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Plant intracellular nucleotide-binding leucine-rich repeat (NLR) receptors with an N-terminal
Toll/interleukin-1 receptor (TIR) domain sense pathogen effectors to initiate immune signaling.
TIR domains across different kingdoms have NADase activities and can produce phosphoribosyl
adenosine monophosphate/diphosphate (pRib-AMP/ADP) or cyclic ADPR (cADPR) isomers.
The lipase-like proteins EDS1 and PAD4 transduce immune signals from sensor TIR-NLRs to a
helper NLR called ADR1, which executes immune function. We report the structure and
function of an Arabidopsis EDS1-PAD4-ADR1 (EPA) heterotrimer in complex with pRib-AMP/ADP
activated by plant or bacterial TIR signaling. 2′cADPR can be hydrolyzed into pRib-AMP and
thus activate EPA signaling. Bacterial TIR domains producing 2′cADPR also activate EPA
function. Our findings suggest that 2′cADPR may be the storage form of the unstable signaling
molecule pRib-AMP.

P
lants express cell-surface pattern recog-
nition receptors (PRRs) and intracellu-
lar nucleotide-binding leucine-rich repeat
(NLR) receptors, which activate pathogen
associated molecular pattern-triggered

immunity (PTI) and effector-triggered immu-
nity (ETI), respectively (1, 2). Upon sensing
pathogen effectors, plant TIR-NLRs (TNLs)
function as NADases and produce small sig-
naling molecules (3, 4). Downstream of sensor
TNLs, two helper NLRs, Activated Disease
Resistance 1 (ADR1) and N Required Gene
1 (NRG1), execute immune functions (5). ADR1
and NRG1 carry an Resistance to Powdery
Mildew 8 (RPW8)–like coiled coil (CCR) do-
main at their N termini and are thus known
as CCR-NLRs (RNLs) (6, 7). Three lipase-like
proteins, Enhanced Disease Susceptibility 1
(EDS1), Senescence-Associated Gene 101 (SAG101),
and Phytoalexin Deficient 4 (PAD4), function
in the TNL pathway by transducing immune
signals from sensor TNLs to helper RNLs
(8, 9).
Effector-activated TNLs form tetrameric

resistosomes with enzymatic activities and
produce small signaling molecules includ-
ing ADP-ribosylated ATP(ADPr-ATP), ADPr-
ADPR (di-ADPR), and phosphoribosyl adenosine
monophosphate/diphosphate (pRib-AMP/ADP)
(10–13). ADPr-ATP and di-ADPR bind to the
EDS1-SAG101 heterodimer and induce the in-
teraction between EDS1-SAG101 and NRG1 to
trigger cell death in Arabidopsis (11, 14, 15).

pRib-AMP/ADP bind to the EDS1-PAD4 het-
erodimer and induce the association between
EDS1-PAD4 and ADR1 to activate defense and
resistance in Arabidopsis (10, 16). TNL activa-
tion ultimately causes oligomerization of NRG1
and self-association of ADR1 (16–18). Auto-active
NRG1 and ADR1 have been shown to oligo-
merize and function as calcium channels,
similar to effector activated CC-NLR (CNL)
immune receptors (19–21).
Plant and bacterial TIR domains haveNAD+-

hydrolyzing and ADPR cyclization activities
to produce ADPR, cADPR, and cADPR isomers
(4, 22–25). Two reported cADPR isomer struc-
tures are 2′cADPR and 3′cADPR (22). The TIR-
containing immune receptor ThsB from the
bacterial Thoeris system produces 3′cADPR as
a signaling molecule to activate antiviral im-
munity (22, 23). The TIR-containing effector
HopAM1 of the plant pathogen Pseudomonas
syringae pv. tomato DC3000 also generates
3′cADPR, and the production of 3′cADPR
correlates with plant immunity suppression
through an uncharacterizedmechanism (22, 26).
2′cADPR is produced by the TIR-containing
effector HopBY of a P. syringae strain, indi-
cating a potential function in plant immunity
suppression (27). However, plant TIR-only pro-
teins and TNLs produce 2′cADPR, which sug-
gests a potential immune activation role of
2′cADPR (4, 23).
We report structures of the Arabidopsis

EPA heterotrimer induced by the TIR domain
of Arabidopsis TNL RPS4 and the bacterial
TIR-containing effector HopBY. Hydrolytic
conversion of 2′cADPR into pRib-AMP activ-
ates EPA signaling, which indicates the positive
role of 2′cADPR in regulating plant immunity
and likely explains the immune cross-talk be-
tween plant TIR domains and bacterial TIR
domains producing 2′cADPR.

