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TIR domains of plant immune
receptors are NAD -cleaving enzymes
that promote cell death

Li Wan'*, Kow Essuman®*, Ryan G. Anderson’, Yo Sasaki?, Freddy Monteiro">,
Eui-Hwan Chung', Erin Osborne Nishimura*, Aaron DiAntonio>®,
Jeffrey Milbrandt>®7+, Jeffery L. Dangl't, Marc T. Nishimura®t

Plant nucleotide-binding leucine-rich repeat (NLR) immune receptors activate cell death
and confer disease resistance by unknown mechanisms. We demonstrate that plant
Toll/interleukin-1 receptor (TIR) domains of NLRs are enzymes capable of degrading
nicotinamide adenine dinucleotide in its oxidized form (NAD"). Both cell death induction
and NAD" cleavage activity of plant TIR domains require known self-association interfaces
and a putative catalytic glutamic acid that is conserved in both bacterial TIR NAD*-cleaving
enzymes (NADases) and the mammalian SARM1 (sterile alpha and TIR motif containing 1)
NADase. We identify a variant of cyclic adenosine diphosphate ribose as a biomarker of

TIR enzymatic activity. TIR enzymatic activity is induced by pathogen recognition

and functions upstream of the genes enhanced disease susceptibility 1 (EDS1) and

N requirement gene 1 (NRG1), which encode regulators required for TIR immune function.
Thus, plant TIR-NLR receptors require NADase function to transduce recognition of

pathogens into a cell death response.

lants rely on an innate immune system to
detect potential pathogens. Molecular iden-
tification of disease resistance genes has
revealed that resistance to pathogens from

all kingdoms is conferred by nucleotide-
binding leucine-rich repeat (NLR) immune re-
ceptors (7). Despite their agronomic value and
over 25 years of molecular study, mechanistic
explanations for how NLR receptors trigger cell
death and disease resistance remain opaque (2, 3).
Toll/interleukin-1 receptor (TIR) domains are
found in both intracellular plant TIR-NLR re-
ceptors and the animal cell surface Toll-like
receptor system (3). The noncanonical animal
TIR protein SARM1 (sterile alpha and TIR motif
containing 1) is required for Wallerian degener-
ation in axons after nerve injury (4, 5). Although
other animal TIRs function as oligomeric sig-
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naling scaffolds, SARM1 has a distinct mecha-
nism: SARM1’s TIR domain is the founding
member of a class of enzymes that cleave nico-
tinamide adenine dinucleotide (oxidized form;
NAD™) (fig. S1) (6). SARM1-triggered cell death
is proposed to result from severe depletion of
NAD™ (4, 6). Prokaryotic TIR domains also
metabolize NAD" and NADP* (7). NAD" and
NADP* are essential metabolic components,
and their cleavage is implicated in diverse in-
terspecies interactions, including toxin-triggered
cell death (8), effector-mediated immunosup-
pression (9), antiphage defenses (10), and bac-
terial competition (17).

Plant TIR-NLRs typically trigger hypersen-
sitive cell death in response to pathogens. There
is no evidence that plant TIRs function as scaf-
folds, as canonical animal TIRs do, and tran-
sient expression of some plant TIRs is sufficient
to cause ectopic cell death. We sought to deter-
mine if plant TIR domains are mechanistically
similar to SARMI. A structural homology search
with SARMI-TIR returned plant TIR domains
with high confidence (table S1). Homology mod-
els suggest that SARM1’s putative catalytic
glutamic acid at position 642 (E642) (6) and
neighboring residues are positionally conserved
in plants (Fig. 1A). Of 146 Arabidopsis TIR do-
mains from the reference genome, 131 contain
this conserved glutamic acid (Fig. 1B and table
S2). TIR domains lacking the glutamic acid have
genomic signatures reminiscent of the cell
death-inactive “sensor” NLR RRS1 (table S2
and fig. S2) (12, 13). Thus, the putative catalytic
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Fig. 1. Plant TIR proteins require a conserved
putative catalytic residue for cell death
activity in planta. (A) A homology model of
SARMI-TIR (right, blue) indicates that its
putative catalytic residue (E642, orange) is
positioned similarly to E88 in the plant TIR
RPS4 (PDB 4C6R; left, yellow). Neighboring
conserved residues are green (with black
labels). (B) Sequence pileup of the 146 TIR
domains from the Arabidopsis Col-O genome.
(C) Proteins expressed in planta. Plant TIR
proteins are shown in yellow, and human
SARM1 domains are shown in blue. The
NBS-LRR autoinhibitory domains are deleted in
the RPP1yga and RPS4 truncations. N, N-
terminal extension; SAM, oligomerization domain
from human SARML. (D) In planta phenotypes
of TIR proteins. RBAL and autoactive SARM1
were expressed in Nicotiana benthamiana, and
other TIRs were expressed in Nicotiana tabacum.
Putative catalytic mutants (E/A) lose autoactive
cell death capabilities. WT, wild type; EV, empty
vector. Full images and protein accumulation
data are shown in fig. S3.

residue of SARM1 is present in potentially active
plant TIR domains but absent from TIR-NLRs
likely to lack autonomous activity.

To determine if the putative catalytic resi-
due is functionally required, we generated glu-
tamic acid-to-alanine mutations in the Arabidopsis
TIR-only immune receptor RBA1 and the TIR
domains of the Arabidopsis TIR-NLR immune
receptors RPS4 and RPPlyga (13-15). We also
tested a TIR-only protein (BATIR) of unknown
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Fig. 3. TIRs produce v-cADPR in planta. (A to D) v-cADPR accumu-
lates after transient expression of plant TIRs. v-cADPR does not
accumulate in plants expressing empty vector (EV) or TIR loss-of-
function mutants. Experiments shown in (C) and (D) were performed
together and share untreated and EV data. Error bars represent
SEM. Asterisks indicate statistical significance (one-way ANOVA with
Tukey's test: *P < 0.05; ***P < 0.001). (E) v-cADPR accumulates in
Arabidopsis (Ag-0) 24 hours after inoculation with P. fluorescens
(HopBA1). HopBAluser is encoded by a loss-of-function mutant

[with histidine (H) at residue 56 changed to phenylalanine (F)] (14).

