Bernoux et al., 2011; Nishimura et al., 2017,
Williams et al., 2016; Zhang et al., 2017). Taken together, these results show that the DE
interface has an important role in the 2',3’-cAMP/cGMP synthetase activity of TIR proteins

by mediating filament formation.
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4.3 Can TIR form filament in vivo?

Although evidence showing that TIR can form filaments in vivo is still missing, the formation
of puncta by TIR proteins has been widely reported in plants. For example, 4/TX21
assembled into cytoplasmic aggregates when transiently overexpressed in tobacco (Nandety et
al., 2013; Roth et al., 2017). RBAT1 but not its AE and DE mutants, formed aggregate-like
cyto-nucleoplasmic puncta (Nishimura et al., 2017). These data suggest that TIR proteins can
form aggregates when overexpressed in plants. However, it remains unknown if these TIR
aggregates were composed of DNA/RNA bound TIR filament or NADase-active TIR tetramer
(section 3.1). In the future, testing whether the observed puncta formation can be disrupted by
TIR DNA/RNA binding mutations will give more clues on whether TIR proteins can form
filaments in vivo.

It is noteworthy that the L7™™®-type tetramer mediated by AE and DE interfaces is
sufficient for binding one turn of dsDNA, suggesting that filament formation is not
indispensable for TIR nuclease and 2',3’-cAMP/cGMP synthase activity. This could also
explain why all the tested plant TIR proteins possess nuclease and 2',3'-cAMP/cGMP
synthase activities, while only some of them formed filaments in vitro. Therefore, formation

of TIR filaments is not a requirement for their functions in vivo.

4.4 DNA/RNA sensors in animals
Recognition of cytosolic DNA/RNA plays a key role in the host immune system. In animals,
the source of these cytosolic DNA/RNA molecules can be self-DNA fragments released from
damaged organelles, or viral genomes emanating from invading viruses (Lee et al., 2019;
Ryu, 2017). The self-DNA fragments, serving as intracellular DAMPs, are mainly perceived
by innate immune DNA sensors, such as cGAS and absent in melanoma 2 (AIM2). cGAS
utilizes two positively charged surfaces to interact with the backbone of dsDNA (Civril et al.,
2013; Gao et al., 2013; Zhang et al., 2014). cGAS dimers assemble along the dsDNA axis,
forming a ladder-like structure (Andreeva et al., 2017; Hooy and Sohn, 2018). DNA binding
activates cGAS enzyme activity by opening its catalytic site (Goubau et al., 2013). Once
activated, cGAS converts GTP and ATP into 2',3’-cGAMP, which activates the downstream
STING immune signaling pathway as a second messenger (Amadio et al., 2021; Motwani et
al., 2019).

AIM2 is a cytoplasmic sensor for double-stranded DNA (dsDNA) and is composed of a C-
terminal HIN domain (AIM2"™) and an N-terminal PYD (AIM2PYP). Structural studies
demonstrated that AIM2M"™N directly contacts dsDNA to form a filamentous structure coating

the dsDNA molecule (Jin et al., 2012; Morrone et al., 2015). As a consequence, AIM2PYP are
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brought into close proximity, seeding the filament formation of ASC through the PYD-PYD
interaction to activate downstream inflammatory pathways (Hauenstein et al., 2015; Morrone
et al., 2015). Interferon gamma-inducible protein 16 (IF116) is another DNA sensor carrying
two tandem HIN domains (Unterholzner et al., 2010). Nuclear-cytoplasmic shuttling activity
enables IFI16 to perceive dsDNA at both subcellular locations, which leads to different
activities (Kerur et al., 2011; Li et al., 2021; Li et al., 2012; Veeranki and Choubey, 2012).
Intracellular viral RNA is mainly sensed by retinoic-acid-inducible gene-I (RIG-I). RIG-I
also interacts with dSRNA and forms a filament-like structure (Myong et al., 2009; Peisley et
al., 2013). Filament assembly of RIG-I proteins clusters their N-terminal CARDs and
consequently up-regulates interferons by recruiting the signaling adaptor, mitochondrial
antiviral signaling protein (MAVS) (Hou et al., 2011). While RIG-I is a viral RNA-specific
sensor (Hornung et al., 2006; Pichlmair et al., 2006), mis-recognition of self RNA can also
happen and lead to constitutive RIG-I activation (Stok et al., 2020), suggesting that the

distinction between self and non-self RNA is not clear cut.