Results
Cryo–electron microscopy structure of the
EDS1-PAD4-ADR1WHD-LRR heterotrimer activated
by a plant TIR
Activation of TIR signaling has been shown to
induce the association between EDS1-PAD4
and ADR1 in insect cells and in planta (10, 16).
The nucleotide-binding (NB) domain of NLRs
can be divided into three subdomains, the NB
domain, helical domain 1 (HD1), and thewinged-
helix domain (WHD) (28). An N-terminally
truncated ArabidopsisADR1 named ADR1(1C)
containing only the WHD and LRR domains
was designed based on the domain architec-
ture of the naturally occurring RNL NRG1C,
which negatively regulates EDS1-SAG101-NRG1
signaling (16, 29). ADR1(1C) associates with
the EDS1-PAD4 heterodimer in vivo and likely
acts as a dominant negative to interfere with
EPA signaling (16). Full-length ADR1 protein
was not expressed as a soluble protein in our
insect cell expression system. Considering that
the WHD and LRR domains of ADR1 are suf-
ficient for interacting with EDS1-PAD4, we co-
expressed ADR1WHD-LRR (residues 374 to 787),
EDS1, PAD4, and the TIR domain (residues
1 to 236) of Arabidopsis TNL RPS4 (here-
after RPS4TIR) in insect cells (Fig. 1A) (10).
The purified protein complex of EDS1-PAD4-
ADR1WHD-LRR behaved as a stable heterotrimer
(fig. S1) and was subjected to cryo–electron
microscopy (cryo-EM) analyses. After three-
dimensional (3D) classification, a subset of
150,167 particles was used for image recon-
struction, generating a map with a global res-
olution of 3.0 Å (fig. S2 and table S1).
The cryo-EM density map showed unam-

biguous signals for the full-length EDS1-PAD4
heterodimer and ADR1WHD-LRR (Fig. 1, A and
B). A pRib-ADP molecule was identified be-
tween EDS1 and PAD4 (Fig. 1C and fig. S3A).
The WHD and LRR domains of ADR1 in the
heterotrimer structure were positioned in a
similar way to CNLs, such as the inactive
Arabidopsis ZAR1 (PDB: 6J5W), active ZAR1
(PDB: 6J6I), and active wheat Sr35 (PDB: 7XC2)
(fig. S3B), suggesting that the WHD-LRR
maintains a rigid NLR structural unit. EDS1-
PAD4 in the heterotrimer superimposed well
with the previously reported structure of pRib-
ADP-bound EDS1-PAD4 heterodimer (PDB:
7XEY) [root mean square deviation (RMSD)
1.06 Å for all Ca atoms] (10) (fig. S3C). There-
fore, the EDS1-PAD4-ADR1WHD-LRR heterotrimer
structure represents a state in which the com-
plex has been activated by TIR signaling.

The interactions between EDS1-PAD4 and ADR1
are critical for activation of ADR1

Superimposing the ligand-freeEDS1-PAD4 struc-
ture (PDB: 7XDD) onto the ligand-bound EDS1-
PAD4 in the heterotrimer context revealed
incompatibility between the EP domains of
the ligand-free EDS1-PAD4 and the C-terminal
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Fig. 1. Cryo-EM structure of the EDS1-PAD4-ADR1WHD-LRR heterotrimer
activated by the plant RPS4TIR. (A) Schematic representation of Arabidopsis
EDS1, PAD4, and ADR1 domain architecture. The truncated domains of ADR1 are
displayed in gray. (B) Overall structure of Arabidopsis EDS1-PAD4-ADR1WHD-LRR

complexed with pRib-ADP. The cryo-EM map and structure model of EDS1-PAD4-
ADR1WHD-LRR are presented in two different orientations. (C) Cryo-EM density
map of pRib-ADP in the structure of EDS1-PAD4-ADR1WHD-LRR. (D and
E) Superimposition of the inactive ligand-free EDS1-PAD4 structure (PDB:
7XDD; magenta) onto EDS1-PAD4 in the heterotrimer context. (D) The