Disease resistance

(F and G) v-cADPR accumulates upon RBAL and BdTIR expression in
N. benthamiana and edsI-2 and nrgl-1 mutants. Error bars represent
SEM. Asterisks indicate statistical significance [one-way ANOVA

with Tukey's test for (F) and Kruskal-Wallis with Dunn'’s test for (G):

*P < 0.05; **P < 0.01; ***P < 0.001]. (H) Hypothetical pathway wherein
TIR enzymatic function is induced by effector recognition and activation
by TIR-NLR (left) or by TIR only (right). This leads to accumulation of
signaling products derived from NAD™ that accumulate upstream of
EDSI/NRGL. T, TIR; N, NBD; L, LRR. Definitions of amino acid abbreviations
and mutation designations are provided in the Fig. 2 legend.

function from the monocot Brachypodium
distachyon. Monocot genomes have no full-
length TNL immune receptors (16). All four TIRs
triggered glutamic acid-dependent cell death in
Nicotiana species (Fig. 1, C and D). In our study,
the RPS4 TIR required fusion to an orthologous
oligomerization domain [the sterile alpha motif
(SAM) domain of SARM1] to trigger cell death
(Fig. 1, C and D, and fig. S4). Consistent with
our transient-expression assay results, mutants
disrupting the conserved glutamic acid were
identified in genetic screens as suppressors of
TIR and TIR-NLR function (table S3). Expres-
sion of an autoactive fragment of SARM1 also
triggered glutamic acid-dependent cell death
in planta (Fig. 1C). Thus, the putative SARM1
catalytic residue is conserved and functionally
required in plant TIRs.

Similar to SARMI-TIR (6, 7), expression of
plant TIR domains in Escherichia coli resulted
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in strong NAD™ depletion, as measured by high-
performance liquid chromatography (HPLC)
(Fig. 2, A to D, and fig. S5). As with SARM1
(6, 7), activity was dependent on the conserved
glutamic acid (Fig. 2, A to D, and fig. S5). We
observed accumulation of potential breakdown
products accompanying NAD™ depletion (Fig. 2,
E to H). To characterize reaction products and
demonstrate the intrinsic enzymatic activity of
plant TIR domains, we purified RBA1 and BATIR
after in vitro transcription-translation and tested
their ability to degrade NAD". Both HPLC and
mass spectrometry analysis revealed that, like
SARMI-TIR, purified RBA1 and BATIR proteins
degrade NAD" into nicotinamide (Fig. 2, I to K,
and fig. S6, A and B). Purified BATIR additionally
produced adenosine diphosphate ribose (ADP-
ribose) from the NAD" cleavage reaction (Fig. 2K
and fig. S6C). The NAD" cleavage activity of RBA1
and BATIR was dependent on the putative cat-
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alytic glutamic acid residue (Fig. 2I). Unlike
SARM]I, plant TIRs also generated an NAD™"
cleavage product that appears identical to an
NAD" cleavage product from the archaeal TIR
protein TcpO (fig. S7) (7). This product, which
derives from the same parent ion as cyclic ADP-
ribose (cADPR) but has a distinct chromatogra-
phy retention time, is suggestive of a cyclization
variant of cADPR, termed v-cADPR (7). v-cADPR
serves as a proxy for plant TIR NAD cleavage
(NADase) activity, as its accumulation is de-
pendent on the putative catalytic glutamic acid
(Fig. 2, E to H). SARMI-TIR cleaves NAD" in
vitro to produce cADPR rather than v-cADPR
(fig. S5F) (6) and appears to have higher activity
than plant TIRs in this assay (fig. S5, E and G,
and Fig. 2I), indicating mechanistic differences.
We observed NAD" depletion by RPS4 and RPP1
TIR domains in the E. coli assay but were unable
to confirm NAD*-cleaving enzyme (NADase)
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activity with these TIR domains as in vitro-
purified proteins. We speculate that this assay
fails to recreate functionally relevant higher-
order structures that are generated during ex-
pression in E. coli. SARM1-TIR can degrade
NADP"* but not another NAD*-related molecule,
nicotinic acid adenine dinucleotide (NaAD) (7).
Similar to SARM1-TIR, RBA1 and BdTIR proteins
degraded NADP* (Fig. 2L) into nicotinamide
and ADP-ribose phosphate (fig. S6, D to G) but
did not degrade NaAD (Fig. 2L and fig. S1).
Altogether, these results support our hypothesis
that plant TIR domains are enzymes.

Plant TIR domains require two self-association
interfaces for immune function (fig. S8) (3).
To determine if self-association is required for
NADase activity, we generated TIR domains
containing demonstrated, or proposed, loss-of-
self-association mutations (73, 14). Mutation of
either AE- or DE-type self-association interfaces
abolished TIR cell death in planta (figs. S3, S4,
and S8B) and NADase activity in E. coli (Fig. 2,
A, C, and D). The in planta self-association
requirements were retained in the human HsSAM-
RPS4 TIR fusion (fig. S4, C and D), despite fusion to
the SAM oligomerization domain, demon-
strating that specific TIR-TIR interaction is
required for function. We asked if mutation of
the putative catalytic residue had an impact on
self-association as measured by coimmunopre-
cipitation. RBAlgp s lost self-association (Fig. 2M)
(14), but the putative catalytically dead RBAlggga
mutant retained self-association (Fig. 2M). This
result is consistent with the hypothesis that TIR
enzymatic activity is downstream of, and pro-
moted by, self-association, thus explaining why
plant TIR self-association is a common require-
ment for function.