4.5 Can plant TIR proteins act as DNA/RNA sensors?

Can intracellular DNA/RNA also be perceived in plants, and if so, what kind of immune
responses do plants mount upon perception? Our data raise the possibility that TIR proteins
may sense DNA/RNA in plants. In contrast to animal DNA/RNA sensors that use DNA/RNA
as platforms to activate their immune activities, plant TIRs hydrolyze accessible DNA/RNA
to catalyze 2',3’-cAMP/cGMP production that amplifies plant immune responses.

In this scenario, the misplaced host DNA may be bound and hydrolyzed by cytosolic TIR
proteins to initiate host immune responses. In addition, the origin of RNA/DNA is not
important for TIR 2',3’-cNMP synthetase activity, as L7''} can also use synthetic RNA/DNA
as substrates (section 3.2.2). Therefore, it is also a plausible hypothesis that plant TIR proteins
can hydrolyze exogenous RNA/DNA such as cytosolic viral genomes, and produce 2',3'-
cNMP to confer anti-viral immunity.

4.6 Biological implications of TNL alternative splicing

Notably, several TNLs, including RPS4, L6, N and M, are able to produce alternatively
spliced transcripts encoding TX and TN proteins in response to pathogen infection, and in
some cases these alternatively spliced TIR domain proteins contribute to the full function of
TNLs (Jordan et al., 2002).

Alternative RPS4 transcripts terminated by premature stop codons lead to three truncated
open reading frames (ORFs), all of which carry TIR domains but lack most of the LRR
domain (Zhang and Gassmann, 2003, 2007). Pathogen infection transiently upregulates
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alternative transcripts of truncated RPS4, indicating a dynamic regulation of the truncated
TNLs (Zhang and Gassmann, 2003, 2007). Transgenic expression of alternative spliced RPS4
ORF was not sufficient to confer resistance against DC3000 AvrRps4 in RLD Arabidopsis (a
naturally AvrRps4-susceptible accession). Furthermore, removal of the introns, which
abolishes the production of alternative spliced RPS4 truncations, leads to pathogen
susceptibility (Zhang and Gassmann, 2007). Similarly, transgenic expression of the intronless
TNL N is also insufficient to achieve full resistance to tobacco mosaic virus (Baker, 2000).
These results collectively suggest that the coordinated expression of alternative and regular
transcripts of truncated-TNLs and FL-TNLs, is required for the full immune functions of TIR
proteins. However, it is noteworthy that alternative splicing does not occur in all TNLs
(Jordan et al., 2002), and it is not always required for the immune response as transgenic
expression of intronless L6 showed resistance comparable to WT gene (Ayliffe et al., 1999).
As demonstrated for RPP1, TNLs are NADase holoenzymes but lack 2',3'-cNMP
synthetase activity once they form resistosomes, whereas TIR domain proteins have both
2',3’-cNMP synthetase and NADase activities. We also have evidence that 2',3’-cAMP/cGMP
have a critical role in promoting TIR signaling. Thus, a plausible biological implication of the
alternative TNL splicing is that TIR domain-containing proteins produced by alternatively
spliced transcripts function as 2',3’-cNMP synthetases, which produce the non-canonical
cNMPs to promote TNL-mediated plant immune responses.
4.7 Nuclease activity is not sufficient for TIR-mediated cell death
In animals, DNA damage induced by spontaneous base hydrolysis and natural stress can
trigger apoptotic responses (Cregan et al., 2004; Roos and Kaina, 2006). In contrast, co-
expressing RBA1 or RNase T1 with 2',3’-cNMP PDEs significantly delayed cell death
development. This suggests that DNA damage mediated by TIR nuclease activities is not
sufficient for the cell death activity of TIRs in planta.

