loss of o diversity. Most important, changes in
species composition usually do not result in a
substitution of like with like, and can lead to the
development of novel ecosystems (/9). For ex-
ample, disturbed coral reefs can be replaced by
assemblages dominated by macroalgae (20) or
different coral species (27); these novel marine
assemblages may not necessarily deliver the same
ecosystem services (such as fisheries, tourism, and
coastal protection) that were provided by the
original coral reef (22).

Our core result—that assemblages are under-
going biodiversity change but not systematic bio-
diversity loss (Figs. 2 and 3)—does not negate
previous findings that many taxa are at risk, or
that key habitats and ecosystems are under grave
threat. Neither is it inconsistent with an unfolding
mass extinction, which occurs at a global scale
and over a much longer temporal scale. The chang-
ing composition of communities that we docu-
ment may be driven by many factors, including
ongoing climate change and the expanding dis-
tributions of invasive and anthrophilic species.
The absence of systematic change in temporal o
diversity we report here is not a cause for com-
placency, but rather highlights the need to address
changes in assemblage composition, which have
been widespread over at least the past 40 years.
Robust analyses that acknowledge the complex-
ity and heterogeneity of outcomes at different
locations and scales provide the strongest case for
policy action. There is a need to expand the focus
of research and planning from biodiversity loss to
biodiversity change.
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Cytoplasmic plant immune receptors recognize specific pathogen effector proteins and initiate
effector-triggered immunity. In Arabidopsis, the immune receptors RPS4 and RRS1 are both required
to activate defense to three different pathogens. We show that RPS4 and RRS1 physically associate.
Crystal structures of the N-terminal Toll-interleukin-1 receptor/resistance (TIR) domains of RPS4

and RRS1, individually and as a heterodimeric complex (respectively at 2.05, 1.75, and 2.65
angstrom resolution), reveal a conserved TIR/TIR interaction interface. We show that TIR domain
heterodimerization is required to form a functional RRS1/RPS4 effector recognition complex. The RPS4
TIR domain activates effector-independent defense, which is inhibited by the RRS1 TIR domain
through the heterodimerization interface. Thus, RPS4 and RRS1 function as a receptor complex in
which the two components play distinct roles in recognition and signaling.

lant immune receptors contain nucleotide-
binding and leucine-rich repeat domains and
resemble mammalian nucleotide-binding
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oligomerization domain (NOD)-like receptor
(NLR) proteins (/). During infection, plant NLR
proteins activate effector-triggered immunity
upon recognition of corresponding pathogen
effectors (2, 3). NLR protein activation of de-
fense mechanisms is adenosine triphosphate
dependent, causes defense gene induction, and
often culminates in the hypersensitive cell death
response (hereafter referred to as cell death)
(4-6).

In some cases, plant and animal NLRs function
in pairs to mediate immune recognition (7). For
instance, both RPS4 (resistance to Pseudomonas
syringae 4) and RRSI (resistance to Ralstonia
solanacearum 1) NLRs are required in Arabidopsis
to recognize bacterial effectors AvrRps4 from
P, syringae pv. pisi and PopP2 from R. solanacearum
and also the fungal pathogen Colletotrichum hig-
ginsianum (8, 9). Several NLR gene pairs in rice
also function cooperatively to provide resistance to
the fungus Magnaporthe oryzae (10-14). Similarly,
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in mammals, the NLR protein NLRC4 acts with
either the NLRs NAIP5/6 or NAIP2 to activate de-
fense after recognition of flagellin or bacterial
type III secretion rod protein Prgl, respectively
(15). Cooperative activity of immune receptor
pairs is thus common in both plants and animals
and might operate by evolutionarily conserved
mechanisms (/6). To address the underlying pro-
cesses, we investigated how interaction between
Arabidopsis RPS4 and RRS1 mediates recog-

nition of their corresponding effectors. PopP2, a
Yersinia Yopl effector family member, is an acetyl-
transferase that directly interacts with RRS1 in
the plant nucleus (17, 18). AvrRps4 is processed in
the plant cell, and its C-terminal domain triggers
RRS1/RPS4-dependent immunity (/9). No direct
interaction between AvrRps4 and RRS1 has yet
been demonstrated.