Activation of SARM1 in neurons leads to
strong NAD" depletion and subsequent axonal
demise (4). In planta, the autoactive SARM1 trun-
cation strongly depletes NAD™ (fig. S9A). Con-
sistent with an apparent weaker activity of plant
TIRs in vitro, we have been unable to detect de-
pletion of NAD" after transient expression of TIRs
in planta (fig. S9, A to C). As noted above (Fig. 2),
NAD™ cleavage by plant TIR domains was accom-
panied by production of nicotinamide, ADPR, and
v-cADPR. NAD" cleavage is thus a plausible signal-
ing event, as ADPR and cADPR trigger calcium
influx to the cytoplasm (17, 18), and this is cor-
related with plant NLR function (19).

To validate that plant TIRs are indeed NADases
in planta, we measured TIR-dependent accumu-
lation of v-cADPR in planta. v-cADPR accumu-
lated in planta in response to plant TIR transient
expression (Fig. 3, A to D). Similar to our E. coli
assay (Fig. 2, E to H), the levels of v-cADPR
produced in planta by the TIR-NLR TIRs were
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lower than those induced by the TIR-only pro-
teins. TIR-dependent accumulation of v-cADPR
in planta was dependent upon the putative cat-
alytic glutamic acid (Fig. 3, A to D) and on self-
association (Fig. 3, A, C, and D). We measured
v-cAPDR accumulation in a biologically relevant
system. Delivery of the type III effector HopBA1l
by Pseudomonas fluorescens activates RBAI-
dependent cell death in Arabidopsis (14). HopBA1l
induced v-cAPDR accumulation in Arabidopsis,
whereas bacteria containing a loss-of-function
allele, HopBAlys6r (14), did not (Fig. 3E). Cell
death triggered by non-TIR immune function
did not induce v-cADPR accumulation (fig. S9,
E and F). In summary, v-cADPR is an in planta
biomarker of plant TIR enzymatic function.
The lack of in planta NAD" depletion by plant
TIRs suggests that plant TIRs function through
an NADase-dependent signaling mechanism
distinct from that for animal SARM1 NAD"*
depletion.

All tested TIR-NLR phenotypes require the
catalytically inactive lipase ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1) (20, 21). Consistent
with this requirement, autoactivity triggered by
the four tested plant TIR domains was EDS1 de-
pendent (fig. S10). In contrast, autoactive SARM1
cell death in planta was EDS1 independent
(fig. S10), again suggesting that plant and ani-
mal TIR NADases act via different mechanisms
to drive cell death. The functional mechanism
of EDS1 is unknown, but this lipase can be
found in complex with TIR-NLR proteins (22).
Thus, EDSI1 could be required for TIR function
directly or be required for downstream signal-
ing. Similarly, protein encoded by N-required
gene 1 (NRGI), a coiled-coil “helper” NLR, func-
tions downstream of EDS1 (23). v-cADPR ac-
cumulates in both edsI and nrgl mutants upon
expression of RBA1 or BATIR, despite a lack of
cell death (Fig. 3, F and G, and fig. S11). Thus,
TIR enzymatic activity, via the generation of
metabolites such as v-cADPR, may signal down-
stream through EDSI and then NRG1 to promote
cell death (Fig. 3H).

NAD" is a signaling substrate that influences
myriad aspects of biology, including DNA re-
pair, aging, and transcriptional regulation, in
addition to its metabolic function (24). Our re-
sults establish plant TIR domains as enzymes
that can cleave NAD* and NADP”. Direct cell
death by NAD" depletion would not require
downstream genetic components, suggesting
that SARMI1 and plant TIRs trigger cell death
by distinct mechanisms and that the latter gen-
erate a signal via NADase activity that activates
EDS1 and NRGI. Our data present a framework
for understanding plant TIRs as enzymes that
cleave NAD" to activate immunity.
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NAD depletion as pathogen response
One way that plants respond to pathogen infection is by sacrificing the infected cells. The nucleotide-binding
leucine-rich repeat immune receptors responsible for this hypersensitive response carry Toll/interleukin-1 receptor (TIR)
domains. In two papers, Horsefield et al. and Wan et al. report that these TIR domains cleave the metabolic cofactor
nicotinamide adenine dinucleotide (NAD ™) as part of their cell-death signaling in response to pathogens. Similar
signaling links mammalian TIR-containing proteins to NAD * depletion during Wallerian degeneration of neurons.
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Materials and Methods

Plant materials, growth conditions, extract preparation for metabolite identification.
Nicotiana benthamiana and Nicotiana tabacum were grown in walk-in growth
rooms maintained at 24 °C/20 °C with a 16-h/8-h (day/night) cycle. In Agrobacterium-
mediated transient expressions, relevant strains were grown overnight, and the cell pellet
was resuspended in induction buffer containing 10 mM MES (pH 5.6), 10 mM MgCl,,
and 150 uM acetosyringone. Agrobacteria (GV3101 pMP90) were hand-injected with
ImL needleless syringes at ODsoonm of 0.8 (Injections into N. benthamiana included 0.1
ODegoonm of GV3101 carrying 35S:P19, a viral suppressor of gene silencing) into 5- to 6-
week-old N. benthamiana or N. tabacum leaves. Images of cell-death phenotypes were
taken 2-5 days post inoculation. For western blots to check protein expression of TIR
domains, leaf samples of SARM1, RBA1 and MLA10 CC were collected at 26h post
infiltration, while leave samples of BATIR, SAM-RPS4 and RPP1 were collected 40h
post infiltration. For NADase metabolite assays, leaf samples were collected at 26h post
infiltration or 40h post infiltration, as above. Nine leaf disks (8§ mm in diameter) from at
least 4 leaves from 4 different plants were pooled and weighed, and then homogenized
into powder and dissolved in 450 uL 50% (v/v) methanol and stored at -80 °C. 150 pL of
supernatant after centrifugation was analyzed by mass spectrometry (see below).