In plants, EDSI-dependent DNA damage occurred during NLR activation and was
regarded as an intrinsic component of plant immunity (Cesari, 2018; Rodriguez et al., 2018).
Plant DNA damage caused by SA pretreatment is able to boost immune responses (Yan et al.,
2013), suggesting that DNA damage may be an active defense strategy for plants to defend
themselves from pathogen invasion. It might be that the fragmented DNAs are either
perceived by intracellular DNA/RNA receptors or released to warn bystander cells against the
potential threat; both of these mechanisms may activate immune signaling pathways but not

directly lead to plant cell death.
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4.8 How do 2',3’-cAMP/cGMP promote immune responses in plants

CNGCs belong to the superfamily of voltage-gated ion channels activated by 3',5'-cNMP
(Jarratt-Barnham et al., 2021; Zelman et al., 2012). However, partial activation of CNGCs by
non-canonical cNMPs has also been reported in animals (VanSchouwen and Melacini, 2017).
In Arabidopsis, CNGCs are involved in plant development, abiotic stress and both PTT and ETI
responses via increasing cytosolic Ca* levels (Tian et al., 2019; Wang et al., 2019a; Yu et al.,
2019). Our data do not support a role of 3',5-cNMP in TIR-mediated signaling, as co-
expression with 3',5-cNMP-specific PDE had no effect on RBA1 cell death activity in N.
benthamiana. CNGC2 or CNGC4 null mutants display ‘defense, no death’ (dnd) phenotype in
ETI (Jurkowski GI, 2004; Yu IC, 1998), whereas Ca>" generated by a CNGC2/4 heteromeric
channel promotes PTI responses (Tian et al., 2019). Over-accumulation of CNGC19 and
CNGC20 in bakl/serk4 mutant plants was associated with increased Ca>" influx and cell death,
which required ADR1s, RNLs downstream of TIRs (Wu et al., 2020; Yu et al., 2019),
suggesting that TIR signaling may converge with the activity of these two CNGC channels.
Consistently, a gain-of-function mutation in the CNGC20 channel facilitates both PTI and ETI
responses in an EDSI-dependent manner (Zhao et al., 2021). Since 2',3'-cNMPs also have a
critical role in promoting TIR signaling (section 3.2.4), it is therefore reasonable to hypothesize
that CNGCs may be targets of cytosolic 2',3’-cNMPs in planta.

In animals, 2’,3’-cNMPs have been detected in the extracellular space (Verrier et al., 2012).
However, the cellular localization of 2,3’-cNMPs remains unknown in plants. If plant 2',3'-
cNMPs also function extracellularly, they might act as DAMPs to activate plant PT1. PTI
signaling was recently shown to upregulate TIR levels (Pruitt et al., 2021; Tian et al., 2021),
which in turn promote expression of 2',3'-cNMPs. This is consistent with our model wherein
2',3'-cNMPs function in a self-amplification manner to promote TIR signaling. In the future,
it will be of interest to investigate whether 2',3’-cNMPs have a role in the PTI potentiation of

ETL

4.9 RNase T1 generates immune signals that do not converge on EDS1 signaling
pathway

As described in (section 3.2.5), RNase T1 was able to trigger EDSI-independent cell death.
The RNase T1-mediated cell death was attenuated by co-expression with 2',3'-cAMP/cGMP
PDEs, suggesting that depletion of cytosolic RNA is not responsible for EDS/-independent
cell death in plants. What other activities of RNase T1 may contribute to EDS/-independent
cell death?
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Unlike plant TIRs, RNase T1 could also catalyze the production of 2',3’-cGMP using 3'-
GMP as substrate (Loverix et al., 1998). By comparison, no 2',3’-cAMP was produced by
L7™ when using 2'-AMP or 3’-AMP as substrates (Yu et al., unpublished data). Although the
potential immunomodulatory function and cellular concentration of 3'-GMP have not been
reported, one hypothesis is that RNase T1- mediated 3'-GMP over-consumption leads to
EDSI-independent cell death in planta.

As introduced in (section 1.4.1), RNase T1 could also catalyze the production of 2’,3'-
cyclophosphate-terminated RNA oligonucleotides (Shigematsu et al., 2018). RNase T2 has
been reported to produce 2',3'-cyclophosphate-terminated RNA oligonucleotides and activate
the TLR&8 signaling pathway in animals (Greulich et al., 2019; Ostendorf et al., 2020).
Similarly, plant RNase T2 is also associated with pathogen defense responses, as transgenic
tomato lines with suppressed RNase T2 expression revealed a higher susceptibility to
pathogen infection (Singh et al., 2020). Therefore, another hypothesis is that the 2',3'-
cyclophosphate-terminated RNA oligonucleotides may be associated with £DS/-independent
cell death in plants, though the underlying mechanism remains unclear.