incompatibility between ADR1LRR and PAD4 is shown within a black dashed box.
The magnified ligand-free EDS1-PAD4 is displayed as a surface representation.
(E) For better clarity, EDS1 is omitted in this panel. (F) Overall structure of
EDS1-PAD4-ADR1WHD-LRR highlighting I-1 and I-2 indicated by red and blue dashed
boxes, respectively. (G) Cartoon representation of the interaction details in I-1.
The interface residues are highlighted in stick representation. H-bonds are
shown in red dashed lines. (H) Sequence logos showing the conservation of
the residues at C terminus of ADR1s by the WebLogo server (39). (I) Cartoon
representation of the interaction details in I-2.
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helix of ADR1. The interaction cleft at the in-
terface of the ligand-free EDS1-PAD4 hetero-
dimer is not available to accommodate the
C-terminal helix of ADR1 (Fig. 1D). These ob-
servations explain how the interaction arises
from ligand binding, which induces rotation of
the PAD4 EP domain by about 18° to create the
interaction cleft at the interface of EDS1 and
PAD4 (10) (Fig. 1E). In the heterotrimer, two
major interaction interfaces were observed
between EDS1-PAD4 and ADR1. Interaction
interface 1 (I-1) mainly involves the loop-helix
region at the C terminus of ADR1 and the EP
domains of EDS1 and PAD4 with buried sur-
face areas of 585.3 Å2 (Fig. 1F). In I-1, extensive

hydrophobic interactions occur involving the
residues F780ADR1, V782ADR1,W784ADR1, L785ADR1,
W319PAD4, Y320PAD4, F419EDS1, and V423EDS1

(Fig. 1G and fig. S4A). In addition, L785ADR1

and D787ADR1 make H-bond interactions with
R323PAD4 and R344PAD4 (Fig. 1G and fig. S4A).
Relevant interacting residues of ADR1 fall in a
conserved motif, “FTVDWLDD,” at the C ter-
minus of ADR1s from different plant species
(Fig. 1H and fig. S5A). Relevant interacting
residues from EDS1 and PAD4 are also con-
served in different plant species (fig. S5B). A
similar motif of “YNLDWLVD” was identi-
fied at the C terminus of rice ADR1 (fig. S5A),
and highly similar interactions were observed

in the reported rice EPA structure (30). Based
on these observations, we generated specific
ADR1 mutants in I-1, including deletion of the
“FTVDWLDD”motif and neighboring residues
(hereafter D779-787), F780E/V782E and W784E/
L785E, in addition to EDS1 F419E/V423E, and
PAD4 W319E/Y320E. Interaction interface-2
(I-2) involves polar and hydrophobic interac-
tions by the PAD4 EP domain (residues Y340,
S341, K343, F346, I353, K357, and N403) and
the ADR1 LRR domain (M562, R586, H637,
C638,D639, N660, P662, R663, andV710)with
buried surface areas of 593.3 Å2 (Fig. 1, F and I,
and fig. S4B). We also generated one double
mutantM562A/R586A and two triple mutants,

Fig. 2. The interactions between EDS1-PAD4 and ADR1 are critical for
function. (A and B) Mutations in I-1 (A) and I-2 (B) affect the ability of
ADR1WHD-LRR to pull down the EDS1-PAD4 heterodimer. Flag resins were used
to pull down Flag-tagged ADR1WHD-LRR and its interactors. The pull-down
assays were repeated three times with similar results. (C and D) Mutations
of specific residues in I-1 (C) and I-2 (D) of ADR1-L1 affect the cell death

phenotype when coexpressed with effector XopQ and Arabidopsis EDS1 and
PAD4 in Nb epss. Agrobacteria carrying indicated variants were infiltrated into
Nb epss leaves. The images were taken at 48 hours post infiltration (hpi,
hereafter) under UV light. White dotted circles indicate infiltrated areas. The
corresponding percentage representation of cell death scores is shown on
the right.
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including H637A/C638A/D639A and N660A/
P662A/R663A of ADR1, to investigate the func-
tional relevance of I-2.
Mutants in I-1 and I-2 (except M562A/R586A