RPS4 and RRS1 both carry a Toll-interleukin-
1 receptor/resistance protein (TIR) domain at their

N termini. Homo- and heterotypic interactions
between TIR domains are implicated in Toll-like
receptor signaling pathways in animals, mediat-
ing interactions between Toll-like receptors and
intracellular TIR domain—containing adaptors to
regulate immune signaling and gene expression
(20, 21). For several plant TIR-NLR proteins,
including RPS4, expression of the TIR domain
alone can activate effector-independent defense
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Fig. 1. A conserved TIR/TIR domain interaction interface is involved in
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(A) SEC-MALS analysis of RPS4TIR, RRS1TIR, and RPSATIR + RRS1TIR complex.
Green, orange, and teal lines indicate the trace from the refractive index
detector (arbitrary units) during SEC of RPSATIR/RRS1TIR, RRS1TIR, and RPSATIR,
respectively. Solid lines (equivalent coloring) under the peak correspond to the
averaged molecular weight (y axis) distributions across the peak as determined
by MALS. (B) Crystal structure of the RRS1TIR (orange) and RPSATIR (teal)
heterodimer shown in cartoon representation. The domains form a pseudo-
symmetrical dimer with major interactions involving the oA and oE helices of
both monomers. Residues contributing to the interface are displayed in the
amino acid sequence with secondary structure elements and residue numbers
labeled (below). (C) The heterodimerization interface facing the plane of the
page. RRS1 and RPS4 rotated —90° and 90°, respectively, around the vertical
axis compared to (B), and buried residues are displayed as sticks. (D) The
position of serine and histidine residues within the heterodimerization interface.
(E) A common interface observed in the crystal packing of RRS1TIR (orange) and
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RRS1TIR S25A, purple. Broken green line represents the refractive index trace of
RPSATIR/RRSITIR as in (A). (G) Sequence logo (WebLogo 3.3) from a multiple
sequence alignment generated by the program ConSurf (34) using 150 unique
plant TIR domain sequences (20 to 40% identity to RPSATIR). Sequence and
secondary structure elements of RPS4 are shown below the logo. Asterisks on the
sequence represent residues mutated in Fig. 1. Graphs represent residue
accessible surface area (ASA) and buried surface area (BSA) within the RPSATIR
structure (A?), calculated by PISA (35). (H) Surface representation of RPS4TIR
with coloring by sequence conservation from (G). Cyan and purple corresponds
to variable and conserved regions, respectively. Broken black line represents the
BSA in the homodimer. (I) Structure of RPSATIR focusing on the common
interface, with labeled residues in stick representation. (J) Solution properties of
RPSATIR mutants measured by SEC-MALS, with traces, units, and calculations
represented as for (A). RPSATIR, teal; H34A, green; S33A, purple; R30A, blue.
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usitatissimum) NLR protein L6, homodimeriza-
tion is involved in defense signaling (23).

We first investigated whether RPS4 and RRS1
TIR domains interact. Using yeast two-hybrid as-
says (Y2H), we found that although TIR domains
of RPS4 and RRSI self-associate weakly, they
interact more strongly with each other and do not
interact with L6 or RPP5 TIR domains (fig. S1).
We transiently coexpressed RPS4 and RRS1 TIR
domains with C-terminal hemagglutinin (HA) or

RPS41250.GFP
WITR30A

A RPS4'%0.GFP B

S33A
H34A
S33A/H34A

green fluorescent protein (GFP) tags in Nicotiana
benthamiana leaves, and coimmunoprecipitation
also showed that they weakly self-associate but
interact more strongly with each other (fig. S1).
The RPS4 TIR (residues 10 to 178, RPS4TIR)
and RRS1 TIR (residues 6 to 153, RRSITIR)
domains were then expressed in Escherichia coli
and purified to homogeneity (see the supplemen-
tary materials). RRS1TIR interacts in glutathione
S-transferase pull-down assays with RPS4TIR

