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The biochemical and cellular function of NDR1 in plant
immunity and defense signaling has long remained elusive.
Herein, we describe a novel role for NDR1 in both pathogen
perception and plant defense signaling, elucidated by
exploring a broader, physiological role for NDR1 in general
stress responses and cell wall adhesion. Based on our
predictive homology modeling, coupled with a structure-
function approach, we found that NDR1 shares a striking
similarity to mammalian integrins, well-characterized for their
role in mediating the interaction between the extracellular
matrix and stress signaling. ndri-1 mutant plants exhibit
higher electrolyte leakage following pathogen infection,
compared to wild type Col-0. In addition, we observed an
altered plasmolysis phenotype, supporting a role for NDR1 in
maintaining cell wall-plasma membrane adhesions through
mediating fluid loss under stress.

NON-RACE SPECIFIC DISEASE RESISTANCE-1(NDR1)
was first identified as playing an essential role in plant defense
activation following the perception of the bacterial phyto-
pathogen Pseudomonas syringae pv tomato DC3000." Over the
past decade, the role of NDR1 in plant defense signaling has
emerged through the elucidation of the genetic interactions in
which NDR1 participates. This includes the activation of the
coiled-coil nucleotide binding site leucine rich repeat (CC-NB-
LRR) family of resistance (R) proteins. In parallel, the function
of ENHANCED DISEASE SUCEPTIBILITY-1 (EDSI ?) has
been extensively described through its genetic and biochemi-
cal relationship with the activation of Toll-Interleukin Receptor
(TIR)-NB-LRR R-proteins.> As central activators required for
defense signaling, NDRI and EDSI represent critical nodes
required for the activation of host resistance.

NDR1 is Associated with the Activation
of PAMP- and Effector-Triggered Immunity

Two primary pathways of pathogen defense signaling have
been described in reference 4. In the first, PAMP (Pathogen
Associated Molecular Pattern) triggered immunity (PTI) rep-
resents one of the initial lines of defense, characterized by the
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activation of broad resistance signaling (i.e., reactive oxygen
species, MAPK signaling, etc.,) through the recognition of con-
served, often ubiquitous, pathogen signatures.’ In the second
layer of resistance, effector-triggered immunity (ETI) requires
the molecular genetic and biochemical perception of pathogen-
derived effector molecules by cognate host R-proteins. Recent
research has revealed that PTI and ETT do not function as inde-
pendent, parallel modes of resistance, but rather, are intimately
linked through shared signaling pathways as well as pathogen
virulence targets.®

NDRI has been best characterized by correlating the activa-
tion of ETT with the genetic requirement for NDRI."# Initial
experiments demonstrated an increase in the growth of P. syrin-
gae DC3000 in ndrl-I mutant plants; however, the underly-
ing mechanism(s) explaining this were not established.! This
initial observation has led to the idea that NDRI plays a dual
role in plant physiology and defense. First, ndrl-1 plants appear
physiologically impaired, and thus permit increased growth of
pathogen populations in compatible interactions. Second, in a
recent publication,’ a role for NDR1 has been described which
extends beyond the narrow activation of ETI, including the
cellular and physiological impact of NDRI in both PTT and
broader stress response signaling. Analysis of mRNA expression
of FLG22-INDUCED RECEPTOR-LIKE KINASE-1 (FRKI) as
well as the phosphorylation status of MITOGEN-ACTIVATED
PROTEIN KINASE (MAPK) 3/6, two signatures of PTT signal-
ing, demonstrates that NDRI is required for the full activation
of PTI following inoculation with a PAMP. Previous work has
firmly placed NDRI into the ETT pathway,? but we hypothesize
that the role of NDR1 in defense signaling is through the acti-
vation of the early events in both PTI and ETI. Based on the
PTTI response identified in Knepper et al. (2011), coupled with
previous studies describing NDRI’s role in ETT, NDRI is likely
required for the rapid activation and amplification of the initial
events following pathogen perception (Fig. 1).

