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Abstract

RIN4 is an intensively studied immune regulator in Arabidopsis and is involved in perception of
microbial features outside and bacterial effectors inside plant cells. Furthermore, RIN4 is
conserved in land plants and is targeted for posttranslational modifications by several virulence
proteins from the bacterial pathogen Pseudomonas syringae. Despite the important roles of RIN4
in plant immune responses, its molecular function is not known. RIN4 is an intrinsically
disordered protein (IDP), except at regions where pathogen-induced posttranslational
modifications take place. IDP act as hubs for protein complex formation due to their ability to bind
to multiple client proteins and, thus, are important players in signal transduction pathways. RIN4
is known to associate with multiple proteins involved in immunity, likely acting as an immune-
signaling hub for the formation of distinct protein complexes. Genetically, RIN4 is a negative
regulator of immunity, but diverse post-translational modifications can either enhance its negative
regulatory function or, on the contrary, render it a potent immune activator. In this review, we
describe the structural domains of RIN4 proteins, their intrinsically disordered regions,
posttranslational modifications, and highlight the implications that these features have on RIN4
function. In addition, we will discuss the potential role of plasma membrane subdomains in
mediating RIN4 protein complex formations.

Plants rely on a series of passive and active defenses to protect against pathogens of different
classes (Dodds and Rathjen 2010; Torufio et al. 2016). The waxy cuticle and cell walls
provide physical barriers to pathogens. In addition, perception of conserved microbial
features, such as bacterial flagellin or fungal chitin, as well as damage-associated
components and other host-derived extracellular features by pattern recognition receptors
(PRR) at the surface of plant cells activates a first layer of induced defense against diverse
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pathogens, referred to as PRR-triggered immunity (PTI). PTI induces formation of immune
signaling complexes and cascades of defense responses, including activation of mitogen-
activated protein kinases (MAPK), production of reactive oxygen species (ROS), induction
of immune-related genes, and cell-wall fortification, among others (Zipfel 2014). Pathogens
can overcome this first layer of immunity through secretion of pathogen effector proteins
that disrupt defense responses (Torufio et al. 2016). However, plants have evolved immune
receptors, called resistance (R) proteins that recognize either effectors or effector-induced
perturbations of host cells (Chiang and Coaker 2015). The predominant class of R proteins is
intracellular nucleotidebinding leucine-rich repeat receptors (NLR), such as resistance to
Pseudomonas syringae pv. maculicolal (RPM1), that respond to effectors by eliciting a
frequently robust immune response referred to as NLR-triggered immunity (NTI) (Dodds
and Rathjen 2010). There is significant overlap in immune signaling mediated by PRR and
NLR (Thomma et al. 2011).

RPM1-interacting protein 4 (RIN4) is conserved in land plants and functions at the
intersection of PTI, effector-mediated immune suppression, and NTI. Genetically, RIN4
negatively regulates PTI as plants lacking or overexpressing //N4 display enhanced or
reduced defense responses, respectively (Kim et al. 2005b). RIN4 is also subjected to diverse
posttranslational modifications (PTM) that regulate immune signaling in varied manners.
Multiple pathogen effectors induce distinct RIN4 PTM, including cleavage,

phosphorylation, and acetylation, that lead to inhibited immune defense (Afzal et al. 2011;
Axtell and Staskawicz 2003; Chung et al. 2011, 2014; Kim et al. 2005a; Lee et al. 2015b;
Lewis et al. 2011; Liu et al. 2011; Mackey et al. 2002, 2003) (Fig. 1). However, multiple,
independently evolved NLR elicit NTI in response to effector-induced modification of RIN4
(Axtell and Staskawicz 2003; Mackey et al. 2002; 2003). The conservation of RIN4 across
land plants, its importance in regulating both branches of plant immunity, and its targeting
by multiple pathogen effectors highlight RIN4 as a key hub of the plant immune system. In
this review, we will discuss the localization, structure, PTM, and associated proteins of RIN4
from several plant species, with an emphasis on Arabidopsis thaliana RIN4 (AtRIN4,
hereafter RIN4). The consequences of these features of RIN4 structure and function on
immunity are described.

