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Abstract

Key message RIN4 homologs from important crop species differ in their ability to prevent ectopic activity of the
nucleotide binding-leucine rich repeat resistance protein, RPS2.

Abstract Pathogens deploy virulence effectors to perturb host processes. Plants utilize intracellular resistance (R) proteins
to recognize pathogen effectors either by direct interaction or indirectly via effector-mediated perturbations of host com-
ponents. RPM1-INTERACTING PROTEIN4 (RIN4) is a plant immune regulator that mediates the indirect activation of
multiple, independently evolved R-proteins by multiple, unrelated effector proteins. One of these, RPS2 (RESISTANT TO
P. SYRINGAE?), is activated upon cleavage of Arabidopsis (At)RIN4 by the Pseudomonas syringae effector AvrRpt2. To
gain insight into the AvrRpt2-RIN4-RPS2 defense-activation module, we compared the function of AtRIN4 with RIN4
homologs present in a diverse range of plant species. We selected seven homologs containing conserved features of AtRIN4,
including two NOI (Nitrate induced) domains, each containing a predicted cleavage site for AvrRpt2, and a C-terminal pal-
mitoylation site predicted to mediate membrane tethering of the proteins. Palmitoylation-mediated tethering of AtRIN4 to
the plasma membrane and cleavage by AvrRpt2 are required for suppression and activation of RPS2, respectively. While all
seven homologs are localized at the plasma membrane, only four suppress RPS2 when transiently expressed in Nicotiana
benthamiana. All seven homologs are cleaved by AvrRpt2 and, for those homologs that are able to suppress RPS2, cleavage
relieves suppression of RPS2. Further, we demonstrate that the membrane-tethered, C-terminal AvrRpt2-generated cleavage
fragment is sufficient for the suppression of RPS2. Lastly, we show that the membrane localization of RPS2 is unaffected
by its suppression or activation status.
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to defend themselves against invading pathogens. Although
plants lack mobile immune cells, they have developed
immune receptors that recognize pathogen molecules (Jones
and Dangl 2006). Pathogen recognition by plant cells relies
on membrane-localized and intracellular receptors (Bonardi
et al. 2012; Macho and Zipfel 2015; Monteiro and Nishimura
2018). The former are typically activated by microbe-asso-
ciated molecular patterns (MAMPSs), such as lipopolysac-
charides, flagellin or chitin, leading to MAMP triggered
immunity (MTI) (Chisholm et al. 2006; Glowacki et al.
2011; Khan et al. 2016; Zipfel 2014). Most of the intracel-
lular receptors, known as resistance (R) proteins, belong to
the nucleotide binding and leucine rich repeat (NLRs) family
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of receptors (Bonardi et al. 2012; Chiang and Coaker 2015;
Chisholm et al. 2006; Monteiro and Nishimura 2018). Per-
ception by NLRs, of effector proteins from potential patho-
gens, including the type three effectors (T3Es) translocated
from gram negative bacteria into host cells, leads to effector
triggered immunity (ETI) that frequently culminates in a
hypersensitive response characterized by programmed cell
death (PCD) (Chiang and Coaker 2015; Dodds and Rathjen
2010; Jones and Dangl 2006; Monteiro and Nishimura
2018).

NLRs can detect effector proteins either directly or
indirectly. Many pathogens have been reported to possess
hundreds of effector proteins (Jones and Dangl 2006);
whereas plants have more limited allelic diversity at the R
loci and these alleles are maintained by balancing selection
(Bergelson et al. 2001; Van der Hoorn 2002). This excess
of effectors relative to R-proteins, as well as selective pres-
sure favoring effector variants that evade detection, limits
the effectiveness of direct recognition of effectors. Indi-
rect detection, which is based on perception of an effector-
induced perturbation within a host cell, allows plants to use
their limited repertoire of NLRs to detect a larger number
of effectors, as the effectors converge on a finite set of host
targets (Dangl and McDowell 2006). Because indirect rec-
ognition is often triggered by perturbations resulting from
the virulence activity of effectors, effectors are constrained
in their ability to retain function while evading detection.

A well-characterized example of a host protein that
mediates indirect recognition of effectors is RPM1 inter-
acting protein 4 (RIN4). AtRIN4 is a small, intrinsically
unstructured protein that contains two NOI (Nitrate induced)
domains (with no known biochemical function) and is local-
ized at the plasma membrane because of the palmitoylation
of its C-terminal cysteine residues (Afzal et al. 2013; Day
et al. 2005; Desveaux et al. 2007; Takemoto and Jones 2005;
Toruno et al. 2019). The AtRIN4 protein is targeted by five
unrelated Pseudomonas syringae effectors, AviRpm1, AvrB,
AvrRpt2, HopF2 and HopZ3 (Lee et al. 2015; Mackey et al.
2002, 2003; Redditt et al. 2019; Wilton et al. 2010). In the
absence of effector-targeting, RIN4 negatively regulates MTI
(Kim et al. 2005b). The effectors that target RIN4 promote
virulence, at least in part, by enhancing its negative regula-
tion of MTI. For example, AvrRpt2 is a cysteine protease
that cleaves AtRIN4 at conserved motifs, VPXFGXW, pre-
sent at the N-terminal side of both NOI domains (Axtell and
Staskawicz 2003; Chisholm et al. 2005; Kim et al. 2005a;
Takemoto and Jones 2005). Two of the resulting fragments,
termed AvrRpt2-cleavage product 2 (ACP2, AtRIN4!'!-152)
and ACP3 (AtRIN4'>3-2!1) are hyperactive suppressors of
MTI, relative to full length AtRIN4 (Afzal et al. 2011).
AtRIN4 associates with two plasma-membrane localized
NLRs, RPM1 and RPS2, and its perturbation by AvrRpm1,
AvrB, or AvrRpt2 elicits their partial or full activation
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(Axtell and Staskawicz 2003; Chung et al. 2011; Day et al.
2005; Kim et al. 2009; Mackey et al. 2002, 2003). These
findings establish AtRIN4 as a hub at the nexus of MTI,
effector-induced suppression of MTI, and effector-induced
activation of ETI in Arabidopsis.