4.10 Negative regulation of plant immunity by 2',3’-cAMP/cGMP PDE

As immune positive regulators, it is reasonable to assume that levels of 2',3-cAMP/cGMP are
kept under tight control and subject to negative regulation. Metabolism of 2’,3’-cNMPs to 2'-
NMPs, 3'-NMPs has been demonstrated in animals (Trapp et al., 1988) and plants (Genschik
etal., 1997; Tyc et al., 1987), suggesting that these non-canonical cNMPs are turned over in
different species.

Our data showed that AfINUDT?7 specifically metabolizes 2',3'-cNMPs but not 3’,5'-cNMPs
in vitro and negatively regulates RBA [-mediated cell death in N. benthamiana. Atnudt7
mutant plants accumulated higher levels of 2',3'-cAMP/cGMP compared with WT and
Atnudt7 edsl double mutant plants (Yu et al., 2022), reinforcing our conclusion that 2',3'-
cAMP/cGMP is required for EDSI-dependent immune responses. Since AINUDT?7 is
responsive to numerous abiotic and biotic stresses (Marco R. Straus, 2010), the 2',3'-
cAMP/cGMP PDE activity of AfNUDT7 activity implicates a broad role for AfNUDT7 and
possibly 2’,3'-cAMP/cGMP in the regulation of different plant stress responses.

2'3'-cAMP/cGMP may also serve as targets for the invading pathogens to subvert plant
resistance. The Nudix effector XopQ specifically hydrolyze 2°,3"-cAMP/cGMP, explaining the
XopQ-mediated inhibition of EDSI/-depednent cell death in Nicotiana species (Adlung and
Bonas, 2017). XopQ can be directly recognized by the TNL ROQ1 and induce EDS/-dependent
ETI responses. In the ROQI1 resistosome, ROQ1 binds to the active site of XopQ (Martin et al.,
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2020) and probably blocks its Nudix hydrolase activity. Thus, recognition of XopQ not only
initiates ETI signaling, but also negates the 2",3"-cAMP/cGMP PDE activity of XopQ. Whether
different XopQ expression levels have contrasting impacts on TIR-mediated immune responses
remains an open question. Taken together, the tight control and negative regulation of 2',3'-
cAMP/cGMP levels from both host and pathogen sides further highlight the critical role of these

non-canonical cNMPs in plant immune response.

4.11 Why do RALPH effectors adopt RNase-like fold?

During infection, fungi secrete a broad variety of RNases into the host (Lacadena et al., 2007).
In contrast to the ribotoxins, other fungus-secreted RNases do not have toxicity, for example,
the B. graminis RALPH effectors (Pedersen et al., 2012). In contrast to the ribotoxins, the
non-cytotoxic RNases lack an extended positively charged loop, which is presumed to be
important for interaction with host rRNA (Lacadena et al., 2007). Moreover, the RNase
catalytic triad is missing in the non-cytotoxic secreted RNases as demonstrated by the
RALPH effector, CSEP0064/BEC1054 (Pennington et al., 2019). Our result showed that
AVRA, effectors do not exert RNase activities in vitro.

Why then, do these RALPH effectors all adopt RNase-like folds? Given that host cell
death is lethal for obligate biotrophic pathogens, the virulence activity of the abundantly
delivered RALPH effectors may be related to the maintenance of host cell viability.
CSEP0064/BEC1054 binds rRNA and prevent its degradation by host ribosome-inhibiting
proteins (RIPs) (Pennington et al., 2019), suggesting that RALPH effectors may protect host
RNA integrity.

It is also possible that the RNase activity is irrelevant to the genuine virulence function of
RALPH effectors. Due to their massive secretion during infection, RALPH effectors adopted
a stable and easy-to-express scaffold. RNase-like folding fits this requirement; for instance,
RNase T1 was still stable near pH 5.0, and could be folded into a native conformation under
1.0 M NacCl (Pace and Grimsley, 1988; Pace et al., 1988). The RNase activity that may be
harmful for the plants, was lost during evolution. Indeed, instead of being an RNase, the
virulence function of B. graminis RALPH effector CSEP0027 is carried out by targeting
barley catalase HvCATI, and likely by altering host ROS homeostasis (Yuan et al., 2021a).
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5. Supplementary Methods

In this section I only list the additional methods which have not been integrated into the

published studies.