RIN4 LOCALIZATION AND STRUCTURE

RIN4 is peripherally tethered to the plasma membrane (PM) through posttranslational
modification of a cysteine-rich membrane-anchoring motif at its C-terminus (Chisholm et al.
2005; Kim et al. 2005a; Takemoto and Jones 2005). One or more sulfhydryl groups of
cysteine residues (C203 to C205) is modified by S-acylation (also known as palmitoylation),
which is the reversible addition of saturated fatty acids, usually pal-mitate or stearate
(Hemsley 2015). Fatty acyl transferases, which catalyze S-acylation, comprise large protein
families in plants, including 24 in Arabidopsis (Batistic 2012). While the specific fatty acyl
transferase or transferases that modify RIN4 remain unknown, the resulting membrane
tethering is likely a generalized feature, since the majority of RIN4 homologs possess a C-
terminal cysteine-rich membrane-anchoring motif (Afzal et al. 2013; Sun et al. 2014) and
PM localization has been observed for RIN4 homologs in soybean (GmRIN4) (Selote and
Kachroo 2010) (Fig. 1).
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Although RIN4 is a key regulator of immunity and a target of several pathogen effectors, its
molecular function remains an enigma. RIN4 is not known to possess enzymatic activity and
lacks similarity to proteins of known function. However, RIN4 is an intrinsically disordered
protein (IDP) based on in silica predictions and circular dichroism spectroscopy (Lee et al.
2015a; Sun et al. 2014). Typically, IDP are enriched in charged, hydrophilic amino acids and
depleted in bulky, hydrophobic amino acids (Wright and Dyson 2015). Disordered regions
within IDP, which lack secondary or tertiary structure but can transition to a more ordered or
folded state upon client binding and through association with multiple binding partners,
often carry out important cellular functions (Oldfield and Dunker 2014). Intrinsically
disordered regions can bind partner proteins through the presence of relatively short rigid
segments, called molecular recognition features (MoRF), that are present within long
disordered regions (Mohan et al. 2006; Oldfield et al. 2005b). Keys to the role of IDP in
signaling are their rapid and specific association with multiple signaling partners, the low
affinity of those interactions that facilitate termination of the signaling complex, and the
modulation of association and dissociation events by PTM of highly accessible sites
(Oldfield and Dunker 2014).

The binding promiscuity of IDP allow them to regulate many signal transduction pathways
and integrate multiple environmental signals. For example, GRAS (for GAI, RGA, SCR)
transcriptional regulators depend on their N-terminal intrinsic disordered regions to bind to
multiple partners (Sun et al. 2012). DELLA proteins, a subfamily of the GRAS protein
family, are key regulators of gibberellin, jasmonate, and light signaling (Sun et al. 2012).
DELLAs regulate diverse signaling processes through dynamic interactions of their
intrinsically disordered regions with hormone receptors and light-responsive transcription
factors (de Lucas et al. 2008; Feng et al. 2008; Hou et al. 2010; Sun 2011; Wild et al. 2012).
The ArabidopsisbZIP transcription factor HY5 (for elongated hypocotyl 5) and the blue
light photoreceptor CRY1 (for cryptochrome 1) are also well-studied plant signaling proteins
possessing long disordered regions (Partch et al. 2005; Sun et al. 2013; Yoon et al. 2006). A
disorder prediction study revealed that 23% of Arabidopsis proteins are mostly disordered
(Oldfield et al. 2005a). Similarly, approximately 66% of eukaryotic signaling proteins
possess long predicted stretches of intrinsic disorder (Hsu et al. 2013; lakoucheva et al.
2002). Therefore, regulation of individual and integration of multiple signaling pathways by
IDP may be a common feature in plants.

RIN4 homologs from numerous plant species are predicted to be intrinsically disordered
(Sun et al. 2014) (Fig. 1). RIN4 possesses two plant-specific nitrate-induced (NOI) domains
(Kim et al. 2005a). NOI domains were identified in a screen for nitrate-induced genes but, so
far, there is no evidence for a role of NOI proteins in nitrogen metabolism. Proteins
possessing either one or two NOI domains containing the conserved PXFGxW and Y/FTxxF
motifs and a C-terminal membraneanchoring motif are present across land plants (Afzal et
al. 2013). A combination of bioinformatic and experimental approaches has demonstrated
that RIN4 possesses multiple MoRF and long disordered regions (Lee et al. 2015a; Sun et al.
2014). Interestingly, the NOI domains and the C-terminal membraneanchoring motif are the
only regions of RIN4 predicted to be ordered (Lee et al. 2015a) (Fig. 1). Though RIN4
homologs share little amino acid sequence similarity outside of their ordered regions (Afzal
et al. 2013), the conservation of regions of similar size with predicted disorder indicates a
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functional role for these regions. We propose that RIN4 is a key signaling hub at the PM that
can help coordinate protein complex formation and immune signaling, given its large
number of associated proteins and IDP structure.

POSTTRANSLATIONAL MODIFICATIONS REGULATE RIN4 FUNCTION

RIN4 is subjected to multiple types of PTM induced by both virulence factors of potential
pathogens and host enzymes. To survive and proliferate in host cells, most gram-negative
bacterial pathogens use the type 111 secretion system to directly deliver a number of
virulence proteins, called type 111 effectors (T3E), into host cells. T3E manipulate host
targets to modulate host physiology and defense and thus create an advantageous
environment for the bacteria (Cunnac et al. 2009; Deslandes and Rivas 2012; Jones and
Dangl 2006; Khan et al. 2016). Many T3E contain catalytic domains with enzymatic
activities capable of modifying plant proteins or co-opt host enzymes to modify other host
targets (Block et al. 2008; Torufio et al. 2016). The Pseudomonas syringae T3E AvrB,
AvrRpm1, AvrRpt2, HopF2, and HopZ3 have been demonstrated to directly target RIN4
(Axtell and Staskawicz 2003; Lee et al. 2015b; Luo et al. 2009; Mackey et al. 2002, 2003;
Wilton et al. 2010). Further indication that RIN4 functions as a hub in plant innate immunity
comes from the observation that, in addition to £ syringae T3E (Axtell and Staskawicz
2003; Luo et al. 2009; Mackey et al. 2002, 2003; Wilton et al. 2010), RIN4 is also targeted
for various PTM by host proteins (Chung et al. 2014; Kaundal et al. 2017; Li et al. 2014a;
Liu et al. 2011; Luo et al. 2009). In the following paragraphs, we discuss PTM of RIN4 and
the implications of those modifications with respect to PTI and NTI.