RIN4 homologs with N-terminal and C-terminal NOI
domains and a putative C-terminal palmitoylation site exist
in a wide variety of plant species, including mosses, mono-
cots and dicots (Afzal et al. 2013). Several of these RIN4
homologs, including those from lettuce (Lactuca sativa),
tomato (Solanum lycopersicum), soybean (Glycine max),
barley (Hordeum vulgare) and apple (Malus domestica),
regulate plant immunity (Gill et al. 2012; Jeuken et al. 2009;
Luo et al. 2009; Mazo-Molina et al. 2020; Prokchorchik et al.
2020; Selote and Kachroo 2010b). Soybean contains four
RIN4 homologs, each of which contains a putative C-termi-
nal palmitoylation site and are plasma membrane localized
(Selote and Kachroo 2010b). Similar to AtRIN4, GmRIN4a
and GmRIN4b negatively regulate basal immunity; silencing
of either homolog resulted in enhanced resistance to virulent
strains of P. syringae (Selote and Kachroo 2010a, b). Also
similar to AtRIN4, GmRIN4a and GmRIN4b are targeted
by the effectors AvrB, AvrRpm1 and AvrRpt2, possibly to
enhance negative regulation of MTI (Ashfield et al. 2014;
Selote and Kachroo 2010b). However, unlike the recogni-
tion of AvrB or AvrRpm1 by a single R-protein (RPM1) in
Arabidopsis, AvrB and AvrRpm1 are recognized in resist-
ant soybean cultivars by two independently evolved R-pro-
teins, Rpglb and Rpglr, respectively (Ashfield et al. 2014;
Selote and Kachroo 2010b). Although AvrRpt2 elicits an
effective defense response on some soybean cultivars (Wha-
len et al. 1991), the relationship of GmRIN4 homologs to
RPS2 is unknown. More recently, it has been demonstrated
that AvrRpt2-mediated cleavage of SIRIN4 and MdRIN4
results in the activation of two independently evolved NLR-
proteins, Ptrl in tomato and Mr5 in apple (Mazo-Molina
et al. 2020; Prokchorchik et al. 2020). AtRIN4 prevents
ectopic activation, defined as that occurring in the absence
of effector-activation, of RPS2 in unchallenged Arabidop-
sis and N. benthamiana plants (Day et al. 2005; Mackey
et al. 2003). By contrast, MRS is not ectopically active, but
ACP3 is sufficient to activate it (Prokchorchik et al. 2020).
Collectively, these findings indicate that a variety of NLR-
proteins distinctly monitor the status of RIN4. Conservation
of RIN4 in crop species leads to the hypothesis that those
RIN4 homologs are able to regulate the activity of RPS2.
Since AvrRpt2-like effectors with the capacity to specifi-
cally cleave RIN4 are found in a diverse collection of plant
pathogens (Eschen-Lippold et al. 2016; Mazo-Molina et al.
2020; Prokchorchik et al. 2020), understanding the ability
of RIN4 homologs to function with RPS2 could enable the
development of crops resistant to a variety of pathogens.
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In this study, we show that, similar to AtRIN4, RIN4
homologs from seven crop species all localize at the
plasma membrane. Despite this common localization, the
RIN4 homologs differ in their ability to suppress RPS2.
We also demonstrate that all RIN4 homologs are cleaved
by AvrRpt2 and, for those capable of suppressing RPS2,
this cleavage results in RPS2 activation. Surprisingly, the
central (RIN4™T) and C-terminal (RIN4°V3) fragments
of RIN4 generated upon AvrRpt2-cleavage differ in their
regulation of RPS2. The membrane-tethered RIN4“-V? frag-
ments, comparable to ACP3, suppress RPS2 activation. The
non-membrane-tethered RIN4™T fragments, comparable to
ACP?2 fail to suppress RPS2. Lastly, we demonstrate that the
plasma membrane localization of RPS2 is unaffected by its
suppression/activation status.

Methods
Plants and growth conditions

For Agrobacterium infiltrations, Nicotiana benthamiana
seeds were sown in soil (Peat moss, Pindstrup faerdigbland-
ing substrate) and grown at 24 °C (day) and 22 °C (night) in
a growth chamber under an 8-h light/16-h dark cycle. After
2 weeks of germination, seedlings were transferred to pots
(one seedling per pot). The seedlings were further grown for
4 weeks after which they were ready for Agrobacterium infil-
trations. Fully expanded N. benthamiana leaves were used to
carry out bacterial infiltrations. To prepare RNA, Arabidop-
sis thaliana (Col-0), Lactuca sativa (Lettuce), Oryza sativa
(Rice), Malus domestica (Apple), Solanum lycopersicum
(tomato), Solanum tuberosum (potato), Prunus persica
(peach), and Glycine max (soybean) seeds were also sown
in soil (Peat moss, Pindstrup ferdigblanding substrate) and
grown at 24 °C (day) and 22 °C (night) in a growth chamber
under an 8-h light/16-h dark cycle. Leaves were harvested
from 4-week-old plants and were stored in a —80 °C freezer.

Plasmid construction

The homologous RIN4 constructs were cloned using the
Gateway system (Invitrogen, Carlsbad, CA). To prepare
RNA, the harvested leaves were ground by mortar and pestle
in liquid nitrogen. RNA was extracted using Trizol follow-
ing the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
The corresponding cDNAs were synthesized using M-MLV
Reverse transcriptase following the manufacturer’s protocol
(Invitrogen Carlsbad, CA). Using cDNA as template, RIN4
homologs were amplified through polymerase chain reaction
(PCR). All primers, used for the purpose of cloning, were
designed in such a way that they incorporated a CACC tag at
the 5° end of each construct (Supplemental Table 1). Primers

used for the amplification of homologous RIN4!ARCS! apd
RIN4™NT (Internal) equivalent fragments were specifically
designed to introduce an AcVS5 tag at the 5° end of each
construct and to exclude the region corresponding to the first
12 or 13 amino acids or IARCS1 (RIN4 cleavage site 1).
Sequence data from this study can be found in the accession
numbers mentioned in Supplemental Table 1.

Phusion® DNA Polymerase (NEB, Ipswich, MA) was
used for the gene-specific amplification of the homologous
RIN4 constructs and RPS2. PCR amplified genes were
cloned into the entry vector, pPENTR™ Directional TOPO
(D-TOPO) (Invitrogen, Carlsbad, CA). The gateway binary
vector pEarley Gate 104 (35S promoter, YFP:N) was used
as the destination vector for the homologous RIN4 deriva-
tives; while pEarley Gate 101 (35S promoter, C:YFP-HA)
was used as the destination vector for RPS2. Since the entry
and the destination vector had the same antibiotic selection
marker (Kanamycin), we followed the PCR amplification
based (PAB) method to mobilize the inserts from the entry
clones to the destination vector (Kumar et al. 2013). The
insert was amplified from the entry vector using M13 prim-
ers (Supplemental Table 1) and was subsequently cloned
into the destination vector using LR Clonase™ (Invitrogen
Carlsbad, CA). The destination vector was then transformed
in A. tumefaciens GV3101 pMP90 cells. AtRIN4 derivative,
RIN4!'=2!! was amplified using primers that added an AcV5
tag and a sequence that encodes a 15 amino acid linker
(NELALKAAGADINKT) at the 5° end of the insert. The
chimeric insert was cloned into pPENTR-D-TOPO and sub-
sequently moved into the gateway binary vector pPB2GW7
(containing a 35S promoter).