Arabidopsis thaliana Ag-0 and Col-0 plants were grown in walk-in rooms
maintained at 21° C/18° C with a 9-h/15-h (day/night) cycle. In Pseudomonas fluorescens
(Pf0-1) or Pseudomonas syringae pv. tomato DC3000 (DC3000) mediated effector-
delivery assays, Pf0-1 or DC3000 strains were grown overnight, washed once with 10
mM MgCl, and then diluted in 10 mM MgCl to an ODgoonm 0f 0.2 (Pf0-1) and an
ODgoonm of 0.1 (DC3000). These cultures were hand-injected with needleless syringes
into 4- to 6-week old Arabidopsis rosette leaves around 10 AM. The cell death
phenotypes were recorded 24h and 30h post inoculation. For western blots to check
protein levels, leaf samples were collected 24h post inoculation. For NADase metabolite
assays, leaf samples were collected at 24h post infiltration. For NADase metabolite
assays, leave samples were collected at 24h post infiltration. Six leaf disks (8mm in
diameter) from 6 leaves from 6 different plants were pooled and weighed, and then
homogenized into powder and dissolved in 300 puL 50% (v/v) methanol and stored at -80
°C. 150 pL of supernatant after centrifugation was analyzed by mass spectrometry (see
below).

LC-MS/MS metabolite measurement.

Plant extracts were prepared as indicated above. For LC-MS/MS analysis,
metabolites were extracted in 50% methanol in water and deproteinized with chloroform,
and the aqueous phase was lyophilized and stored at -80°C until LC-MS/MS analysis.
For LC-MS/MS, the metabolite samples were reconstituted with 5 mM ammonium
formate, centrifuged 12,000 x g for 10 min, and the cleared supernatant was applied to
the LC-MS/MS for metabolite identification and quantification. Liquid chromatography
was performed by HPLC system (1290; Agilent) with an Atlantis T3 (2.1 x 150 mm, 3
um; Waters) column. Samples (10 pl) were injected at a flow rate of 0.15 ml/min with 5
mM ammonium formate for mobile phase A and 100% methanol for mobile phase B;




metabolites were eluted with gradients of 2—6 min, 0-20% B; 6-8 min, 20-50% B; 8 - 10
min 50% B; 10 - 15 min, 50 - 0% B; 15 - 24 min, 0% B. The metabolites were detected
with a Triple Quad mass spectrometer (6460; Agilent) under positive ESI multiple
reaction monitoring (MRM). Metabolites were quantified by using area under the curve
determined by MassHunter quantitative analysis tool (Agilent) and the retention time for
each compounds were determined with standard compounds including NAD", cADPR,
ADPR, Nam, v-cADPR, ADPRP reconstituted in 5 mM ammonium formate. The
following mass-to-charge (m/z) for parent and product ion was used for detection of
metabolites on LC-MS/MS: NAD+ (664 > 542); ADPR (560 > 136); Nam (123 > 80);
cADPR (542 > 428); v-cADPR (542 >136); ADPRP (640 > 136).

Bacterial strains and growth conditions.

E. coli Top10 and Agrobacterium tumefaciens strain GV3101/pMP90 were grown in
LB medium at 37 °C and 28 °C, respectively. Pseudomonas strains were grown in King’s
B medium at 28 °C. The antibiotic concentrations (ng/mL) used for E. coli were
ampicillin 100, kanamycin 30, gentamycin 25, and spectinomycin 50. The antibiotic
concentrations (ug/mL) used for Agrobacterium were gentamycin 50, kanamycin 100,
rifampicin 100, and spectinomycin 100. The antibiotic concentrations (pg/mL) used for
Pseudomonas were tetracycline 50, kanamycin 30, and rifampicin 50.

Plasmids.

Bacterial expression plasmids were cloned in pET24a+ (RPP1) or pET30a+ (others).
Recombinant plasmids include, SARM1 — StrepTag-SARMI1-TIR-HisTag (TIR: 561-
724); RBA1 — StrepTag-RBA1-HisTag (TIR: 1-191); Bd — StrepTag-Bd-HisTag (TIR: 1-
224); RPS4 — StrepTag-RPS4-HisTag (TIR: 1-200); RPP1 — HisTag-RPP1-StrepTag
(TIR: 1-254). Plant expression constructs were generated using Gateway-compatible
vector systems. Entry clone were generated by BP clonase in pPDONR207 or synthesized
in pUC57-Kan (Genescript). Site-directed mutants were generated by PCR mutagenesis.
Cloning primers are available upon request. Plant expression vectors are from the
pGWBG600 series. Plant expression clones for BATIR (NCBI accession XM _003560026)
and HsSSARM1 SAM-TIR were codon-optimized for Arabidopsis and synthesized by
GenScript. The N-terminal HA-SAM vector was constructed by cloning the SAM domain
from HsSARM1 (1xHA tag-SARM1478-573-GGGGS) into the Xbal site of pGWB602.
The RPS4ws 1250 entry clone was a gift from Kee Hoon Sohn. The RPP1nda 1-254 entry
clone was a gift from Brian Staskawicz. The MLA10 CC domain (endpoints: 1-160)
entry clone was a gift from Farid El-Kasmi. RBA1 is from Arabidopsis accession Ag-0
(14).