5.1 Purification and crystallization of RPP1TR

RPP1™R (residues 60—254) and RPP1™R (residues 84—254) were cloned into pFastBacl

(Invitrogen) with an N-terminal GST tag. The constructs were used for generating
recombinant baculovirus in sf21 insect cells (Invitrogen). RPP1TR was expressed in sf21
insect cells with recombinant baculovirus infection at 28 °C for 60 h. The infected cells were
harvested and lysed by sonification in buffer containing 25 mM Tris-HCI pH 8.0, 150 mM
NaCl. The cell lysates were centrifuged at 30,000 g for 1.5 h. The supernatants containing
soluble proteins were collected and allowed to flow through GST4B resin (approximately 200
ul per column, GE Healthcare). After washing with three column volumes of sonification
buffer, the fusion proteins were incubated with PreScission protease at 4 °C overnight to
remove the N-terminal GST tag. The digested RPP1™™® proteins flowed through the columns
in buffer containing 25 mM Tris-HCI pH 8.0, and 150 mM NaCl.

Pure RPP1™R proteins were concentrated to 8mg/ml after SEC. RPP1™® (residues 60—254)

and RPP1™R (residues 84—254) were individually incubated with 4 mM NAD" (ten times the
molar concentration of the protein). After two hours, the RPP1™-NAD" was centrifuged at
12,000 g for 10 min and immediately applied for crystal screening. Protein crystals were
generated by mixing the protein with an equal amount of well solution (1.0 pL) by the
hanging-drop vapor-diffusion method. After several rounds of crystallization condition
optimizations, the best RPP1TR (residues 84—254) crystals were obtained under the condition
of 20 % w/v polyethylene glycol 3000 (PEG3000), 100 mM HEPES pH 7.5, 200 mM sodium
acetate. The crystals were flash frozen in liquid nitrogen using 12.5 % w/v glycerol as the

cryoprotection buffer and sent for synchrotron analysis.

5.2 Reconstruction of L7TR filament in vitro

L7™® was subjected to Superose 6 10/300 gel filtration column (GE Healthcare). Fractions
eluted at 17 ml (approximately L7TR
Arabidopsis total RNA and gDNA respectively. After 45 min (for RNA incubated L7™®) and

2 h (for water and DNA incubated L7™™®), 3 ul of each sample (0.1mg/ml) was applied to

monomer size) was collected and incubated with water,

formvar carbon grids glow-discharged for 45 s at high level in Harrick Plasma after 2 min
evacuation. The sample stayed on grid for 1 min at room temperature and dried by touching

the edge of a filter paper. 3 ul 2% uranyl acetate was then applied to the grid for 45 s. The
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excess stain was removed. Grids were dried at room temperature for 2 min. Samples were
imaged using Hitachi H-7650 120 kV transmission electron microscope (TEM) and images

were recorded with an AMT XR-41 camera.

5.3 Production and detection of 2’',3'-cNMP in vitro

The purified L7™® protein (1 uM) was incubated with 100 uM ATP, 100 ng RNA40 (20 nt
ssRNA, Miltenyi Biotec); RNA 334nt (mRNA transcribed from antisense mouse s-actin probe
offered in MAXIscript kit); 100 ng poly (A:U) (synthesized poly A:U, InvivoGen); PCR
product and 100 ng poly (I:C) (synthesized poly A:U, InvivoGen), respectively. After
incubation at 25°C for 16 h, the samples were centrifuged at 12,000 g for 10 min, and the
supernatant was applied to LC-MS/MS for metabolite identification and quantification.

RPP1 and RPP1-ATRI1 proteins (0.5 uM) were incubated with 100 ng Arabidopsis total RNA
in the presence of 1 mM MgSOs4. RPP1 and RPP1-ATRI1 (0.5 uM) proteins were incubated
with Arabidopsis total RNA at 25°C for 16 h and the reaction products were analysed by LC-
MS.