Phosphorylation.

Phosphorylation of multiple residues of RIN4 (Fig. 1) has been implicated in its regulation
of plant immunity (Fig. 2). AvrRpm1 and AvrB are two sequence-unrelated T3E that share
in common their ability to activate the Arabidopsis NLR RPML1 (Bisgrove et al. 1994; Grant
et al. 1995). AvrRpm1 and AvrB each possess a short N-terminal sequence including a G2
myristoylation site and a C3 palmitoylation site. The G2 residue is critical for accumulation
and membrane localization of AvrRpm1 and AvrB inside plant cells (Nimchuk et al. 2000).
Both AvrRpm1 and AvrB coimmunoprecipitate with RIN4, and AvrB induces
phosphorylation of an evolutionarily conserved threonine residue at position 166 of RIN4
(Chung et al. 2011; Liu et al. 2011; Mackey et al. 2002) (Fig. 1). Both AvrB and AvrRpm1
induce accumulation of a plant receptorlike cytoplasmic kinase (RLCK) called RIPK
(RPM1-induced protein kinase) (Liu et al. 2011). RIPK directly phosphory-lates RIN4 at
T166. A ripk mutant shows reduced but not abolished phosphorylation of RIN4 in response
to AvrB and to a lesser extent AvrRpm1 (Liu et al. 2011). Recently, additional members of
the RLCK subfamily have been demonstrated to phosphorylate RIN4 T166, and higher order
RLCK mutants are more strongly inhibited in RPM1 activation, indicating redundancy in
RLCK-mediated RIN4 phosphorylation (Xu et al. 2017).

Phosphorylation of RIN4 T166 plays contrasting roles in its ability to suppress PTI and
activate NTI. NLR are posited to respond to host perturbations associated with the virulence
activity of pathogen effectors (Jones and Dangl 2006). Consistent with this hypothesis,
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phosphorylation of RIN4 T166 is directly linked to the activation of NTI by RPM1 (Fig. 2).
Phosphomimetic mutants T166D and T166E are sufficient for T3E-independent RPM1
activation upon transient expression in Nicotiana benthamiana or stable expression in
Arabidopsis (Chung et al. 2011; Liu et al. 2011). Conversely, the phospho-null mutant
T166A displays compromised RPM1 activation in response to AvrB (Chung et al. 2011; Lee
et al. 2015a; Liu et al. 2011). The cyclophilin ROC1 (for rotamase CYP1) also associates
with RIN4 and enforces T166 phosphorylation to enhance RPM1-mediated responses (Li et
al. 2014a). In Arabidopsis genotypes lacking NLR that respond to perturbations of RIN4,
complementation with phosphomimetic RIN4 T166D/E suppresses PTI responses (Chung et
al. 2014; Lee et al. 2015a). RIN4 T166 phosphomimetic complementation lines exhibit
enhanced growth of P syringae and reduced microbe-associated molecular pattern (MAMP)-
induced ROS burst (Chung et al. 2014; Lee et al. 2015a). Thus, AvrB co-opts host RLCK to
promote virulence via phosphorylation of RIN4 T166 and plants with RPM1 respond to this
perturbation by eliciting NTI (Fig. 2).

RIN4 phosphorylation at specific residues is differentially involved in activation or
suppression of PTI signaling, indicating that phosphorylation is a molecular switch for RIN4
function (Chung et al. 2011, 2014; Lee et al. 2015a). A 22—amino acid peptide MAMP from
the flagellin protein (flg22) triggers phosphorylation of RIN4 at serine 141 by PTI-
regulatory host RLCK, including Botrytis-induced kinasel (BIK1) and PBS1-like 1 (Chung
et al. 2014, Li et al. 2014b; Lu et al. 2010; Zhang et al. 2010). Phosphorylation of S141
enhances PTI signaling; Arabidopsis complementation lines expressing phospho-null RIN4
S141A exhibit reduced callose deposition and bacterial growth inhibition after flg22
treatment, with the S141E phosphomimetic mutant exhibiting an opposite phenotype (Chung
et al. 2014). Secretion of AvrB into plant cells, which is subsequent to MAMP-induced
phosphorylation, counteracts the effect of S141 phosphorylation by inducing
phosphorylation of T166, which enhances RIN4-mediated repression of PTI (Chung et al.
2014; Lee et al. 2015a). Because phosphorylation of T166 is epistatic to S141, AvrB
effectively antagonizes PTI signaling by restoring the repressive function of RIN4 (Chung et
al. 2014) (Fig. 2). The S141 and T166 residues of RIN4 are widely conserved in homologs
from other plants, indicating that these counteracting phosphorylation events are a conserved
feature of immune regulation in plants (Fig. 1). Given that each of these sites is
phosphorylated by distinct host RLCK, it is likely this mode of regulation was co-opted by
effectors for pathogen benefit.