Coimmunoprecipitation and western blotting.

A combination of Agrobacterium strains containing relevant constructs were
infiltrated into two separate halves of N. benthamiana leaves. The leaf samples were
collected and flash frozen in liquid nitrogen 36 h post infiltration. Frozen leaf tissue was
ground in a mortar and pestle with liquid nitrogen and resuspended in 2 mL of extraction
buffer [S0 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM EDTA (pH 8.0), 0.2% Triton X-
100, 5 mM DTT with 1x plant protease inhibitor mixture (Sigma-Aldrich)]. Soluble
supernatants were obtained by centrifugation twice at 10,000 x g for 15 min at 4 °C. 50




uL of a-GFP conjugated magnetic beads (Miltenyi Biotec) was added to each sample and
incubated for 2.5 h with constant rotation at 4 °C. Samples were captured using
separation columns (Miltenyi Biotec) and were washed with washing buffer (extraction
buffer with 0.1% Triton X-100 and 150 mM NaCl) three times. Bound proteins were
eluted in 120 pL elution buffer [S0 mM Tris-HCI (pH 6.8), 50 mM DTT, 1% SDS, 1 mM
EDTA (pH 8.0), 0.005% bromophenol blue, and 10% glycerol]. Samples were resolved
by electrophoresis on 12% SDS/PAGE gels and transferred to nitrocellulose membrane.
The membrane was blocked for 30 mins in 5% milk dissolved in TBS-T (TBS with 1%
Tween) and blotted with HRP-conjugated antibodies overnight at 4 °C in TBS with TBS-
T. The following antibody concentrations were used: a-GFP, 1:5,000 (Santa Cruz
Biotechnology); a-HA, 1:2,000 (Santa Cruz Biotechnology).

Endogenous NAD" measurements in E. coli.

Recombinant plasmids in either pET24a+ (RPP1) or pET30a+ (others) were
transformed into Shuffle T7 Express Competent E. coli (New England BioLabs). Single
colonies were grown overnight and the next day, cultures were diluted in LB media,
grown at 30°C until they reached an absorbance (Asoo) of approximately 0.4-0.8. 0.1 mM
IPTG final concentration was added to induce protein expression. Cultures were
harvested approximately 2 hours later, and then normalized to Aeoo of approximately 0.5
+ 0.05. 500 pl of culture suspension was then aliquoted, and centrifuged. The supernatant
was decanted, the pellet washed with PBS, and centrifuged again. Metabolites from the
bacterial pellet were extracted by adding 200 pL 0.5M Perchloric acid (HCIO4). Samples
were then placed on ice for at least 10 minutes, spun down, and supernatant collected.
180 pL of supernatant was then added to approximately 67 pL of 3M Potassium
Carbonate (K2COs3). Samples were placed on ice for at least 10 minutes, and centrifuged.
NAD" metabolites were then measured by HPLC as described below.

HPLC metabolite measurement.

Potassium carbonate neutralized reactions were centrifuged, and the supernatant (90
uL) containing the extracted metabolites was mixed with 0.5M Potassium Phosphate
buffer (10 uL). Metabolites were analyzed by HPLC (Nexera X2) with a Kinetex (100 x
3 mm, 2.6 um; Phenomenex) column. Internal standards for NAD" was used to generate
standard curves for quantification of NAD" concentration.

Cell-free transcription and translation.

In vitro cell-free protein transcription and translation was performed using the
PUREXxpress In vitro Protein Synthesis Kit (New England BioLabs Catalog # E6800S or
E6800L). For a total reaction volume of about 25 pL, the reaction was assembled in the
following order: 10uL of Solution A, 7.5uL of Solution B, 3uL of RNase inhibitior
(40U/uL), and 0.5-1.0 pg of pET30a+ recombinant DNA. Water can be added to bring
volume up to 25 pL, but is not necessary. The reaction was incubated at 37°C for 2.5
hours and stopped by placing on ice for a few minutes. Multiple 25 puL reactions can be
pooled together to increase protein yield prior to purification of proteins, described
below.

Native Protein Purification.




Cell-free synthesized proteins were first purified by Strep Tag affinity methods.
20uL MagStrep (Strep-Tactin) type 3 XT magnetic beads suspension (IBA Lifesciences)
was first pre-washed (twice) in binding buffer (50 mM Sodium Phosphate buffer pH ~7.6
— 8.1, 300 mM Sodium Chloride, 0.01% Tween-20), and beads separated using a magnet.
Cell-free synthesized proteins (four 25 pL reactions for plant TIRs), were then incubated
with the 20pL of MagStrep beads in binding buffer (no more than 500 pL) for 30 min.
After 30 min, proteins laden beads were washed three times with binding buffer, and
proteins eluted from MagStrep type 3 XT beads with approximately 100uL of 25 mM
biotin (Sigma, B4501) for 20-25 min. Biotin eluted proteins were subsequently
recaptured via their histidine (His) affinity tag using 10 pL Cobalt (Co*") Dynabead
suspension (pre-washed with binding buffer) for 30 min. cobalt beads laden with proteins
were then washed with binding buffer twice, and re-suspended in binding buffer (usually
100 pL) for further NADase enzymatic assays.

In vitro NADase Assay with Purified Protein.