of ADR1) attenuated the ability of ADR1WHD-LRR

to pull down the EDS1-PAD4 heterodimer when
coexpressed with RPS4TIR in insect cells (Fig. 2,
A and B, and fig. S6, A and B). Coexpression
of Arabidopsis EDS1, SAG101, and NRG1 can
complement Nicotiana benthamiana (Nb) epss
(eds1a, pad4, sag101a, sag101b) to restore the
cell death phenotype upon activation by the
effector XopQ, which is recognized by an en-
dogenous TNL Roq1 in Nb (14). In Arabidopsis,
there are three ADR1 paralogs with redundant
functions: ADR1, ADR1-L1, and ADR1-L2 (31).
Given that ADR1, but not ADR1-L1, is autoactive
and causes cell death by itself when transiently
overexpressed in Nb, we tested if Arabidopsis
EDS1, PAD4, and ADR1-L1 could complement
Nb epss to restore the EPA signaling module.
Coexpression of Arabidopsis EDS1, PAD4, and
ADR1-L1 triggered XopQ-dependent cell death,
and all corresponding mutants in I-1 abolished
the cell death phenotype of XopQ-activated
ADR1-L1 when coexpressed with EDS1 and
PAD4 inNb epss (Fig. 2C and fig. S6, C and D).
The corresponding mutants in I-2 (except
M590A/R614A) abolished or attenuated the
cell death phenotype of XopQ-activated ADR1-
L1 when coexpressed with EDS1 and PAD4 in
Nb epss (Fig. 2D and fig. S6, D and E). There-
fore, I-1 and I-2 collectively mediate the inter-
actions between ADR1 and EDS1-PAD4 and
thus are critical for TNL function.

Bacterial TIR domains producing 2′cADPR
induce EPA heterotrimerization and
activate function

A plant TIR-only protein from Brachypodium
distachyon (hereafter BdTIR) has been shown
to produce 3′cADPR as a minor product to
cross-activate the prokaryotic Thoeris immune
system (23, 32). To investigate whether bac-
terial TIR domains cross-activate plant EDS1
pathways, we coexpressed components of EDS1-
PAD4-ADR1WHD-LRR or EDS1-SAG101-NRG1A
L134E with bacterial TIR-containing proteins
including HopBY, HopAM1, and AbTir from
Acinetobacter baumannii and AaTir from
Aquimarina amphilecti in insect cells (22). The
2′cADPR-producing bacterial TIR-containing
protein HopBY and the core TIR domain of
AbTir (hereafter AbTirTIR, residues 134 to 269)
induced the heterotrimer formation of EDS1-
PAD4-ADR1WHD-LRR (Fig. 3A and fig. S7A). The
3′cADPR-producing bacterial TIR-containing
protein HopAM1 or the core TIR domain of
AaTir (hereafter AaTirTIR, residues 2 to144)
did not induce the heterotrimer formation of
EDS1-PAD4-ADR1WHD-LRR (Fig. 3A and fig.
S7A). All TIR domains that function as active
NADases contain an absolutely conserved cat-
alytic glutamate (4, 24). The catalytically dead

mutants HopBY E305A and AbTirTIR E208A
failed to induce the heterotrimer formation of
EDS1-PAD4-ADR1WHD-LRR (Fig. 3A and fig. S7A).
The NRG1A L134Emutant has been well dem-
onstrated to abolish the oligomerization of
either effector-induced NRG1A or activation
mimic NRG1A D485V allele (18, 20). Coex-
pression of EDS1, SAG101, and RPS4-TIR with
NRG1A L134E, but not NRG1A wild type, in
insect cells led to successful purification of the
heterotrimer protein complex. Neither bacte-
rial TIR was able to induce the heterotrimer
formation of EDS1-SAG101-NRG1A L134E (Fig.
3B and fig. S7B), whereas plant RPS4TIR was
able to induce the heterotrimer formation of
both EDS1-PAD4-ADR1WHD-LRR and EDS1-
SAG101-NRG1 L134E (Fig. 3, A and B). These
results demonstrate that 2′cADPR-producing
bacterial TIRs specifically induce EDS1-PAD4-
ADR1WHD-LRR heterotrimer formation.
We further investigated the abilities of bac-

terial TIR proteins to trigger cell death through
the EDS1-PAD4-ADR1-L1 module or the EDS1-
SAG101-NRG1A module upon coexpression in
Nb epss. Consistent with their specific abilities
to induce the heterotrimer formation of EDS1-
PAD4-ADR1WHD-LRR in insect cells, HopBY and
AbTirTIR triggered cell death through the EDS1-
PAD4-ADR1-L1 module, but not the EDS1-
SAG101-NRG1A module (Fig. 3C and figs. S7C
and S8). Both HopBY E305A and AbTirTIR