A. tumefaciens strain C58-C1 carrying RPS2-HA,
expressed under the control of a promoter (pOCS:RPS2-
HA), was a gift from Dr. Brad Day and has been
described previously (Day et al. 2005). AvrRpt2-HA and
AvrRpt2€!122A_HA, expressed under the control of a 35S
promoter, were a gift from Dr. Kee Hoon Sohn and have
been described previously (Prokchorchik et al. 2020). p19
(silencing suppressor) expressed under the control of a 35S
promoter has been described previously (Hamilton et al.
2002; Prado et al. 2019). RFP-OsRac1 expressed under the
control of 35S promoter (pGDR vector backbone) was a gift
from Dr. Guo-Liang Wang. RFP fused OsRacl, a GTPase,
has been used as a plasma membrane marker previously (Fan
et al. 2018).

Agrobacterium-mediated transient expression

A. tumefaciens strains carrying the homologous 35S:YFP-
AcV5-RIN4 derivatives, pOCS:RPS2-HA or 35S:RPS2-
YFP-HA, 35S:AvrRpt2-HA or 35S:AvrRpt2€12A-HA were
grown overnight at 28 °C in Luria Bertani (LB) media con-
taining the appropriate antibiotics (100 pg/ml of kanamycin,
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50 pg/ml of gentamycin, 100 pg/ml of rifampicin or 5 pg/ml
of tetracycline). The overnight cultures were centrifuged at
4500 x g for 10 min. The pellet collected was re-suspended
in induction media (10 mM MES pHS5.6, 10 mM MgCl,
and 200 uM acetosyringone). The ODy, (optical density) of
the cultures, as required for each assay, was adjusted using
the induction media. For all infiltrations, the final ODg,
of A. tumefaciens strains carrying the desired construct(s),
was adjusted to a constant total ODg, using A. tumefaciens
strain GV3101. A. tumefaciens strain(s) were infiltrated into
N. benthamiana leaves as described previously (Day et al.
2005; Tai et al. 1999).

Confocal microscopy analysis

The localization of homologous YFP-AcV5-RIN4 deriva-
tives and RPS2-YFP-HA was observed at the indicated time
points. Leaf discs from the infiltrated area were obtained
and the YFP signal was observed using a confocal micro-
scope (Nikon Eclipse Ti/C2/C2Si) (Nikon, Foster City, CA)
using an excitation wavelength of 514 nm and an emission
wavelength of 530 nm. Nuclei in the infiltrated region, were
stained by infiltrating 1 ug/ml DAPI D3571 dye (Invitro-
gen, Eugene, OR) into N. benthamiana leaves, 6 h before
imaging. The fluorescence from the DAPI stained nuclei
was observed using an excitation wavelength of 358 nm
and an emission wavelength of 461 nm. Co-localization of
YFP-RIN4 derivatives and RFP-OsRacl was observed at
the indicated time points. RFP signal was observed using
an excitation wavelength of 561 nm and an emission wave-
length of 575 nm.

Protein extraction and SDS-PAGE

To determine expression of the transiently expressed YFP-
AcV5-RIN4 derivatives, total protein was extracted from
the plant tissue as described previously (Afzal et al. 2011).
Briefly, 0.1 g (g) leaf tissue was homogenized in 300 ul
of extraction buffer, 20 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1% TritonX-100, 0.1% SDS, 5 mM DTT and 10X
plant protease inhibitor cocktail (Sigma-Aldrich, Saint
Louis, MO). The samples were centrifuged at 13,523xg
for 20 min at 4 °C to remove the insoluble debris. To
100 pl of the collected supernatant (total protein), 5X
SDS-PAGE loading dye was added, and the samples
were heated at 65 °C for 10 min. The protein samples
were resolved on 12% (w/v) SDS-PAGE gels and were
subsequently transferred to nitrocellulose membrane.
The membrane was probed with 1:5000 dilution of anti-
GFP antibody (Abcam, Cambridge, UK) to detect YFP-
tagged RIN4 derivatives. For protein detection, the blot
was probed with ECL following manufacturer’s protocol
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(GE Healthcare Amersham, Buckinghamshire, UK) and
chemiluminescence was observed using the ChemiDoc
XRS system (Bio-Rad, Hercules, CA).

Subcellular fractionation

To separate membrane proteins from soluble proteins,
0.1 g leaf tissue was ground in liquid nitrogen and resus-
pended in 700 pl of homogenization buffer (30 mM Tris
PH 8.3, 150 mM NaCl, 1 mM EDTA, 20% glycerol, 5 mM
DTT, 10X protease inhibitor and 10 mM PMSF). The sam-
ples were centrifuged at 13,523xg for 10 min at 4 °C to
remove insoluble debris. The “total” fraction consisted
of the supernatant from this first spin combined directly
with the SDS-PAGE loading dye and heated at 65 °C for
10 min. For fractionation of the microsomal fraction,
600 pl of supernatant from the first spin was combined
with 20 ul of 1 M CaCl, and incubated on ice for 90 min
prior to centrifugation at 21,130xg for 90 min at 4 °C.
The “soluble” fraction (supernatant from the second spin)
was combined with the loading dye and heated at 65 °C
for 10 min. The pellet from the second spin was re-sus-
pended in 100 pl of resuspension buffer (10 mM Tris pH
7.6, 150 mM NaCl, 0.1 mM EDTA, 10% glycerol, 10X
protease inhibitor, 10 mM PMSF) and centrifuged again at
21,130xg for 60 min at 4 °C. The “microsomal membrane”
fraction (the final pellet) was resuspended in 90 pul of 1X
SDS-PAGE loading dye and heated at 65 °C for 15 min.
The subcellular fractions were resolved on either 12%
(w/v) SDS-PAGE or 4-20% (w/v) precast TGX (Bio-Rad,
Hercules, CA) gels and were subsequently transferred to
nitrocellulose membrane. The membrane was probed with
1:5000 dilution of anti-GFP antibody (Abcam, Cambridge,
UK) to detect YFP-tagged RIN4 derivatives. A 1:600 dilu-
tion of H"-ATPase (Agrisera, Vannas, SE) was used as a
plasma membrane marker.

Quantification of hypersensitive response

To quantify the Hypersensitive Response, ion leakage from
leaf discs corresponding to the agro-infiltrated area of N.
benthamiana leaves was measured. Leaf discs were sub-
merged in 15 ml of water and cell death was quantified at
the indicated time points with the aid of a conductivity meter
(WTW, Weilheim, Germany). For each construct, ion leak-
age data were generated from three to five biological rep-
licates (three technical replicates per biological replicate).
Background correction was based on the conductivity from
leaf discs corresponding to un-infiltrated N. benthamiana
leaves. Cell death in intact leaves was detected by observing
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leaf autofluorescence using the ChemiDoc XRS Imager
(Bio-Rad, Hercules, CA).