For plant TIR proteins, 20 pL of cobalt beads laden with purified protein were
incubated with 2.5 uM NAD" (final concentration) and reaction buffer (92.4 mM NaCl
and 0.64X PBS), for a total reaction volume of 50 puL. Reactions were carried out at room
temperature (25° C) for the indicated amount of time. Reaction was stopped by addition
of 50 uL of 1M of perchloric acid (HCIO4) and placing the tube on ice for at least 10 min.
Neutralization was performed with 16.7 pL 3M K>COs3. Samples were placed on ice for
10 min, and then separated by centrifugation. NAD" metabolites were quantified by
HPLC (see HPLC metabolite measurement above). For LC-MS/MS analysis, the
extraction was performed using 90 pL of 50% Methanol in water, and chloroform (see
LC-MS metabolite measurement for further details). Reactions using NAD" analogs
(NaAD, NADP*, NADH, and NADPH) were performed similarly using these analogs as
the substrate instead of NAD". Metabolites from these reactions were extracted using
either the perchloric acid method or 50% methanol in water as described above.
Metabolites were analyzed by either HPLC or LC-MS/MS.

SYPRO Ruby Gel Staining.

Purified proteins were resuspended and boiled in Laemmli buffer for 5-10 min and
separated on a 4-12% Bis-Tris Plus gel. Gel was then fixed after electrophoresis in 50%
Methanol/7% acetic acid for at least 30 min (twice), then incubated overnight in SYPRO
Ruby Protein Gel stain (Thermo Fisher). The following day, the gel was washed with
10% methanol/7% acetic acid solution for 30 min, rinsed in distilled water for at least 5
min (twice), and stained proteins were visualized with a UV transilluminator.

Structural Modeling of SARMI.

SARMI1 was modeled using Phyre2. The search was done with the 176aa C-
terminus of HSSARMI1 (aa 549-724) using the normal mode against the Protein Data
Bank’s set of experimentally determined structures.

Catalytic ‘E’ residue prevalence in TIR-containing proteins across the plant phylogeny.
We investigated the incidence of ‘E’ residue in TIR-containing proteins across the
plant phylogeny using a panel of 106 publicly available plant proteomes (Supplemental




File 1). Multiple isoforms were detected and only the longest coding sequence was
retained for downstream analysis. We used hmmscan from the HMMER package to
identify TIR-containing proteins (version 3.1b2 http://hmmer.org/; parameters Pfam-A
31.0 --tblout --domtblout --cut_tc; ). 8,865 TIR domain sequences, delimited by their
envelope coordinates, were extracted using awk, grep, sed, sort and cut command lines.
We obtained a multiple sequence alignment (MSA) of all TIR-domains with Ultra-large
alignments using Phylogeny-aware Profile (UPP; github commit
53242afa7ee844e¢fb30b7035ac1186a75b3258e2; defaults; ). We then refined the MSA to
remove low accuracy sequences (lower than 26% average similarity) and columns with
more than 95% gaps using the seq_reformat program of the T-COFFEE suite . The final
alignment contained 8,687 TIR domains. Site-specific amino-acid occurrences in the final
alignment were computed using in-house bash scripts. Catalytic ‘E’ incidence in MSA
was quantified in R. Alignment visualization as sequence bundles was performed with
Alvis.

Identification of putative RPS4 and RRS1 orthologs.

NLRs from all mined proteomes were identified and used in an all-against-all blastp
(version 2.6.0; parameters -dbsize 100000000 -evalue 1e-5 -outfmt 6 -num_threads 8).
Putative orthologs were identified using orthagogue (orthagogue version 1.0.3;
parameters --taxon_index 0 --protein_index 1 --seperator \| --cpu 8 -A -u -S; ). Cluster
structure of the similarity relationships from previous steps was determined using mcl
(version 14-137; parameters --abc -1 1.2 -t 8; ). Orthogroups containing the putative
orthologs of A. thaliana RPS4 and RRS1 are presented in Supplemental File 2 (72).

Statistics.

Figure legends indicate type of statistical test used. Error bars generally represent
SEM. For some points where error bars would be shorter than the height of the symbol,
Graph Pad Prism software indicates error bars were not drawn.
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NAD" cleavage products and alternate TIR substrates. (A) NAD" consuming
enzymes. NUDIX — Nudix hydrolases; pro-TIR - prokaryotic TIR; ARTs — ADP-
Ribosyltransferase. (B) To varying extents, plant, animal and bacterial TIRs cleave NAD"
into Nam, ADPR, cADPR and v-cADPR. Orange dashed line indicates TIR NAD"
cleavage event. The position of the v-cADPR cyclizing bond is unknown (red arrows),
but its parent ion as detected by mass spectrometry is the same as cADPR (see fig S7).
(C) NAD"-related molecules tested as alternative substrates in Figure 2L. Cleaved
substrates are shown in orange, uncleaved substrates are in blue. The orange dashed
circle highlights the NADP" phosphate group which is compatible with the observed
cleavage by RBA1 and BdTIR. Blue dashes indicate carboxyl group that is incompatible
with RBA1 and BATIR cleavage.
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Fig. S2