In addition to heightening plant defense against pathogens that have invaded plant
intracellular spaces, PTI can also induce pre-invasion defense by promoting closure of
stomatal openings (Melotto et al. 2006). RIN4, including its phosphorylation status, plays an
important role in regulation of stomatal opening (Lee et al. 2015a; Liu et al. 2009). AHAS
are PM H*-ATPases that regulate stomatal movement (Elmore and Coaker 2011). Activation
of AHA induces stomatal opening to facilitate bacterial pathogen invasion (Assmann et al.
1985; Elmore and Coaker 2011; Kim et al. 2010; Shimazaki et al. 1986). RIN4 interacts
with AHAL and AHAZ2 in yeast, in vitro and in planta (Fig. 2). Overexpression of R/N4or a
rin4 mutant enhances or reduces, respectively, PM H*-ATPase activity. Moreover, surface-
inoculated £, syringae fails to reopen stomata in the rin4 mutant (Liu et al. 2009). Notably,
increased ability of RIN4 to activate PM H*-ATPase activity and, thus, suppress pre-invasion

Mol Plant Microbe Interact. Author manuscript; available in PMC 2019 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Torufio et al.

Proteolysis.

Page 6

defense was associated with phosphorylation of T166 (Lee et al. 2015a). RIN4 also
associates with GCN4 (general control nonrepressible 4), an AAA*-ATPase family protein
that functions in stomatal movement during biotic and abiotic stress (Kaundal et al. 2017).
Studies of GCN4 further link RIN4 to stomatal function during plant immunity. GCN4
interacts with RIN4 and, by promoting proteasome-mediated degradation of RIN4, reduces
H*-ATPase activity and stomatal closure (Kaundal et al. 2017) (Fig. 2). Taken together, these
results indicate that RIN4 PTM and interaction with GCN4 regulate the function of PM H*-
ATPases involved in stomatal defense.

Another T3E that targets RIN4 is the cysteine protease AvrRpt2. Upon delivery into plant
cells, AvrRpt2 is activated by auto-cleavage dependent on a host cyclophilin (Coaker et al.
2005). The activated form of AvrRpt2 associates with the PM, likely through a
myristoylation site at the newly created N-terminus, where it directly cleaves RIN4 at two
sites present in the N- and C-terminal NOI domains (Axtell et al. 2003; Chisholm et al.
2005; Jin et al. 2003; Kim et al. 2005a; Takemoto and Jones 2005) (Figs. 1 and 2). Cleavage
of AvrRpt2 eliminates full-length RIN4 and produces two major, short-lived products, ACP2
(AvrRpt2-cleavage product 2) and ACP3 (Afzal et al. 2011). ACP2 (amino acids 11 to 152)
is an internal, soluble fragment of RIN4 that includes the majority of the cleaved N-terminal
NOI domain. ACP3 (amino acids 153 to 211) is the C-terminal, membrane-tethered
fragment of RIN4 that includes the majority of the cleaved C-terminal NOI domain.

Plants lacking R/N4 show enhanced PTI responses (Kim et al. 2005b; Liu et al. 2009). Thus,
the relationship between cleavage of RIN4 and the virulence activity of AvrRpt2 was
initially unclear. Indeed, AvrRpt2 does have virulence activity independent of RIN4
targeting (Lim and Kunkel 2004). However, AvrRpt2 also targets RIN4 to produce cleavage
products that are suppressors of PTI. ACP2 prevents callose deposition after flg22 treatment
and both ACP2 and ACP3 promote the growth of a type 111 secretion—deficient mutant of 2
syringae. Notably, though short-lived, ACP2 and ACP3 are hyperactive suppressors of PTI,
relative to intact RIN4 (Afzal et al. 2011). Within RIN4, both the N- and C-terminal NOI
domains contribute to its negative regulation of PTI (Afzal et al. 2011), indicating that the
NOI fragments contained in soluble ACP2 and membrane-tethered ACP3 retain activity
following cleavage by AvrRpt2. The effect of ACP2 and ACP3 on PM H*-ATPase activity is
not known.