Protein alignment

The homologous RIN4 protein sequences were aligned by
ClustalW using MEGA-X. Alignments were generated with
a reduced Gap penalty (4.0) for both pairwise and multiple
sequence alignments. Pairwise sequence similarity and iden-
tity for the multiple sequence alignments was calculated by
the BLOSUM 62 scoring Matrix with the SIAS (sequence
identity and similarity) tool.

Palmitoylation prediction

Putative palmitoylation residues in the homologous RIN4
sequences were predicted using CSS-Palm 4.0 (Zhou et al.
2006) with the threshold stringency set to medium (http://
csspalm.biocuckoo.org). The software employs a cluster-
ing and scoring strategy algorithm (CSS), a group-based
prediction system (GPS) as well as a training dataset that
comprises 277 proteins that contain 583 palmitoylation sites
to accurately predict putative palmitoylation sites in query
proteins (Ren et al. 2008; Weng et al. 2017).

Results

RIN4 homologs are present in important crop
species

While RIN4 homologs are present in plant species dat-
ing as far back as moss, only a few of them have been
reported to regulate innate immunity in their respec-
tive host species (Afzal et al. 2013; Jeuken et al. 2009;
Mazo-Molina et al. 2020; Prokchorchik et al. 2020; Selote
and Kachroo 2010b). We initially performed protein
blast using AtRIN4 as a query to identify seven RIN4
homologs in notable annual and perennial crop plants
including G. max (soybean, GmRIN4), L. sativa (lettuce,
LsRIN4), M. domestica (apple, MARIN4) O. sativa (rice,
OsRIN4), P. persica (peach, PpRIN4), S. lycopersicum
(tomato, SIRIN4) and S. ruberosum (potato, StRIN4).
The regions of AtRIN4 known to participate in immune
regulation (Fig. la), including the N-NOI and C-NOI
domains present at the N- and C-terminal regions of
the proteins, respectively (Afzal et al. 2011; Day et al.
2005), were well conserved in the homologous proteins
(Fig. 1b, Supplemental Table 2). The C-NOI domains of
the homologs show greater sequence conservation rela-
tive to the N-NOI domain, consistent with previously

published data (Supplemental Table 2) (Afzal et al. 2013).
The N-terminal portion of both NOI domains within the
homologs also contains a consensus AvrRpt2 cleavage
site (RCS: VPXFGXW, Supplemental Table 2). Lastly,
each homolog also contains two or three cysteine resi-
dues near its C-terminus, within a predicted palmitoyla-
tion target site (Supplemental Table 3) that is crucial for
membrane localization of AtRIN4 (Day et al. 2005; Kim
et al. 2005a; Takemoto and Jones 2005).

RIN4 homologs localize at the plasma membrane

Based on the putative palmitoylation target sites, we pre-
dicted that, like AtRIN4, the RIN4 homologs would also
localize at the plasma membrane. To test their membrane
localization, derivatives lacking the first 12 or 13 amino
acids and containing instead an N-terminal YFP- and AcV5-
tag were constructed (YFP—ACVS-RIN41ARCSI; for the struc-
ture of this and all protein derivatives used in this study, see
Supplemental Fig. 1). When expressed in N. benthamiana
using Agrobacterium-mediated infiltrations, fluorescent
microscopy indicated that these derivatives all localized
to the cell periphery, consistent with the predicted plasma
membrane localization and in contrast to free YFP protein,
which localized to the cytosol and the nucleus (Fig. 2a). Fur-
thermore the YFP-RIN4 derivatives colocalilzed with RFP
fused OsRacl, a small plasma membrane GTPase (Supple-
mental Fig. 2a). Subcellular fractionation confirmed that,
similar to AtRIN4, all the YFP-tagged derivatives of the
RIN4 homologs accumulated in the microsomal membrane
fraction while free YFP protein accumulated in the soluble
fraction (Fig. 2b and Supplemental Fig. 2b). Together, these
observations indicate that, like AtRIN4, the homologs under
study all localize to the plasma membrane.

RIN4 homologs differ in their ability to suppress
RPS2

Plasma membrane localization of AtRIN4 is crucial for the
suppression of RPS2-induced cell death in N. benthamiana
and Arabidopsis (Afzal et al. 2011; Day et al. 2005). Despite
the shared localization of all of the RIN4 homologs, only a
subset were able to suppress RPS2 when co-expressed tran-
siently in N. benthamiana (Fig. 3a, b). The ability of full-
length (F1) AtRIN4 to suppress RPS2 was matched by YFP-
AcV5-AtRIN4!ARCSE (Supplemental Fig. 3) and, similar to
YFP-AcV5-AtRIN4!ARCS! the YFP-AcV5-RIN4!ARCS! yer.
sions from soybean, peach, potato and apple also suppressed
RPS2 (Fig. 3a, b and supplemental Fig. 4). In contrast, the
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Fig.1 In silico analysis of RIN4 homologs from important crop
plants. A Schematic representations of wild-type AtRIN4 and its
1ARCSI derivative. Indicated are the NOI (Nitrate induced) domains
of unknown function, the AvrRpt2-cleavage sites (RCS1 & RCS2)
present at the N-terminal side of the NOI domains, and the C-termi-
nal palmitoylation motif with targeted cysteine residues (shown in

YFP-AcV5-RIN4'ARCSI yersions from lettuce, rice and
tomato failed to suppress RPS2. The differences in RPS2-
suppression were unlikely due to insufficient expression of
the RIN4 derivatives relative to RPS2 because the same
pattern was observed when RPS2 was expressed to lower
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green). B Alignment of the amino acid sequence of AtRIN4!ARCS!

and 1ARCS1 derivatives of homologs from various plant species,
Arabidopsis (At), Soybean (Gm), Peach (Pp), Potato (St), Lettuce
(Ls), Rice (Os) and Tomato (St). Indicated are conserved domains,
including the N-NOI, RCS2/C-NOI domains, and the C-terminal
cysteine residues predicted to serve as sites for palmitoylation

or higher levels through the use of different titers of Agro-
bacterium (Supplemental Figs. 4 and 5). Also, the ability
of the derivatives to suppress RPS2 did not correlate with
their expression level (Fig. 3¢). Taken together, these results
indicate that plasma membrane-localized homologs of RIN4
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Fig.2 RIN4 homologs localize at the plasma membrane. Homolo-
gous YFP-AcV5-RIN4!2RCSST derivatives (ODg,, 1.0) were tran-
siently expressed in N. benthamiana plants. A Fluorescent signal was
observed at 72 h post infiltration (HPI) using confocal microscopy
(Scale bar: 100 uM). All RIN4 homologs localized at the membrane,
while free YFP protein localized in the cytosol and the nucleus.
Arabidopsis (At), Soybean (Gm), Peach (Pp), Potato (St), Lettuce
(Ls), Rice (Os) and Tomato (St). B Anti-GFP immunoblotting was

homologs can be divided into two groups based on their
ability to suppress RPS2.