E208A failed to cause cell death (Fig. 3D and
fig. S7D). AbTirTIRW204A, a previously char-
acterized mutant with compromised ability in
the production of 2′cADPR, triggered attenu-
ated cell death (Fig. 3D and fig. S7D). Neither
the 3′cADPR-producing HopAM1 nor AaTirTIR

triggered cell death through either module,
whereas plant RPS4TIR caused cell death
through both the EDS1-PAD4-ADR1-L1 and
EDS1-SAG101-NRG1Amodules (fig. S9). Con-
sistent with their cell death function, HopBY
and AbTirTIR triggered oligomerization of
ADR1-L1 dependent on their catalytic activ-
ities when coexpressed with EDS1 and PAD4
inNb epss, as did RPS4TIR in Blue Native PAGE
(BN-PAGE) assays, but not HopAM1 or AaTirTIR

(Fig. 3E). The accumulation of 2′cADPR or 3′
cADPR upon expression of the bacterial TIRs
and RPS4TIR in Nb epss was quantified by
mass spectrometry. BothHopBY and AbTirTIR,
but not HopBY E305A or AbTirTIR E208A, ac-
cumulated 2′cADPR, whereas AbTirTIR W204A
produced about two times more 2′cADPR than
AbTirTIR E208A (Fig. 3F). RPS4TIR accumulated
2′cADPR about 6 and 2.5% of the yield of
HopBY and AbTirTIR, respectively (Fig. 3F).
Both HopAM1 and AaTirTIR, but not the cat-
alytically dead HopAM1 E191Q or AaTirTIR

E83Q, accumulated 3′cADPR (Fig. 3G). There-
fore, bacterial 2′cADPR-producing TIR proteins
specifically activate plant EDS1-PAD4-ADR1
immune signaling, and the activation corre-
lates with their capacity to produce 2′cADPR.

Bacterial TIR domains that produce 2′cADPR use
pRib-AMP to activate the EPA complex
To further investigate the signaling molecules
produced by bacterial TIRs, we purified and
denatured the EDS1-PAD4-ADR1WHD-LRR het-
erotrimer proteins induced by RPS4TIR, HopBY,
or AbTirTIR and analyzed them by mass spec-
trometry. 2′cADPR was not detected in any
of the TIR-induced heterotrimer proteins
(Fig. 4A). The signaling molecule pRib-AMP
was detected in all three cases (Fig. 4B and
fig. S10A), whereras pRib-ADP was also de-
tected in the RPS4TIR- and HopBY-induced
heterotrimers (fig. S10B). We then solved the
cryo-EM structure of theHopBY-induced EDS1-
PAD4-ADR1WHD-LRR heterotrimer at a global
resolution of 3.3 Å (fig. S11 and table S1). The
structures of HopBY- and RPS4TIR-induced
EDS1-PAD4-ADR1WHD-LRR heterotrimers super-
imposed well (RMSD 0.64 Å for all Ca atoms),
indicating similar activation and assembly
mechanisms of the EDS1-PAD4-ADR1WHD-LRR

complex by plant and bacterial TIR domains
(Fig. 4C and fig. S12, A and B). A pRib-AMP
moleculewas identifiedbetweenEDS1 andPAD4
in theHopBY-induced EDS1-PAD4-ADR1WHD-LRR

heterotrimer structure, whereas a pRib-ADP
molecule was identified in the RPS4TIR-induced
EDS1-PAD4-ADR1WHD-LRR heterotrimer struc-
ture (Fig. 4D and fig. S12C). Therefore, both
plant and bacterial TIRs use pRib-AMP/ADP
as signaling molecules to activate plant EDS1-
PAD4-ADR1 signaling.