Just as RPM1 responds to AvrB- and AvrRpm1-induced perturbations of RIN4, another
Arabidopsis NLR, RPS2 (resistance to £, syringae 2), responds to AvrRpt2-induced cleavage
of RIN4 (Fig. 2). Plants lacking R/N4 display seedling lethality, due to ectopic activation of
RPS2 (Mackey et al. 2003). Based on this observation and the activation of RPS2 upon
RIN4 cleavage in N. benthamiana (Day et al. 2005), it has been widely proposed that the
activation of RPS2 results from the disappearance of RIN4. However, requirement for the
nonrace-specific disease resistance 1 (NDRZ1) defense regulatory protein highlights an
intriguing difference between ectopic activation of RPS2 in the absence of RIN4 and
effector-induced activation of RPS2 by AvrRpt2. Specifically, the ectopic activation of RPS2
is independent of the NDR1, while RPS2-dependent NTI triggered by AvrRpt2 is absolutely
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dependent on NDR1 (Aarts et al. 1998; Belkhadir et al. 2004). Notably, the contribution of
NDR1 to AvrRpt2-induced activation of RPS2 requires its interaction with RIN4 (Day et al.
2006). The role of ACP2, ACP3, and NDR1 for the activation of RPS2 during Pseudomonas
infection remains to be demonstrated.

ADP-ribosylation.

Acetylation.

The addition of ADP-ribose moieties to proteins is a reversible PTM that regulates a variety
of cellular processes (Palazzo et al. 2017). The T3E HopF2 is an ADP-ribosyltransferase
that contains an N-terminal G2 myristoylation site required for its localization to the PM
(Robert-Seilaniantz et al. 2006; Wang et al. 2010; Wilton et al. 2010). HopF2 directly
interacts with and ADP-ribosylates RIN4 (Wang et al. 2010; Wilton et al. 2010). Targeting
of RIN4 by HopF2 contributes to the suppression of both NTI and non-NT]I host defenses
(Wilton et al. 2010). The ability of HopF2 to promote the growth of a virulent strain of 2
syringae (non-NTI) is abolished in rin4 mutant plants. Also, the action of HopF2 suppresses
AvrRpt2-induced cleavage of RIN4, thereby inhibiting RPS2-dependent NTI. Taken
together, these results demonstrate that RIN4 is a major virulence target of HopF2.
Interestingly, AvrRpm1, which influences RIN4 phosphorylation, also contains a fold
homologous to ADP-ribosyltransferases (Cherkis et al. 2012). It will prove interesting to
determine if, like its inhibition of proteolysis, ADP-ribosylation of RIN4 also alters its
phosphorylation by host RLCK.

Acetylation is a reversible PTM perhaps best known as a histone mark that regulates
transcription (Drazic et al. 2016). RIN4 is targeted by the cytoplasmic T3E HopZ3, a
member of the YopJ family of acetyltransferases (Lee et al. 2015b; Lewis et al. 2011). While
lysine is a commonly acetylated residue, YopJ from Yersinia pestis targets serine and
threonine residues in the activation loop of a MAPK kinase, thereby blocking
phosphorylation and kinase activation (Mukherjee et al. 2006). HopZ3 suppresses RPM1-
dependent defenses by acetylating serine, threonine, lysine, and histidine residues of
multiple members of the RPM1 immune complex, including RPM1, RIPK, and RIN4, as
well as an RPM1-activating T3E AvrRpm1 or AvrB (Lee et al. 2015b). HopZ3, which
directly interacts with RIN4 and RIPK, reduces phosphorylation of RIN4 following bacterial
infection. Possibly explaining this effect, in-vitro acetylation of RIPK by HopZ3 inhibited its
kinase activity. Therefore, HopZ3 interferes with RPM1-dependent immune responses via
acetylation of the immune complex, including RIN4 (Fig. 1, 2). The effect of HopZ3-
induced acetylation on the function of RIN4 during PTI remains to be determined.

RIN4 HOMOLOGS IN OTHER PLANT SPECIES

RIN4 is a member of a highly conserved protein family found in monocots and dicots
including tomato, soybean, common bean, lettuce, apple, corn, and rice, as well as more
ancient plants such as moss (Afzal et al. 2013). RIN4 homologs from diverse plant species
typically contain NOI domains with motifs capable of being cleaved by AvrRpt2 and a C-
terminal membrane-anchoring motif (Fig. 1). Studies in various plant species have extended
our understanding of RIN4 function.
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Soybean has undergone genome duplication events and haploid genome analyses indicate it
is a partially diploidized tetraploid (Shultz et al. 2006). Soybean contains at least four RIN4
homologs (GmRIN4a to GmRIN4d), each containing the hallmark Arabidopsis RIN4 motifs
(Fig. 1). GmRIN4a and GmRIN4b are most similar to RIN4, sharing approximately 50%
identity. GmRIN4b but not GmRIN4a could restore RPM1 function when introduced into
rin4 mutant Arabidopsis plants (Selote and Kachroo 2010). The soybean NLR RPG1-B
(resistance to P, syringae pv. glycined), which elicits NTI in response to AvrB, requires
GmRIN4a and GmRIN4b for its function (Ashfield et al. 1995; Selote et al. 2013). AvrB
induces phosphorylation of GmRIN4b on residues analogous to RIN4 T21 and T166 and
those phosphorylation events prevent the interaction of GmRIN4b with both GmRIN4a and
RPG1-B (Selote et al. 2013). In N. benthamiana, mimicking phosphorylation of GmRIN4b
is sufficient to activate RPG1-B (Selote et al. 2013). Unlike RPM1, which has dual
specificity for both AvrB and AvrRpm1, soybean possesses a distinct NLR, RPG1-R, which
specifically detects AvrRpm1 (Ashfield et al. 1995). Rpglband Rpglrare evolutionarily
closely related but are unrelated to RPM1 (Ashfield et al. 2014). AvrRpt2 cleaves all four
soybean RIN4 homologs and prevents the AvrB- or AvrRpm1-dependent activation of
RPG1-B, RPG1-R, or RPM1 (Ashfield et al. 2004; Ritter and Dangl 1996). These data
highlight the targeting of RIN4 by multiple effectors in diverse plants and the convergent
evolution of NLR responsive to T3E-induced perturbation of RIN4 and its homologs.