AvrRpt2-mediated cleavage of YFP-AcV5-RIN42RCST
derivatives generates soluble
and membrane-tethered cleavage products

AvrRpt2 is a cysteine protease that, by cleaving at VPXF-
GXW target sites at the N-terminal side of both NOI
domains within AtRIN4, generates three fragments:
RIN4'"19 (ACP1 or CLV1), RIN4''=152 (ACP2 or CLV2),
and RIN4'53-211 (ACP3 or CLV3), (Fig. la and Supple-
mental Fig. 1) (Afzal et al. 2011; Chisholm et al. 2005;
Kim et al. 2005a; Takemoto and Jones 2005). AvrRpt2
cleavage sites are conserved in RIN4 homologs in a wide
variety of plant species (Afzal et al. 2013; Sun et al. 2014).

YFP-AcV5-SIRIN4ARCSt YFP

B T S M T S M

IB: a-GFP
| .
- | -

~ 55kDa—
YFP-AtRIN4FL YFP-AcV5-StRIN41Acs!

L

~53kDa— gy ~ 56kDa —

YFP-AcV5-LsRIN4! 2R

YFP-AcV5-OsRIN44Rest

YFP-AcV5-AtRIN4ARest

ST — oy -

YFP-AcV5-GmRIN4b!4Rest

~57kDa—

~ 56kDa — 3 ~ 57kDa— —

\ gy
YFP-AcV5-MdRIN4!4Rest

9 - a»

YFP-AcV5-PpRIN42Rest YFP

YFP-AcV5-SIRIN4 ARt

~57kDa — ’

uninfiltrated

conducted on samples at 72 HPI. The samples were fractionated
into total (T), soluble (S) and membrane (M) fractions. YFP-AcV5-
RIN4!ARCS1 homologs accumulated in the membrane fraction, while
the free YFP protein accumulated in the soluble fraction. Panels
below show ponceau stain of RuBisCO as a soluble protein marker.
IB, immunoblot. Molecular masses indicate the predicted mobility of
the protein(s) of interest

More recently it has been demonstrated that AvrRpt2 from
P. syringae and Erwinia amylovora, when expressed in
N. benthamiana, cleaves SIRIN4 and MdRIN4, respec-
tively (Mazo-Molina et al. 2020; Prokchorchik et al.
2020). Thus, the conserved target site within RIN4 from
distantly related plant species is cleaved by AvrRpt2
effectors from diverse bacterial pathogens. Since they
contain the AvrRpt2 cleavage sites, we hypothesized
that the homologs under study would also be cleaved by
AvrRpt2 to generate fragments similar to those generated
upon AtRIN4 cleavage. Co-expression with the effec-
tor AvrRpt2-HA in N. benthamiana was used to detect
AvrRpt2-cleavage of the RIN4 homologs. The YFP-AcV5-
RIN4!ARCST derivatives can be used to track the cleavage
fragment, YFP-AcV5-RIN4™NT that is released upon cleav-
age by AvrRpt2 within the C-NOI. Figure 4a shows that,
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Fig.3 RIN4 homologs differ in their ability to regulate RPS2. YFP-
AcV5-RIN4!2RCS! derivatives (ODgy, 1.0) and RPS2-HA (ODg 0.1)
were transiently expressed in N. benthamiana. A Macroscopic RPS2-
induced cell death was observed at 48 HPI. YFP failed to suppress
RPS2-HA (far right panel). Similar to YFP-Acv5-AtRIN4!ARCST e
YFP-Acv5-RIN4!ARES! versions from soybean, peach and potato also
suppressed RPS2-HA. In contrast, the YFP-Acv5-RIN4!ARCS! yer.
sions from lettuce, rice and tomato failed to suppress RPS2-HA. B
Cell death was quantified based on electrolyte leakage. Three leaf
discs for each YFP-AcV5-RIN4!2RCS! homolog co-infiltrated with

similar to wild-type AtRIN4, cleavage of the YFP-AcV5-
RIN4!ARCSL derivatives by AvrRpt2-HA resulted in the
relocalization of YFP-AcV5-RIN4™NT to the cytosol and
the nucleus (Fig. 4a and Supplemental Fig. 6). No change
in the localization of the YFP signal was observed upon
co-infiltration of the YFP-AcV5-RIN4!ARCS! derivatives
with the catalytically inactive mutant, AviRpt2€'22A-HA
(Fig. 4a). The localization of the YFP-AcV5-RIN4™T frag-
ments and the intact YFP-AcV5-RIN4'ARES! derivatives
following exposure to AvrRpt2-HA or AvrRpt2¢12?A-HA,
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RPS2-HA were collected, immersed in sterile water, and conductiv-
ity of the bath solution was measured at 72 HPI. Data were gathered
from five independent experiments. Error bars represent SEM. Stu-
dent’s t-test, at 95% confidence limits, was used for comparison with
ARIN4AREST (5 not significant; **P <0.01; **+#P <0.001). C Anti-
GFP immunoblot conducted on samples from 72 HPI show that YFP-
AcV5-RIN4!2RES! homologs accumulated to a comparable level in N.
benthamiana. Panels below show ponceau stain for RuBisCO used as
loading control. Molecular masses indicate the predicted mobility of
the protein(s) of interest

respectively, was confirmed through subcellular fractiona-
tion AvrRpt2 cleaves the RCS2 site within each of the
RIN4 homologs and generates soluble RIN4™T fragments
(Fig. 4b).

AvrRpt2-mediated cleavage of homologs results
in the activation of RPS2

After establishing AvrRpt2-mediated cleavage of the RIN4
homologs, we next determined the ability of those homologs
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Fig.4 AvrRpt2-mediated cleavage of the RIN4 homologs gener-
ates soluble, internal fragments and activates RPS2. A YFP-AcV5-
RIN4!2RCS homologs (ODgy, 0.6) were co-infiltrated with either
AVIRpt2-HA (ODgy, 0.01) or AvrRpt2€'??A-HA (ODy,, 0.01) in
N. benthamiana leaves. Localization of the fluorescent signal was
observed at 48 HPI using confocal microscopy (Scale bar: 100 uM).
Top: Membrane localization of the YFP-AcV5-RIN4!2RCS! derjva-
tives was unaffected by co-expression of AvrRpt2€'??A-HA. Bot-
tom: Co-expression of AvrRpt2-HA resulted in the fluorescent signal
appearing in the cytosol and nuclei. B Anti-GFP immunoblotting
was conducted on samples treated as in panel A at 48 HPI that had
been fractionated into total (T), soluble (S) and membrane (M) frac-
tions. Right: YFP-AcV5-RIN4'“RCS! derivatives co-infiltrated with
AviRpt2€'22A_HA accumulated in the membrane fraction. Left:
Co-infiltration of YFP-AcV5-RIN4!ARCSL derivatives resulted in
appearance of the YFP-AcV5-RIN4™NT fragments in the soluble frac-
tion. Ponceau staining shows RuBisCO as a soluble protein marker.