Hydrolytic conversion of 2′cADPR into pRib-AMP
induces EPA-dependent defense signaling

Given that 2′cADPR and pRib-AMP are struc-
turally related molecules and hydrolysis of
2′cADPR through the pyrophosphate bond
gives rise to pRib-AMP (Fig. 5A), we tested
the conversion of 2′cADPR into pRib-AMP. In-
cubation of 2′cADPR with a protein extract of
ArabidopsisCol-0 leaves led to the detection of
pRib-AMP after protection with purified EDS1-
PAD4heterodimer protein, supporting the con-
version of 2′cADPR to pRib-AMP (Fig. 5, B and
C, and fig. S13). Detection of pRib-AMP in these
cases requires protection by purified ligand-
free EDS1-PAD4 heterodimer proteins, as pre-
viously reported (10, 11), further indicating the
instability of pRib-AMP. To further investigate
whether 2′cADPR directly activates plant im-
munity, purified chemicals of 2′cADPR and
3′cADPR were infiltrated into the leaves of
Col-0, eds1-12, sag101, pad4-1, nrg1a nrg1b, and
adr1/adr1-l1/adr1-l2 (adr1 triple) and quantita-
tive polymerase chain reaction (q-PCR) was
performed to analyze defense gene expression.
2′cADPR but not 3′cADPR caused strong in-
duction of Pathogenesis-Related Protein 1 (PR1)
(Fig. 5D). 2′cADPR also induced the expression
of defensemarker geneFLG22-induced receptor-
like kinase 1 (FRK1) and salicylic acid and
systemic acquired resistance–related genes at
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Fig. 3. Bacterial TIRs producing 2'cADPR induce the EPA complex and activate
function. (A) HopBY, AbTirTIR, HopAM1, or AaTirTIR was coexpressed with ADR1WHD-LRR

and EDS-PAD4 in insect cells. Flag resins were used to pull down Flag-tagged ADR1WHD-LRR

and its interactors. (B) HopBY, HopAM1, AbTirTIR, or AaTirTIR was coexpressed with
NRG1AL134E and EDS1-SAG101 in insect cells. Flag resins were used to pull down Flag-
tagged NRG1AL134E and its interactors. The pull-down assays were repeated three
times with similar results. (C and D) Cell death phenotypes of HopBY and AbTirTIR

when coexpressed with the EDS1-PAD4-ADR1-L1 module or the EDS1-SAG101-NRG1A
module in Nb epss. White dotted circles indicate Agrobacteria-infiltrated areas. The
images were taken at 40 and 48 hpi for (C) and (D), respectively. The corresponding

percentage representation of cell death scores is shown on the right. (E) BN-PAGE
assays showing the oligomerization of ADR1-L1 triggered by plant or bacterial TIRs
when coexpressed with EDS1-PAD4 in Nb epss. BN-PAGE assays were repeated three
times with similar results. Red asterisks indicate the oligomerized ADR1-L1, and a
blue triangle points to a contaminant protein band. (F and G) The accumulation of
2′cADPR (F) and 3′ cADPR (G) upon expression of bacterial TIR-containing proteins
and RPS4TIR in Nb epss leaves. Data are shown as mean ± SEM; n = 3 biological
repeats. Samples were collected at 48 hpi, and metabolites were analyzed using liquid
chromatography–mass spectrometry (LC-MS). Asterisks indicate significant differ-
ences analyzed by two-tailed t test (**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
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6 hours after infiltration (fig. S14). The induc-
tion of these defense genes was dependent
on the EDS1-PAD4-ADR1 module, but not on
SAG101 or NRG1 (Fig. 5E and fig. S14). To fur-
ther investigate howmany genes were induced
in an EPA-dependent manner, we performed
RNA-sequencing (RNA-seq) experiments on
2′cADPR-treated Col-0 and pad4-1 leaf sam-

ples (fig. S15A). RNA-seq analyses revealed 2593
up-regulated genes and 3453 down-regulated
genes in Col-0 (Fig. 5F and fig. S15, B and C).
These differentially regulated genes were al-
most not responsive in pad4-1. Gene ontology
(GO) analyses revealed that the up-regulated
genes were mainly enriched in various defense
pathways, and the down-regulated genes were

mainly enriched in photosynthesis and auxin
signaling pathways (fig. S15, D and E). These
results are consistent with previous findings
on photosynthetic inhibition in ETI and the
concept of defense-growth trade-offs (33, 34).
Consistent with activation of EPA signaling,

infiltration of 2′cADPR into Col-0 did not
cause cell death but triggered resistance against