Necrotic responses in plant hybrids often result from autoimmune responses and
inappropriate NLR pairing (Bomblies et al. 2007). The presence of RIN4 can regulate
autoimmunity in lettuce, indicating that RIN4 may be monitored by lettuce NLR. The case
of necrosis in an interspecific hybrid of lettuce (Lactuca sativaand Lactuca saligna) results
from an interaction between two genetic loci, one of which encodes for lettuce RIN4
(LsRIN4 [Fig. 1]), which shares NOI domains, a C-terminal membrane-anchoring motif, and
54% identity with RIN4 (Jeuken et al. 2009). Hybrid necrosis was due to three
polymorphisms between the two Lactuca species, two residues were located outside NOI
domains and one was in close proximity to the C-terminal membrane-anchoring motif
(Jeuken et al. 2009). Notably, the RIN4-mediated response in lettuce is associated with
resistance to downy mildew of lettuce. Thus, the interaction of RIN4 and other loci,
including NLR, will be essential to breeding efforts in lettuce and likely other plant species.

RIN4 is directly subjected to proteolysis by the AvrRpt2 effector as well as a host protease.
The tomato homolog of RIN4, SIRIN4 (Fig. 1), is proteolyzed upon activation of Prf (Luo et
al. 2009). Prf is a tomato NLR that recognizes perturbation of the host RLCK Pto by the
AvrPto effector (Pedley and Martin 2003). Activation of Prf, either by AvrPto or by an
autoactive variant of Pto, induces proteolysis of SIRIN4. Like RIN4, SIRIN4 contains two
NOI domains, each with an AvrRpt2 cleavage site (Chisholm et al. 2005; Luo et al. 2009).
Remarkably, cleavage of SIRIN4 that follows activation of Prf occurs at the precise sites
cleaved by AvrRpt2, which indicates that tomato and N. benthamiana encode a protease with
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specificity matching AvrRpt2. Thus, targeting of NOI domain-containing proteins by
AvrRpt2 likely impinges upon a mechanism of action utilized by plants in other contexts,
including activation of Prf. Indeed, reducing the levels of SIRIN4 in tomato compromised
Prf-mediated resistance in response to AvrPto (Luo et al. 2009). Perhaps in a related manner,
GmRIN4c and GmRIN4d are required for the activity of NLR other than RPG1-B and
RPG1-R in soybean (Selote et al. 2013). Also consistent with the notion that a plant
endogenous pathway leads to proteolysis of RIN4, expressing either of two other 2. syringae
T3E, HopAML1 or HopQ1-1, elicits RIN4 cleavage in N. benthamiana at the same sites as
targeted by AvrRpt2 (Luo et al. 2009). Thus, proteolysis of RIN4 at specific sites by host
proteases is likely a mechanism of immune regulation that was co-opted by AvrRpt2.
Identification of the plant protease that targets this site would likely provide significant
insight into the function of RIN4 and other NOI domain-containing proteins in plants.

Pii-2 is an NLR that triggers disease resistance to the rice blast fungus Magnaporthe oryzae
upon recognizing the effector protein AVR-Pii (Fujisaki et al. 2015). Interestingly, Pii-2 has
an integrated C-terminal domain containing the NOI/RIN4 core motif (PXFGXW), which is
the site cleaved by AvrRpt2 (Fujisaki et al. 2015). Pii-2 does not directly interact with AVR-
Pii. Rather, the integrated NOI core motif directly interacts with OsExo70-F3, which is a
component of the exocyst complex and, presumably, either a virulence or decoy target of
AVR-Pii. Thus, Pii-2 activation results from indirect perception of AVR-Pii via its targeting
of OsEx070-F3 (Fujisaki et al. 2015). The association of Exo70 proteins with proteins
containing NOI domains is likely generalizable, given the recent evidence that RIN4
interacts with AtExo70B1 (Sabol et al. 2017). Given that the NOI-Ex070 interaction was co-
opted into an NLR integrated domain indicates that the interaction of RIN4 with Exo70
proteins is an ancient function of RIN4 that has been targeted by pathogenic effectors.
Though the effectors currently known to target RIN4 are bacterial T3E, the findings in rice
that a fungal effector from M. oryzae targets the interaction of an EXO70 protein with a
conserved motif from RIN4 indicates that effectors from other classes of plant pathogens
likely target RIN4.