capable of suppressing RPS2, to mediate RPS2 activation
in the presence of the effector. Similar to AtRIN4, phos-
phorylation and ADP-ribosylation of GmRIN4 homologs
(particularly GmRIN4a and GmRIN4b) by P. syringae effec-
tors, AvrB and AvrRpm1 activates the Rpglb and Rpglr
R-proteins (Ashfield et al. 2014; Redditt et al. 2019; Selote
and Kachroo 2010b). GmRIN4b was also able to restore the
activation of RPM1 by AvrB or AviRPMI in rin4 Arabi-
dopsis plants (Selote and Kachroo 2010b). Similar to the
activation of RPS2 upon proteolytic cleavage of AtRIN4,
it was recently demonstrated that AvrRpt2-mediated cleav-
age of SIRIN4 and MdRIN4 also activates the R-proteins
SIPtr1 and MdMTr35, respectively (Mazo-Molina et al. 2020;
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Molecular masses indicate the predicted mobility of the protein(s)
of interest. C YFP-AcV5-RIN4!2RSS! derivatives (ODg, 0.6) were
co-expressed in N. benthamiana in the indicated combinations with
RPS2-HA (ODgy, 0.09) and/or AvrRpt2-HA or AvrRpt2€'**A-HA
(ODgyq 0.01). Macroscopic RPS2-induced cell death was observed
at 48 HPI. Similar to YFP-AtRIN4FI, co-infiltration of YFP-AcV5-
RIN4'ARCST derjvatives from soybean, peach and potato with
AvrRpt2-HA, but not AvrRpt2€!??A-HA, resulted in RPS2 depend-
ent cell death. D Cell death was quantified based on electrolyte
leakage. Three leaf discs for each combination, as in panel C, were
taken, immersed in sterile water, and conductivity of the bath solution
was measured at 72 HPI. Data were collected from four independ-
ent experiments. Error bars represent SEM. Within a species, all of
combinations were compared against the species specific YFP-AcV5-
RIN4!'2RCSI qerivative. Student’s t-test, at 95% confidence limits, was
used for comparison (ns, not significant; **P <0.01; ***P <0.001)

Prokchorchik et al. 2020). The C-terminal cleavage fragment
of MdRIN4, MdACP3, was both necessary and sufficient
for the activation of MRS (Prokchorchik et al. 2020). These
results indicate that effectors from different pathogens elicit
NLR-mediated immune responses by targeting RIN4.

To determine if the effector-mediated cleavage of the
YFP-AcV5-RIN4 ARSI homologs resulted in the activation
of RPS2, YFP-AcV5-RIN4'2RCS! derivatives of homologs
capable of suppressing RPS2 (and the rice derivative as
a negative control) were co-infiltrated with RPS2 and/or
AvrRpt2. To avoid background cell death caused by high
level expression of AvrRpt2, reminiscent of that induced
upon high-level expression of AvrB in N. benthamiana
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(Chung et al. 2011), we used Agrobacterium at an ODg,
of 0.01.

Overexpression of AtRIN4 causes a delay in elimination
of the full length protein by AvrRpt2, which in turn inhibits
RPS2 activation (Axtell and Staskawicz 2003; Mackey et al.
2003). Similarly, when YFP-AcV5-AtRIN4 was expressed
with a high titer of Agrobacterium (ODgy, of 1.0), AvrRpt2
failed to activate RPS2 (data not shown). However, YFP-
AtRIN4F] (full length) expressed at an ODg, of 0.6 was
able to suppress the ectopic activation of RPS2 and permit
activation of RPS2 by AvrRpt2 (Fig. 4c, d). Thus, for this
assay, Agrobacterium delivering the YFP-AcV5-RIN4!ARCSI
homologs was infiltrated at an ODg, of 0.6. YFP-AcV5-
RIN4!ARCST homologs from soybean, peach and potato,
which were able to suppress ectopic activation of RPS2,
also supported the AvrRpt2-mediated activation of RPS2
(Fig. 4c, d). This activity of AvrRpt2 was dependent on its
protease activity as AvrRpt2€!?*A failed to overcome RPS2
suppression by any of the YFP-AcV5-RIN4!2RS! homologs
(Fig. 4c, d). Thus, YFP-AcV5-RIN4!'2RS! homologs from
soybean, peach and potato can substitute for AtRIN4 in
reconstitution of the AvrRpt2-RPS2 recognition module.

Fragments of RIN4 produced by AvrRpt2 differ
in their ability to suppress RPS2

Cleavage of AtRIN4 by AvrRpt2 serves as a trigger for the
activation of RPS2 (Axtell and Staskawicz 2003; Mackey
et al. 2003). After establishing that AvrRpt2-mediated cleav-
age of the homologous proteins resulted in the activation of
RPS2, the role of the cleavage fragments in the regulation of
RPS2 activation was determined. The C-terminal cleavage
fragment, AtRIN4“™Y3 remains tethered at the plasma mem-
brane because of the attached palmitoyl group (Afzal et al.
2011; Chisholm et al. 2005). Similarly, the YFP-RIN4¢LY3
fragments from the RIN4 homologs also localized at the
membrane (Fig. 5a, b). When co-infiltrated in N. benthami-
ana, YFP-AtRIN4“MY? was unable to suppress RPS2 when
RPS2 was expressed with Agrobacterium at an ODyg, of
0.075 (Day et al. 2005). Since the YFP-AtRIN4“-Y? frag-
ment still localizes at the plasma membrane and contains
a mostly intact C-NOI domain, we speculated that it might
suppress RPS2 expressed at a lower level. Indeed, YFP-
AtRIN4 “IV3 suppressed RPS2 that was expressed with
Agrobacterium at an ODg, of 0.04 (Fig. 5c, d). Similarly,
the YFP-RIN4“MY3 fragment of the RIN4 homologs from
soybean, peach and potato also suppressed RPS2 (Fig. 5c,
d). The YFP-RIN4CHV3 fragment from rice, like the YFP-
AcV5-RIN4!'ARCST derivative from rice, failed to suppress
RPS2 (Fig. 5c, d). Thus, for RIN4!ARCS homologs able to
suppress RPS2, the RIN4“MY? fragments are sufficient to
carry out the suppression of RPS2.
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We next sought to determine if, similar to the RIN4“LV?
fragments, the RIN4™NT fragments were able to suppress
RPS2. After cleavage, the AtRIN4™NT fragment is no longer
tethered to the plasma membrane (Afzal et al. 2011; Kim
et al. 2005a). As expected, at the YFP-AcV5-RIN4™T frag-
ments of AtRIN4 and the RIN4 homologs localized in the
soluble fraction (Fig. 6a, b). AtRIN4'1~152 is unable to sup-
press RPS2 expressed with Agrobacterium at an ODyg, of
0.075 (Day et al. 2005). Even when RPS2 was expressed at
the lower level, with Agrobacterium at an ODygj, of 0.04,
YFP-AcV5-AtRIN4™NT was unable to suppress RPS2. Simi-
lar to YFP-AcV5-AtRIN4NT, the YFP-AcV5-RIN4NT frag-
ments from soybean, peach and potato were also unable to
suppress RPS2 (Fig. 6¢, d). Taken together, these results
indicate that the two cleavage fragments, RIN4™NT and
RIN4“YY3, play contrasting roles in the regulation of RPS2
activation with only the latter able to suppress RPS2.