Fig. 4. HopBY and
AbTirTIR use pRib-AMP
as the signaling mole-
cule to induce EDS1-
PAD4-ADR1WHD-LRR

heterotrimer forma-
tion. (A and B) LC-MS
traces of 2′cADPR
(A) and pRib-AMP (B)
from EDS1-PAD4-
ADR1WHD-LRR hetero-
trimer proteins induced
by HopBY, AbTirTIR,
or RPS4TIR relative to
their standards. The
complex proteins were
induced, expressed, and
purified from insect cells.
Bound small molecules
were extracted by dena-
turing the complex pro-
teins with 80% methanol
(v/v) and then subjected
to LC-MS. (C) Super-
imposition of the RPS4TIR

and HopBY induced
EDS1-PAD4-ADR1WHD-LRR

heterotrimer structures.
(D) Cryo-EM density map
of pRib-AMP in the
structure of EDS1-PAD4-
ADR1WHD-LRR induced
by HopBY.
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Fig. 5. Hydrolytic conversion of 2'cADPR into pRib-AMP induces EDS1-PAD4-
ADR1 dependent defense signaling. (A) Chemical structures of 3′cADPR, 2′cADPR,
and pRib-AMP. Hydrolysis of the pyrophosphate bond of 2′cADPR in the red dashed circle
gives rise to pRib-AMP. (B) Conversion of 2′cADPR into pRib-AMP in vivo. LC-MS
traces of pRib-AMP from 2′cADPR relative to ADPR and pRib-AMP standards. The leaf
lysate of Col-0 was divided into two batches, with one batch treated with 2′cADPR
and the other mock treated for 48 hours at 4°C. Purified ligand-free EDS1-PAD4
heterodimer proteins were used to capture pRib-AMP and then denatured with 80%
methanol (v/v). (C) The samples were subjected to LC-MS analyses, and detection of
pRib-AMPwas quantified. Data are shown asmean ± SD; n = 3 technical repeats. Asterisks
indicate significant differences analyzed by two-tailed t test (***P ≤ 0.001). (D) The

expression of PR1 upon treatment of Col-0 with 2′cADPR or 3′cADPR analyzed by q-PCR.
Data are shown as mean ± SD; n = 3 biological repeats. (E) Expression of PR1 upon
treatment of Col-0, eds1-12, pad4-1, sag101, adr1 triple, and nrg1a nrg1b with 2′cADPR and
analysis by q-PCR. Data are shown asmean ± SD; n = 4 biological repeats. (F), Hierarchical
clustering of total differentially expressed genes in 2′cADPR or mock-treated leaves of
Col-0 and pad4-1 in RNA-seq experiments. (G) Growth of P. syringae pv. tomato DC3000
(D36E) in Arabidopsis leaves infiltrated with 50 mM 2′cADPR at 4 dpi. Bacteria at optical
density at 600 nm (OD600nm) of 0.01 treated with 50 mM 2′cADPR or mock treated
were infiltrated, and populations were determined as log10-transformed colony-
forming unit values. Asterisks indicate significant differences analyzed by two-tailed
t test (***P ≤ 0.001). Data are shown as mean ± SD; n = 4 biological repeats.
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Pseudomonas syringae pv. tomato DC3000
(D36E), a derivative of the strain that lacks
all endogenous effectors (Fig. 5G and fig. S16A).
To further validate this, we infiltrated 2′cADPR
into Nb epss leaves expressing EDS1/PAD4/
ADR-L1 and observed cell death phenotype
(fig. S16, B and C). Hence 2′cADPR activates
EDS1-PAD4-ADR1 immune signaling likely via
hydrolytic conversion into pRib-AMP.