Chromatography was performed on a Nexera XR 40 series HPLC (Shimadzu) using a
Synergi 4uM Fusion-RP 80 A 150x2mm column (Phenomenex). The column temperature
was maintained at 40°C and the sample tray at 4°C. Samples (10ul) were injected at a flow
rate of 0.2 ml/min using 10 mM ammonium formate at pH 4.2 and methanol as mobile phases
A and B, respectively. Metabolites were eluted using the profile 0-8 min, 8-90% B; 8-10 min,
90% B; 10-10.1 min 90-8% B; 10.1-20 min, 8% B. The LCMS-8060 triple quadrupole mass
spectrometer with electro spray ionization (Shimadzu) was operated in positive mode.
Scheduled multiple reaction monitoring (MRM) was used to monitor analyte parent ion to
product ion formation. MRM conditions were optimized using authentic standard chemicals
including: 2',3'-cAMP ([M+H]" 330.00>136.20, 330.00>99.15, 330.00>119.15), 2',3'-cGMP
([M+H]" 346.00>152.15, 346.00 >135.20, 346.00>110.15), 2,3"-cCMP ([M+H]"
306.00>112.15, 306.00>95.20, 306.00>178.20). Both Q1 and Q3 quadrupoles were
maintained in unit resolution. LabSolutions LCMS v5.97 software was used for data
acquisition and LabSolutions Postrun for processing (both Shimadzu). Metabolites were
quantified by scheduled MRM peak integration using external calibration curves of standard

chemicals.

5.4 Protoplast isolation and 2’,3'-cAMP/cGMP treatment

Protoplasts were isolated from 3-week-old A. thaliana leaves and transfected as previously

described (Saur et al., 2019b). Isolated protoplasts were transfected at ODgoo 0.4 with 5 pg

LUC reporter vector (pZmUBQ:LUC) (Muller et al., 2005). One group of protoplasts was co-
41



transfected with 2',3’-cAMP (100 uM) or with 2’,3'-cGMP (100 uM) in the presence of 40%
PEG4000. 2",3"-cAMP/cGMP was removed together with transfection buffer after 15 min.
Another group of protoplasts were incubated with Br-2',3"-cAMP (100 uM) or Br-2',3'-cGMP
(100 uM) after LUC reporter vector transfection in regeneration buffer. All protoplasts were
incubated at 20°C for 16 h. Luminescence was measured using a luminometer (Centro,
LB960). Changes in luciferase activity were calculated by dividing the absolute luminescence
value of (Br-)2',3’-cNMP treated samples by the buffer treated samples. The LUC value from

buffer-treated protoplast was set as 1.0.

5.5 Purification of FLL NLR and effectors
Codon optimized MLA7 (13-959), MLA9 (13-951), MLA10 (1-951), MLA10 (13-951),
MLA13(7-959), MLA13 (13-959), MLA22 (13-959), MLA27 (1-957), MLA27 (13-957)
and L7 (26—1294) were cloned into the pFastBacl (Invitrogen) with an N-terminal 6xHis-
SUMO tag. MLA27 (1-957), MLA27 (13-957) were cloned into pFastBacl with an N-
terminal GST tag. The constructs were used for generating recombinant baculovirus in sf21
insect cells (Invitrogen). 6xHis-SUMO-tagged MLAs and L7 were expressed in sf21 insect
cells with recombinant baculovirus infection at 28 °C for 60 h. The infected cells were
harvested and lysed by sonification in buffer containing 25 mM Tris-HCI pH 8.0, 150 mM
NaCl and 15 mM imidazole. The cell lysates were centrifuged at 30,000 g for 1.5 h. The
supernatants containing soluble proteins were collected and allowed to flow through Ni-NTA
resin (approximately 200 ul per column, GE Healthcare). After washing with three column
volumes of sonification buffer, proteins were eluted by His elution buffer containing 25 mM
Tris-HCI pH 8.0, and 150 mM NaCl and 200 mM imidazole. GST-tagged MLA27 proteins
were purified as described for RPP1TR, but were eluted with GST elution buffer containing
25 mM Tris-HCI pH 8.0, and 150 mM NaCl and 50 mM reduced glutathione (GSH).
AVRAa10 (21-119), AVRA13(21-122), AVRA13-V2(21-119) AVRL-567A (24-151) were
cloned into the pFastBacl with a C-terminal GST tag. Proteins were purified as described for
GST tagged MLA27. For co-expression, the baculovirus of NLR and effector were mixed at
the ratio of 2:1 and used to co-infect insect cells. Proteins were expressed in sf21 insect cells

at 28 °C for 48 h.
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