RPS2 remains at the membrane during ectopic
and AvrRpt2-induced activation

After establishing the role of RIN4 homologs and their frag-
ments in regulating RPS2 activity, we next sought to deter-
mine the localization of RIN4-suppressed and AvrRpt2-acti-
vated RPS2. In the absence of AvrRpt2, RPS2 is localized at
the plasma membrane where it interacts with RIN4 (Axtell
and Staskawicz 2003; Belkhadir et al. 2004; Mackey et al.
2003). Some R-proteins re-localize upon activation (Burch-
Smith et al. 2007; Deslandes et al. 2003). To determine the
localization of RPS2 when it is ectopically active (expressed
in N. benthamiana without RIN4) and when it is activated
by AvrRpt2 (expressed in N. benthamiana with RIN4 and
AvrRpt2), we used the fluorescent-protein tagged, RPS2-
YFP-HA, derivative of RPS2. Similar to RPS2-HA, expres-
sion of RPS2-YFP-HA with Agrobacterium at an ODg,
of 0.1 resulted in a cell death phenotype and this ectopic
activity of RPS2 could be suppressed by the expression of
AtRIN4!'=2!1 (Supplemental Fig. 7a, b). Thus, the RPS2-
YFP-HA was functional.

The ectopic activation of RPS2-YFP-HA (ODg, of
0.2) resulted in a cell death phenotype at 42 HPI (Fig. 7a).
Ectopically expressed RPS2-YFP-HA predominantly
remained localized at the plasma membrane at 40-48 HPI
(Fig. 7b). The shape of the epidermal cells remained largely
unchanged at these time points (Fig. 7b). By 45 HPI, RPS2-
YFP-HA caused significant cell death and even though there
was a reduction in the levels of RPS2-YFP-HA, it was still
predominately localized at the plasma membrane (Fig. 7b).
Notably, RPS-YFP-HA remained membrane localized even
in epidermal cells that the bright field imaging indicated
were dead or dying (Fig. 7b). As expected, when suppressed
by co-expressed AtRIN4!'=2!! no cell death was appar-
ent (Fig. 7a, c), and RPS2-YFP-HA remained localized at
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Fig.5 The YFP-RIN4“Y? fragments are plasma membrane-localized
and are capable of suppressing RPS2 in Nicotiana benthamiana. A
YFP-RIN4“LY3 fragments (ODg, 1.0) were transiently expressed in
N. benthamiana leaves. Localization of the fluorescent signal was
observed at 72 HPI using confocal-microscopy (Scale bar: 100 uM).
YFP-RIN4“MY3 fragments localized at the membrane, while free YFP
protein localized in the cytosol and nuclei. B Anti-GFP immunoblot-
ting was conducted on samples treated as in panel A at 72 HPI that
had been fractionated into total (T), soluble (S) and membrane (M)
fractions. YFP-RIN4““™V3 fragments accumulated in the membrane
fraction, while the free YFP protein accumulated in the soluble frac-
tion. The panel below shows ponceau stain for RuBisCO used as a
soluble protein marker. Molecular masses indicate the predicted
mobility of the protein(s) of interest. C Co-infiltration of YFP-
RIN4“YY3 fragments (ODy,, 1.0) from Arabidopsis, soybean, peach,

and potato suppressed macroscopic cell death induced by RPS2-
HA (ODg, 0.04) at 48 HPI in N. benthamiana. Free YFP protein
and YFP-OsRIN4“LY3 failed to suppress RPS2-HA. D Cell death
was quantified based on electrolyte leakage. Three leaf discs for the
indicated YFP-RIN4MY3 derivatives or free YFP co-infiltrated with
RPS2-HA were collected, immersed in sterile water, and conductiv-
ity of the bath solution was measured at 72 HPI. Data were collected
from four independent experiments. Error bars represent SEM. Stu-
dent’s t-test, at 95% confidence limits, was used for comparison with
AtRIN4®™Y3 (ns, not significant; **P>0.01). E Anti-GFP immuno-
blot conducted on samples from 72 HPI shows that YFP-RIN4CLY3
fragments from the different homologs accumulated to comparable
levels in N. benthamiana. The panel below shows ponceau stain for
RuBisCO used as loading control
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Fig.6 The YFP-AcV5-RIN4NT fragments are soluble and fail to
suppress RPS2 in Nicotiana benthamiana. A YFP-AcV5-RIN4NT
fragments (ODg,, 1.0) were transiently expressed in N. benthami-
ana plants. Localization of the fluorescent signal was observed at 72
HPI using confocal-microscopy (Scale bar: 100 pM). YFP-AcV5-
RIN4NT fragments and the free YFP protein localized in the cytosol
and nuclei. B Anti-GFP immunoblotting was conducted on samples,
as in panel A, from 72 HPI that had been fractionated into total (T),
soluble (S) and membrane (M) fractions. YFP-AcV5-RIN4NT frag-
ments and the free YFP protein accumulated in the soluble fraction.
The panel below shows ponceau stain for RuBisCO as a soluble pro-

the membrane (Fig. 7b). We observed similar patterns
of membrane localization for ectopically active and

@ Springer

tein marker. Molecular masses indicate the predicted mobility of the
protein(s) of interest. C Macroscopic cell death at 48 HPI of RPS2-
HA (ODgy, 0.04) co-infiltrated with the indicated YFP-AcVS5-RIN-
4™T fragments or free YFP (ODgqy, 1.0) in N. benthamiana. D Cell
death was quantified based on electrolyte leakage. Three leaf discs
for each combination, as in panel C, were taken, immersed in sterile
water, and conductivity of the bath solution was measured at 72 HPIL.
Data were collected from three independent experiments. Error bars
represent SEM. Student’s ¢ test, at 95% confidence limits, was used
for comparison with YFP (ns not significant)