Discussion

Activation of TIR signaling leads to hetero-
trimer formation of EDS1-PAD4-ADR1 and
EDS1-SAG101-NRG1, and ultimately oligo-
merization of NRG1 and ADR1 (Fig. 4E)
(10, 11, 15–18). The relationship between EDS1-
PAD4-ADR1 heterotrimer formation and ADR1
oligomerization remains to be resolved. The
structures of oligomeric ADR1 andNRG1would
enable understanding of their calcium chan-
nel activities at the plasmamembrane (18, 20).
The localization of the EDS1-PAD4-ADR1 het-
erotrimer requires further investigation to es-
tablish whether it is in the nucleus similarly to
the EDS1-SAG101-NRG1 heterotrimer (17). The
cryo-EM structures of Arabidopsis and rice
EDS1-PAD4-ADR1 heterotrimers bound with
pRib-AMP/ADP highlight the biological func-
tion of TIR-produced signaling molecules in
modifying host EDS1-PAD4 to activate the
helper RNLADR1 in both dicots andmonocots
(30). Upon binding of ADPr-ATP or di-ADPR,
EDS1-SAG101 likely uses similar mechanisms
to activate NRG1 (10, 11, 16).
In the two interaction interfaces, I-1 mainly

involves some conserved residues in the loop-
helix region at the C terminus of ADR1 and
the EP domains PAD4 and EDS1, which likely
defines a common rule for the EDS1-PAD4-
ADR1 heterotrimer formation in different plant
species. A different motif was identified at the
C terminus of NRG1s, which likely accounts
for the specific interaction with EDS1-SAG101
in a similar way (fig. S5A). I-2 mainly involves
conserved and nonconserved residues in the
ADR1 LRR domain and the PAD4 EP domain
(fig. S17), which may account for the incom-
patibility of EDS1, PAD4, and ADR1 from dif-
ferent plant species (14, 35). The key residues
in I-2 of ADR1s are mostly different from the
corresponding residues in NRG1s (fig. S17),
which likely determine the specificity for the
EDS1-PAD4-ADR1 interaction. The rigidWHD
andLRRdomains of ADR1(1C) andNRG1C are
sufficient to mediate the interactions with
EDS1-SAG101 and EDS1-PAD4, respectively
(Fig. 1) (16, 29). These data indicate similar
heterotrimer assembly mechanisms between
EDS1-PAD4-ADR1 and EDS1-SAG101-NRG1 com-
plexes. The signaling mechanisms that define
the specificities of EDS1-PAD4-ADR1 and EDS1-
SAG101-NRG1 modules in resistance and cell
death in Arabidopsis, respectively, await fu-
ture studies.

The plant BdTIR produces 3′cADPR as a mi-
nor product to cross-activate bacterial anti-
viral immunity (23). The 3′cADPR-producing
bacterial TIR-containing proteinsHopAM1 and
AaTirTIR activate neither the EDS1-PAD4-ADR1
nor EDS1-SAG101-NRG1 signaling modules,
consistent with the idea that 3′cADPR nega-
tively regulates plant immunity (22, 26). The
mechanisms by which 3′cADPR suppresses
plant immunity remain unknown. Given that
bacterial TIR domains producing 2′cADPR
activate EPA signaling, it remains to inves-
tigate whether the plant EDS1-PAD4-ADR1
module can be functional in bacteria to confer
immunity.
Our work confirms a role for 2′cADPR in

positively regulating plant immunity. The TIR-
containing effector HopBY from P. syringae
depends on its catalytic activity and production
of 2′cADPR to promote infection ofArabidopsis
(27). HopBY is a strong NADase that causes
decline of NAD+ in host cells compared with
the weak NADase activities of plant TIRs
(4, 27, 36). Given the positive role of 2′cADPR
in plant EDS1-PAD4-ADR1 immune signal-
ing, it is likely that HopBY-induced decline
of host cellular NAD+ levels plays a role in
promoting virulence function, as was proposed
previously (36).
2′cADPR is a stable molecule that can be

readily detected bymass spectrometry, whereas
pRib-AMP is highly unstable, and its detection
in vivo by mass spectrometry requires protec-
tion by purified ligand–free EDS-PAD4 hetero-
dimer proteins (10, 11). Given that the source
of pRib-AMP is unclear and the EDS1-PAD4-
ADR1 module plays critical roles in both basal
immunity and ETI (37, 38), we propose that 2′
cADPR functions as a storage form of pRib-
AMP to activate EDS1-PAD4-ADR1 signaling.
The enzymes involved in the conversion of
2′cADPR into pRib-AMP and how these en-
zymes regulate plant immunity await future
study.
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