NDR1 Shares Similarities with Integrins

Homology modeling of NDR1 revealed significant similarities to
a Late Embryogenesis Abundant protein, and by extension, integ-
rins.”"! While no true integrins are known to be present in plants,
several structural and functional similarities have been identi-
fied,'” suggesting that plants do in fact possess similar processes
as those employing integrins in mammalian signal transduction.
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Figure 1. NDR1 plays multiple roles in cell physiology and pathogen defense signaling. NDR1
(NON-RACE SPECIFIC DISEASE RESISTANCE-1) is a plasma membrane localized, GPl-anchored
protein that is capable of forming homodimers. NDR1 contains an NGD (Asn-Gly-Asp) motif located
in the putative apoplastic-localized region of the protein, which has been shown to be important
for maintaining cell wall-plasma membrane adhesion points® though either direct (1) or indirect (2)
interaction with components of the cell wall. Additional cellular components mediating this con-
nection are as of yet unknown. The role of NDR1 in ETl had been further strengthenedthrough the
identification of an interaction between NDR1 and RIN4 (RPM1 INTERACTING PROTEIN 4).2 RIN4 has
been shown to associate with theR-protein, RPS2 (RESISTANCE TO PSEUDOMONAS SYRINGAE?2),%
and it is through RIN4’s cleavage by the P. syringae DC3000 effector protein AvrRpt2 and the sub-
sequent recognition of this event by RPS2, that ETl is activated. Recently, NDR1 has been directly
linked to the initiationof the MAPK (MITOGEN ACTIVATED PROTEIN KINASE) pathway and PTI (PAMP
Triggered Immunity). Although the specific interaction of NDR1 in the upstream components of PTI
signaling is unknown (3), NDR1 is required for proper activation of the MAPK signal cascade. ETI,
effector triggered immunity; PTI, PAMP triggered immunity.

MINI-REVIEW

integrins interact with members of the
ECM, and are able to transmit signals
through the plasma membrane into the
cell interior.”” The activation requires the
formation of integrin dimers, mediated
through the transmembrane domains
of the a and B subunits.' Interestingly,
recent work has demonstrated that NDR1
also forms dimers, in vivo.” In mamma-
lian cells, the ECM adhesion of integrins
may lead to an increase in the signals
generated by growth factor receptors
through the bringing together of kinases
and their substrates into close proxim-
ity.” While it is currently unknown if
dimerization of NDRI1 is involved with,
or required for, the activation of defense
signaling in plants, it is interesting to
speculate such a role (Fig. 1).

NDR1 plays a Broad Role
in Host Physiology
and Stress-Induced Signaling

Since NDRI1 was first identified, its role
in defense signaling has been examined
solely as a genetic component of defense
activation. Based on NDRI’s striking
similarity with integrins, shown using
homology modeling,” a possible link
between NDR1 and the cell wall was
examined. In short, the ndrl-1 mutant
exhibited altered plasmolysis compared
to wild type Col-0. The analysis of
altered plasmolysis phenotypes has been
previously established as a reliable way to
characterize proteins involved in plasma
membrane-cell wall adhesion.'>?! In
addition, the NGD site of NDR1 was
identified as being required for this adhe-
sion phenotype through mutation analy-
sis and exogenous peptide studies.” In
mammalian cells, integrins function in
the transmission of signals through the
plasma membrane, presumably as part of

An NGD motif (i.e., Asn-Gly-Asp) was identified in NDR1
and it was demonstrated that this short sequence was critical for
proper adhesion between the plasma membrane and cell wall”’
Interestingly, this motif is similar to the RGD (i.e., Arg-Gly-Asp)
motif known to be involved in ligand binding in plants” as well
as mediating the interaction between mammalian integrins and
extracellular matrix (ECM) components such as fibronectin.'®
Our working hypothesis is that this places NDR1 alongside inte-
grins as a protein required to physically link interior and exterior
regions of a cell, possibly as a bridge to link extra- and inter-cellu-
lar signaling processes. In mammalian innate immune signaling,
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a mechano-sensing apparatus.? In Arabidopsis, the mediation of
adhesion could potentially point to a similar role for NDR1 in
signaling perturbations associated with both biotic and abiotic
stresses.

The structural similarity of NDR1 to a member of the LEA
family warranted the investigation of a possible connection
between NDR1 and functions previously associated with LEA

B2 pdrl-1 mutant plants were found to have increased

proteins.
electrolyte leakage in response to inoculation with P. syringae
DC3000 expressing the effector AviRpt2.” The demonstration

of a role for NDRI in plasma membrane-cell wall adhesion,
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coupled with this increased fluid loss provided the first evidence
of a physiological role for NDR1 in Arabidopsis. We hypothesize
that NDRI functions as both a regulator of fluid loss through
mediation of plasma membrane-cell wall adhesion, as well as sig-
naling both biotic and abiotic stress responses.’

Final Remarks
While the requirement for NDRI in pathogen defense signal-

ing has been known for some time,' the biochemical and cel-
lular function of NDRI1 remains elusive. The identification of

NDRI as a putative integrin-like protein, with roles in plasma
membrane-cell wall adhesion and stress signaling,’ raises the
interesting possibility that NDR1 has evolved to function in a
broader role as a general response element associated with biotic
and abiotic stress responses in plants.
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