Catalytic ‘E’ abundance in TIRs mined from 106 publicly available genomes
(related to supplemental file 1 and 2) (A-C) Alvis's sequence bundles visualization of
the mined TIR domains. The bundle shows amino acid incidence in three sequence
groups in different colours (A) black: All 8,687 mined TIRs ; (B) blue: 113 RPS4-likes;
(C) orange: 141 RRS1-likes. Catalytic ‘E’ residue position is highlighted in light green
background. (D) Quantification of amino acids found at position 80 of the MSA.
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Phenotypes and protein accumulation of TIR transient expression in Nicotiana
tabacum or N. benthamiana. (A) Protein accumulation of WT and mutant TIR proteins
transiently expressed in Nicotiana and assayed by western blotting using anti-HA, -MYC
or -GFP as appropriate. Ponceau stain indicates protein loading. In the case of multiple
bands, carets indicate full-length protein of interest. Protein endpoints and epitope tags:
myc:RBAT11.191, HA-BdTIR 224, RPP19o.254:YFP, HA:SAM-RPS4.350, and HA:HsSAM-
TIR409-724:YFP (B) Visible light images of autoactive cell death phenotypes triggered by
transient TIR overexpression (cell death typically occurred 24 to 48 hours after
innoculation). EV is empty vector negative control, E/A is the putative catalytic dead
glutamic acid to alanine mutant. SH/AA and G/R are defined or putative self-association
mutants. “Penta” is a SARM1 SAM domain self-association mutant
(L442R 1461D L514D L531D V533D). RBA1 and SARMI are expressed in N.
benthamiana, the others are in N. tabacum. (C) UV images of autoactive cell death
phenotypes. These images are the source for images in Figure 1.
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RPS4 TIR phenotypes. In our hands, RPS4 TIR domain constructs (previously reported
as active (13)) did not trigger strong phenotypes in either Nicotiana tabacum or Nicotiana
benthamiana. Since plant TIR domain autoactivity phenotypes have been reported to be
correlated with the strength of self-association (15), we generated constructs to enhance
self-association of the RPS4-TIR domain using the SAM oligomerization domain of
SARMI. (A) Various RPS4 constructs expressed in N. tabacum. Cell death is evident
only for RPS4 aal-250 and a “core TIR” aa 10-178 construct fused to the SAM domain
of SARMI1. Cell death was not evident for RPS4 1-250:YFP or for the same construct
containing the enhanced self-association mutation R30A. (B) UV image of the leaf in
(A). (C) The autoactive SAM:RPS4 aal-250 construct requires both the putative catalytic
residue E88A and the self-association interfaces defined by S33/H34 and G151
(demonstrated and putative, respectively). (D) UV image of leaf in (C). (E-G) Western
blot demonstrating protein accumulation for TIR loss of function mutants. Constructs are
blotted with either anti-GFP (RPS4) or anti-HA (SAM:RPS4).
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Protein expression and SARMI1-TIR NAD" cleavage reactions (A) Anti-his tag
western blots to confirm protein induction in E. coli. Samples correspond to Fig. 2 A to
D. (B) SYPRO Ruby Gel stain of WT and E/A mutation of SARM1-TIR, RBA1, and
BdTIR to verify protein accumulation for in vitro transcription/translation-based NADase
assay in Figure 21 to 2L. (C) SARM1 TIR domain depletes NAD" after 2 hour IPTG
induction in E. coli as assayed by HPLC. SARM1 E642A with the putative catalytic
glutamic acid mutated to alanine exhibits no depletion. Error bars represent SEM.
Asterisks indicate statistical significance in a one-way ANOVA with Tukey’s multiple
comparison test (*** p < 0.001). (D) HPLC chromatogram of E. coli lysate expressing
WT SARMI-TIR demonstrates depletion of NAD". (E) SARMI TIR protein generated
by in vitro transcription-translation depletes NAD" after 60min. Putative catalytic
glutamic acid to alanine mutant does not deplete NAD". Statistics are performed as in
(C). (F) HPLC traces corresponding to (E) indicate that purified SARMI-TIR generates
Nam, ADPR and cADPR when incubated with NAD™, but not v-cADPR. (G) In vitro
assays (as in E) showing that SARM1 TIR rapidly depletes NAD". The 0 minute
timepoint data are shared in (E) and (G). Statistics are performed as in (C).
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Fig. S6

LC-MS/MS and HPLC chromatograms of TIR in vitro assay products. (A-C) LC-
MS/MS profiles identifying Nam (BdTIR and RBA1) and ADPR (BdTIR) as in vitro
NAD" cleavage products of in vitro transcription/translation produced TIR proteins. (D-
E) In vitro transcription/translation produced RBA1 cleaves NADP" into Nam and

ADPRP. (F-G) In vitro transcription/translation produced BATIR cleaves NADP" into
Nam and ADPRP.
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Fig. S7

Comparison of v-cADPR and cADPR. (A-D) Comparison of v-cADPR identified as a
plant TIR NADase product, v-cADPR from archeal TcpO TIR domain, and commercially
available cADPR. v-cADPR and cADPR share the same parent ion, but display different
retention times suggestive of alternate cyclization.
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WT SH/AA G/R
(AE)  (DE)

Fig. S8

Plant TIR enzymatic activity and cell death induction requires self-association. (A)
RPP1 structure (PDB 5STEB) indicating self-association interfaces. The AE interface is
indicated by purple dashes and purple amino acids S108 H109. The DE interface is
indicated by red dashes and the red amino acid G229. The putative catalytic glutamic
acid is colored in orange. (B) Autoactivity triggered by RBA1, RPP1 and SAM1-RPS4
(constructs as described in Fig 1C) in Nicotiana spp. is dependent on by AE and DE
interfaces as defined by loss of function mutations (SH/AA or G/R). RPP1 and SAM-
RPS4 images are from the same experiment presented in Figure 1.
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Fig. S9

In planta NAD" depletion assays; Cell death triggered by the non-TIR NLR RPM1
or the CC domain of MLA10 is insufficient to trigger v-cADPR accumulation. (A)
Transient expression of HSSAM-TIR in N. benthamiana reduces NAD" accumulation
relative to the putative catalytic mutant HSSAM-TIR E642A. Expression of RBA1 does
not deplete NAD". Error bars represent SEM. Asterisks indicate statistical significance in
a one-way ANOVA with Tukey’s multiple comparison test (*** p < 0.001). (B) Plant
TIR-only proteins do not measurably deplete NAD" when transiently expressed in N.
benthamiana. (C) Plant TIR domains from TNL immune receptors do not measurably
deplete NAD" when expressed in N. benthamiana. (D) Delivery of HopBA (to trigger
TIR-only RBA1) by P. fluorescens does not result in measurable NAD" depletion in
Arabidopsis (Ag-0). (E) Bacterial delivery of AvrRpm1 (pathogen effector recognized by
the CNL immune receptor RPM1) into Arabidopsis accession Col-0 did not result in
accumulation of v-cADPR in excess of empty vector (EV) or the loss of function mutant
AvrRpml1 D185A. (F) Overexpression of MLA10 aal-160 CC domain in N. benthamiana
does not result in accumulation of v-cADPR.
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- 0