RIN4-suppressed RPS2-YFP-HA (ODg, of 0.1 and 0.4) at
time points when cell death became apparent (Supplemental
Fig. 8a, b).
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Fig.7 RPS2 remains membrane-localized during ectopic and
AvrRpt2-induced activation. RPS2-YFP-HA (ODy,, 0.2) and
P19 (ODg, 0.3) were co-infiltrated with the indicated combina-
tions of AcVS-AtRIN412!l (ODg,, 0.6) and AviRpt2-HA or
AViRpt2€122A_-HA (ODg, 0.01) in N. benthamiana plants. A RPS2-
induced cell death at 42 HPI in N. benthamiana leaves was detected
via leaf auto-fluorescence. The signal observed in sections 1 and 3
corresponds to the onset of cell death. B Localization of the fluores-

We next examined the localization of RPS2-YFP-HA
following its activation by AvrRpt2. When co-infiltrated
with AcV5-AtRIN4!''=2!1 and AvrRpt2, RPS2-YFP-HA
triggered weak cell death at 42 HPI (Fig. 7a, c). Notably,
similar to when it is ectopically active, AvrRpt2-activated

RPS2-YFP-HA

cent signal was observed at the indicated time points using confocal-
microscopy (Scale bar: 15 uM). C Cell death was quantified based on
electrolyte leakage. Five leaf discs for each combination, as in panel
B, were taken at the indicated time points, immersed in sterile water,
and conductivity of the bath solution was measured. Data collected
from three independent experiments where n=15. Error bars repre-
sent SEM

RPS2-YFP-HA remained detectable and was predominantly
present at the plasma membrane at 40-48 HPI (Fig. 7b).
Collectively, our results indicate that the plasma mem-
brane localization of RPS2 is unaffected by its suppression/
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activation state and that it is thus likely to elicit defense
responses, including cell death, at the plasma membrane.

Discussion

AtRIN4 is a member of a highly conserved family of pro-
teins that plays a key role in regulating innate immunity in
Arabidopsis (Afzal et al. 2013). RIN4 homologs have been
reported in plant species ranging from moss to monocots and
dicots (Afzal et al. 2013). Conservation of RIN4 homologs
across different plant species led to the hypothesis that the
encoded proteins might respond to the effectors from plant
pathogens in a manner similar to AtRIN4. RIN4 homologs
typically contain the general features known to contribute
to regulation of immunity, including the NOI domains with
embedded AvrRpt2 cleavage sites and a C-terminal acyla-
tion motif important for membrane localization (Afzal et al.
2011; Day et al. 2005; Takemoto and Jones 2005). In this
study, we have demonstrated that RIN4 homologs from sev-
eral crop species have predicted C-terminal acylation motifs
and, consistent with the functionality of these motifs, are
localized at the plasma membrane in N. benthamiana. Thus,
the function of this membrane targeting strategy appears to
be conserved among RIN4 proteins.

Membrane localization of AtRIN4 is required for its abil-
ity to prevent ectopic activation of RPS2 (Afzal et al. 2011;
Day et al. 2005). We have demonstrated that, while deriva-
tives of all seven RIN4 proteins used in this study local-
ize to the plasma membrane, only those from Arabidopsis,
soybean, peach, potato and apple are able to suppress RPS2.
Since differences in ability of RIN4 homologs to suppress
RPS2 are unlikely a result of their expression level or subcel-
lular localization, we speculate that the variability in RPS2
regulation might be due to polymorphisms between RIN4
homologs.

Similar to YFP-AcV5-AtRIN4, AvrRpt2-mediated cleav-
age of soybean, peach and potato YFP-AcV5-RIN4!ARCSI
derivatives resulted in the activation of RPS2. Thus, these
RIN4 homologs have the ability to regulate RPS2-mediated
immune response against bacterial pathogens carrying the
effector AvrRpt2. Proteolysis of the YFP-AcV5-RIN4!ARCS!
derivatives by the effector, AvrRpt2, resulted in the genera-
tion of RIN4™T and RIN4“Y? fragments. We have demon-
strated that these two cleavage fragments differ with respect
to regulation of RPS2. The cytosolic RIN4™T fragments
are unable to suppress RPS2, while the membrane-tethered
RIN4MY3 fragment retain the ability to prevent ectopic
activity of RPS2. These observations raise the interesting
possibility that RPS2 activation results from the combined
activity of the RIN4 cleavage fragments, rather than simply
the elimination of full-length RIN4.
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Suppression of RPS2 by AtRIN4“Y3 and homolo-
gous equivalent fragments is in contrast to regulation of
MrS5 in apple. Rather than suppressing Mr5, AvrRpt2-
induced MdACP3 is required for its activation. And, in the
absence of AvrRpt2, MdACP3 is sufficient to activate MRS
(Prokchorchik et al. 2020). Even though RPS2 and MRS5S
belong to the same CC-NLR class of proteins and recognize
AvrRpt2-mediated cleavage of RIN4, they evolved indepen-
dently (Mazo-Molina et al. 2020; Prokchorchik et al. 2020).
It is apparent that the RPS2 and Mr5 NLR-proteins differ in
how they are regulated by full-length and AvrRpt2-generated
fragments of RIN4. Another NLR-protein, Ptrl from tomato,
has also been shown to respond to the AvrRpt2-mediated
cleavage of SIRIN4. It will be of interest to compare the role
of AvrRpt2-generated fragments of RIN4 in the regulation
of Ptrl activity.

NLR-proteins localize to a variety of subcellular compart-
ments prior to their activation (Caplan et al. 2008; Gao et al.
2011). In some cases, activation of NLR-proteins results in
their re-localization (Burch-Smith et al. 2007; Caplan et al.
2008; Deslandes et al. 2003). In its inactive state, RPS2
is present at the plasma membrane where it interacts with
RIN4. Due to its acylation after delivery into a plant cell,
AvrRpt2 is also localized at the plasma membrane where
it cleaves RIN4 leading to the activation of RPS2 (Coaker
et al. 2006). While RPS2 gets activated at the membrane,
whether it re-localizes to regulate downstream signaling
was unknown. We have demonstrated that RPS2 that has
been activated, either ectopically or by AvrRpt2-mediated
cleavage of RIN4, remains present at the plasma membrane.
Therefore, we conclude that downstream signaling from acti-
vated RPS2 does not depend on its re-localization.

Conclusion

Insight into the AvrRpt2-RIN4-RPS2 defense-activation
module was gained by comparing the function of AtRIN4
with RIN4 homologs present in a diverse range of plant
species. We identified a set of RIN4 homologs, from
soybean, peach and potato, that like RIN4 from Arabi-
dopsis and apple are able to regulate RPS2-mediated
immune responses against AvrRpt2. We speculate that the
homologs under study might interact with RPS2-like pro-
teins in their respective host species. Alternatively, these
homologs could effectively regulate AtRPS2 introduced
into those plant species. We also determined that in addi-
tion to their role as negative regulators of basal defenses,
the two RIN4 cleavage fragments, RIN4™T and RIN4LV?,
play contrasting roles in the regulation of RPS2. It will be
interesting to determine the collective function of these
fragments in the AvrRpt2-induced activation of RPS2.
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