MEMBRANE MICRODOMAINS AS PLATFORMS FOR RIN4 COMPLEX
FORMATION

The plant PM is an important compartment in which essential biological processes take
place, including protein trafficking to the inside and outside of the cell (endocytosis and
exocytosis), metabolite and hormone transport, perception of microbes, and the subsequent
activation of immune signaling events. RIN4 as well as many of its validated, associated
proteins localize to the PM (Fig. 2). Targeting of RIN4-associated proteins to the PM occurs
via different mechanisms. Some of these include the presence of transmembrane domains
(NDR1, FLS?2), addition of fatty acids in the form of N-myristoylation and S-acylation
posttranslational modifications (RIPK), and attachment of GPI anchors (NDR1) (Coppinger
et al. 2004; Day et al. 2006; Liu et al. 2011; Knepper et al. 2011; Robatzek et al. 2006). Two
NLR known to interact with RIN4, RPM1 and RPS2, do not contain predicted
transmembrane domains or membrane-targeting motifs but, nonetheless, localize to the PM.
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RPML1 is a peripheral PM protein based on its solubilization by chemical treatments (Boyes
et al. 1998). Unlike RPM1, RPS2 is an integral membrane protein, since treatments that
solubilize peripheral membrane proteins failed to release RPS2 from the membrane (Axtell
and Staskawicz 2003). In addition to host-associated proteins, P, syringae effectors targeting
RIN4 also localize to the PM. AvrRpm1 and AvrB carry myristoylation sites that are
acylated upon delivery into plant cells, mediating their PM localization (Nimchuk et al.
2000; Shan et al. 2000). Also, the enzymatically active fragment of AvRpt2 contains a
putative N-terminal myristoylation site that is responsible for its PM localization (Jin et al.
2003). These data indicate that the function of RIN4 as a hub for plant immunity occurs at
the PM, which provides a platform for RIN4 protein complex formation (Fig. 2).

The plant PM, which consists of a heterogeneous layer of proteins and lipids, dynamically
reconfigures in response to physiological and environmental cues. In addition to endo- and
exocytic protein trafficking, these reconfigurations also include the assembly of protein
complexes within discrete membrane microdomains. Such membrane microdomains are
liquid-ordered phase domains rich in sphingolipids and sterols that, due to resistance to
solubilization by nonionic detergents, are often a constituent within preparations of
detergent-resistant membranes (DRM) (Malinsky et al. 2013). Membrane microdomains
have been proposed to act as organizing platforms that facilitate protein-protein and protein-
lipid interactions and, thus, cellular signaling, transport, and membrane trafficking
(Malinsky et al. 2013; Qi and Katagiri 2012). The formation of membrane microdomains
provides distinct spatial clustering of PM-localized receptors, including the bacterial
flagellin receptor FLS2, the respiratory burst oxidase RbohD, and the brassinosteroid
receptor BRI1 (Blcherl et al. 2017; Hao et al. 2014; Wang et al. 2015). Membrane
microdomains also play important roles in immune responses to pathogens. Rice plants with
decreased amounts of sphingolipids and, thus, decreased abundance of DRM are more
susceptible to M. oryzae (Nagano et al. 2016). In addition, full abundance of DRM is
required for proper localization of the Rac/ROP small GTPase Racl and respiratory burst
oxidase homologs RbohB/H complex and for the chitin-induced ROS burst (Nagano et al.
2016). In humans, PRR such as Toll-like receptors cluster in specific membrane
microdomains and this is critical for pathogen detection and activation of antifungal innate
immunity (Inoue and Shinohara 2014; Ruysschaert and Lonez 2015). Thus, membrane
microdomains are emerging as dynamic defense platforms that facilitate clustering of
immune signaling complexes involved in pathogen detection and downstream signaling.

Quantitative mass spectrometry analyses of Arabidopsis DRM during cold acclimation and
flagellin perception have identified several RIN4-associated proteins (Keinath et al. 2010;
Minami et al. 2009) (Fig. 2). Plasma membrane H*-ATPases, including AHAL and AHAZ2,
have been consistently found in DRM of Arabidopsisand N. tabacum (Keinath et al. 2010;
Minami et al. 2009; Morel et al. 2006). FLS2 and nine other receptor-like kinases are among
the most enriched proteins in DRM after flg22 elicitation (Keinath et al. 2010). This
indicates dynamic partitioning of PRR to DRM after pathogen perception and highlights the
importance of membrane microdomains as platforms for immune signaling. Further
evidence for the presence of RIN4-associated proteins in DRM comes from the association
of the RPS2 NLR with two DRM-enriched hypersensitive induced reaction proteins
(AtHIR1 and AtHIR?) that contribute to RPS2-mediated NTI (Qi et al. 2011). AtHIR
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proteins contain the stomatin/prohibitin/flotillin/HfIK/C (SPFH) domain, present in
membrane proteins that localize to membrane microdomains (Browman et al. 2007; Qi et al.
2011). Enrichment of RIN4-associated, immune regulatory proteins to DRM indicates that
RIN4 may function as a hub in plant immunity by regulating dynamic protein complex
formation within membrane microdomains. Interestingly, while activated FLS2 increases in
abundance in DRM, FLS2 is also subjected to clathrin-mediated endocytosis after activation,
which occurs at sites independent of DRM (Robatzek et al. 2006). Given the role of RIN4 in
regulating FLS2- and other DRM-localized, defense-signaling complexes, it is possible that
RIN4, dependent on its PTM, acts to partition FLS2 and other defense signaling proteins to
distinct membrane locales.