Plant TIR autoactivity is EDS1-dependent. (A-F) Transient expression of plant TIRs in
either WT or eds -2 mutant Nicotiana benthamiana. In all cases, plant TIR autoactivity is

EDS1-dependent. An autoactive SAM-TIR truncation of Human SARMI1 (aa 409-724)
retains autoactivity in eds/. EV is an empty vector negative control. MLA10 (CC
domain; aal-160) is used here as a known EDS1-independent positive control. TIR
constructs are as described in Fig 1 and fig S3. (G-L) Western blots to confirm protein
accumulation of non-active TIRs in eds/ plants. Antibodies used were specific to the

various epitope tags (HA:SAM-RPS4, RPP1:YFP, MLA:MYC, SARMI SAM-TIR:YFP,
MYC:RBA1, and HA:BdTIR). Ponceau stain indicates equal loading.
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Fig. S11

RBA1 and BATIR cell death requires NRG1. RBA1 autoactive cell death in N.
benthamiana (A) is lost in an nrgl mutant (B). EV is an empty vector negative control.
MLA10 (CC domain, aal-160) is a non-TIR positive control for autoactive cell death in
nrgl. BATIR autoactive cell death in N. benthamiana (C) is lost in an nrgl mutant (D). (E
and F) anti-MYC western blot demonstrates RBA1 and MLA10 protein accumulation in
nrgl plants. (G) anti-HA western blot demonstrates BATIR protein accumulation in nrgl/
plants.
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Template  Confidence %i.d. Template Information Source
c3oziB 99.9 18 Crystal structure of the tir domain from the flax protein L6 Plant
cdlzpA 99.9 21 Structure of the tir domain of the immunosuppressor BtpA Bacteria
c5tebC 99.9 17 Crystal structure of the tir domain from RPP1 Plant
cdlzpB 99.9 21 Structure of the tir domain of the immunosuppressor BtpA Bacteria
cSku7B 99.9 21 Crystal structure of the tir domain from RPV1 Plant
c4c6rB 99.9 17 Crystal structure of the tir domain from RPS4 Plant
c3h16A 99.9 22 Crystal structure of a bacteria tir domain, PdTIR Bacteria
c4w8hA 99.9 17 Crystal structure of the tir domain of the toll-related receptor trr-22 Animal
d1fyva 99.9 14 Toll/interleukin receptor TIR domain TLR1 Animal
c2j67B 99.8 17 The tir domain of human toll-like receptor 10 Animal

Table S1.

Summary of top ten results returned from HsSARM1 Phyre2 search.
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Genhe Local region of E Genhe type Notes
AT1G72850 ISVLCLNQLEKTVNS TIR-NB head to head with neighboring TIR
AT1G72870 SSVLCLDVLAKIIER TIR-NB head to head with neighboring TIR
ATAG12020 -———VPSNLLNILEH WRKY-TIR-NB-LRR-PK RPS4/RRS1-like (Narusaka, 2009)
AT4G16930 @  -—-————————————-— TIR truncated
ATAG19500 SSROSLDHLVAVMEH TIR-NB-TIR-NB-LRR in second TIR
AT4G36140 SSTSCLDMLVRVEQC TIR-NB-TIR-NB-LRR RPS4/RRS1-like {Narusaka, 2009); in second TIR
AT5G17890 YDPWFPKELKYV IQGW TIR-NB-LRR-LIM RPS4/RRS1-like (Narusaka, 2009)
AT5G38850 EHLGTIRDELHDQKV TIR-TIR-NB-LRR insecond TIR
AT5G45050 --TVSLDKLVEVLDC TIR-NB-LRR-WRKY RPS4/RRS1-like (Narusaka, 2009)
AT5G45090 D----FNDLLKNNES TIR-PP
AT5G45210 LSKQCLDTLVEFLER TIR-NB-LRR RPS4/RRS1-like (Narusaka, 2009)
AT5G45220 ESKWCLMKLVDINKC TIR-TIR
AT5G45240 SSVLCLENLELC--C TIR-NB-LRR head to head with neighboring TIR
AT5G45260 PSEVWLDRFAKVLEC TIR-NB-LRR-WRKY RRS1; RPS4/RRS1-like (Narusaka, 2009)
AT5G48780 SSPLCLDSLLEILKE TIR-NB head to head with neighboring TIR

Table S2.

Arabidopsis thaliana (Col-0) TIR proteins with non-conserved glutamic acid are typically

non-canonical.
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Gene Context Mutation Approach Reference

RPS4 TIR domain E88A Site-directed Swiderski, et al (2009)

RPS4 TNL E8SK EMS screen Sohn, et al (2014)

RPP1 TIR domain E158A Site-directed Krasileva, et al (2010)

SOC3 TNL E86K EMS screen Tong, et al (2017)
Table S3.

Summary of published plant TIRs with a mutated SARM1-like putative catalytic

glutamate residue.
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Additional Data S1 (separate file)

List of plant genomes scanned for conservation of putative catalytic glutamic acid residue
(related to fig. S2).

Additional Data S2 (separate file)
List of Arabidopsis RRS1-like genes (related to fig. S2).

Additional Data S3 (separate file)

R script used to generate fig. S2 depicting conservation of putative catalytic glutamic acid
across plant TIR domains.
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