CONCLUSIONS

Based on the intrinsically disordered structure of RIN4, which facilitates its ability to
associate with different client proteins, and its known associations with immune regulatory
proteins localized to DRM, we propose that RIN4 functions as a scaffold for dynamic
assembly of immune regulatory protein complexes at discrete membrane microdomains,
possibly with effector- or host-induced PTM driving its domain switching. For many RIN4-
associated proteins, it remains to be elucidated whether the in-planta association is the result
of direct protein-protein interactions or indirect protein associations within putative
membrane microdomains. Although association of immune regulatory proteins at the PM
has been intensely studied, the role of protein-lipid interactions in bridging protein complex
formation is under-explored. As such, further study of RIN4 will reveal how membrane
partitioning contributes to the dynamic formation of protein complexes with various roles in
plant immunity.

RIN4 PTM at specific residues are differentially involved in activation or suppression of
immune responses, indicating that PTM act as molecular switches for RIN4 function.
Importantly, modified residues and regions targeted by PTM are largely conserved across
RIN4 homologs. Thus, using genome editing technology to target sites of PTM in RIN4
homologs could be employed to boost disease resistance in crop plants. Furthermore, more
comprehensive analyses of PTM of RIN4 and other NOI domain-containing proteins and
their respective roles in response to diverse biotic and abiotic stresses may reveal additional
residues that could be precisely targeted for crop improvement.
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Fig. 1.

RIN4 proteins, their domain architecture, sites of posttranslational modification, and regions
of intrinsic disorder. Schematic diagram of Arabidopsis RIN4 (AtRIN4), soybean RIN4
(GmRIN4a), lettuce RIN4 (LsRIN4), and tomato RIN4 (SIRIN4) proteins. Positions of N-
terminal NOI, C-terminal NOI, and membrane-anchoring domains are indicated as light
green, dark green and orange blocks, respectively. Indicated are phosphorylated and
acetylated residues and AvrRpt2-cleavage sites of AtRIN4 and their conservation in other
RIN4 homologs. Intrinsically disordered regions indicated for each RIN4 homolog were
predicted, using the PrDOS (protein disorder prediction system) server.
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Fig. 2.
RIN4-associated proteins are enriched in detergent-resistant membranes (DRM), which are

heterologous regions rich in sphingolipids and sterols and may constitute plasma membrane
microdomains that serve as platforms for protein complex formation. A, Type 11 effectors
from Pseudomonas syringae trigger nucleotide-binding leucine-rich repeat receptor (NLR)-
triggered immunity (NTI) mediated by the RPS2 or RPM1 NLR through AvrRpt2-induced
proteolysis of RIN4 or AvrB/AvrRpm1-induced phosphorylation of RIN4 T166,
respectively. RIN4 is phosphorylated by RIPK and additional receptor-like cytoplasmic
kinases (RLCK). The HopZ3 effector is an acetyltransferase that acetylates the RIN4
complex to inhibit NTI triggered by RPM1. B, Effectors targeting RIN4 suppress PTI
promoted by phosphorylation of S141 through AvrB/AvrRpm1-induced phosphorylation of
T166. C, The contribution of RIN4 to activity of plasma membrane H*-ATPases, which
promote stomatal opening, can be enhanced by AvrB/AvrRpm1-induced phosphorylation of
T166 or inhibited by ubiquitin-dependent degradation of RIN4 induced by general control
non-repressible-4 (GCN4).

Mol Plant Microbe Interact. Author manuscript; available in PMC 2019 May 06.



	Abstract
	RIN4 LOCALIZATION AND STRUCTURE
	POSTTRANSLATIONAL MODIFICATIONS REGULATE RIN4 FUNCTION
	Phosphorylation.
	Proteolysis.
	ADP-ribosylation.
	Acetylation.

	RIN4 HOMOLOGS IN OTHER PLANT SPECIES
	Soybean.
	Lettuce.
	Tomato.
	Rice.

	MEMBRANE MICRODOMAINS AS PLATFORMS FOR RIN4 COMPLEX FORMATION
	CONCLUSIONS
	References
	Fig. 1.
	Fig. 2.