RPS412%0.GFp

Fig. 2. RPS4 TIR domain—induced cell-death signaling is dependent on the conserved TIR/TIR
domain interface. (A) Mutations in the SH motif abolish RPS4 TIR domain—induced hypersensitive
response (HR). (B) The R30A mutation enhances HR-inducing activity of RPS4 TIR domain. (C) The H34A
mutation abolishes RPS4“2°% TIR domain (R30A)—induced HR. (D) RRS1 TIR domain (R1) suppresses
RPS41235) TIR domain (R4)—induced HR. Mutations in the SH motif of RRS1 TIR domain abolish the
suppression activity. Agroinfiltration assays were performed in 4- to 5-week-old N. tabacum leaves, and
images were taken at 2 to 5 days after infiltration. The superscripted numbers in (B) indicate inoculum

densities (A4q0) of Agrobacteria.
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but not with TIR domains from NLR proteins N
and L6 (N. tabacum and flax, respectively) (fig.
S1). Size-exclusion chromatography (SEC) cou-
pled with multiangle light scattering (MALS), as
well as small-angle x-ray scattering (SAXS) ex-
periments measured a molecular weight of ~37 kD
(Fig. 1A and fig. S2) for the RPS4TIR and
RRSITIR complex, consistent with the formation
of a heterodimer. The binding affinity between
RRSITIR with RPS4TIR was estimated to be
~435 nM by isothermal titration calorimetry analy-
sis, which also confirmed a 1:1 binding stoichi-
ometry (fig. S3). By SEC-MALS, the averaged
molecular weights of RPS4TIR and RRS1TIR
alone were 23 kD and 20 kD (Fig. 1A), respec-
tively, higher than the theoretical monomeric
molecular weights of ~20 kD and ~17 kD, and
consistent with weak self-association. Thus, the
TIR domains of RPS4 and RRS1 form a stable
and specific heterodimer but also can self-associate.

To better understand homo- and heterodi-
merization of RPS4 and RRS1 TIR domains, we
crystallized (24) and solved the structures of
RPS4TIR and RRS1TIR individually (Fig. 1, B
to E, and fig. S4). Covalently linking the protein
chains of RPS4TIR and RRSITIR through a five-
residue linker (designated RRS1/RPS4TIR) en-
abled cocrystallization. The structures of RPS4TIR,
RRSITIR, and RRS1/RPS4TIR were determined
at2.05, 1.75, and 2.65 A resolution, respectively

'354+R1(325A)

A
GFP+R4+R1 PO (H26A)

P2+R4+
l R1(S25A/H26A)

3
B Pto DC3000 (PopP2-WT)
N Pto DC3000 (PopP2-C321A)

Fig. 3. Mutations that disrupt the RRS1/RPS4 TIR domain dimer
abolish the recognition of AvrRps4 and PopP2. (A) The SH motif of RPS4
(R4) and RRS1 (R1) is fully or partially required for recognition of AvrRps4 (A4)
or PopP2 (P2), respectively, in N. tabacum agroinfiltration assays. The indicated
C-terminally epitope-tagged RRS1 (Flag), RPS4 (HA), AvrRps4 (GFP), and
PopP2 (GFP) proteins were transiently expressed in N. tabacum leaf cells using
agroinfiltration. The images were taken at 3 dpi. (B) PopP2-triggered HR is
abolished by mutations in the SH motif in the transgenic Arabidopsis (Col-0)
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gRRSIW2(WT)  gRRS1W:2(SH-AA)-1 gRRS1W:2(SH-AA)-2

o
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Transgenic Col-0 carrying

line carrying gRRSI"*2. PopP2 variants were delivered from Pf0-1(T35) into
leaves of 5-week-old Arabidopsis plants. PopP2<32™* represents a catalytic
inactive mutant of PopP2 that is not recognized by a resistant RRS1 allele (18).
Red arrow indicates HR induced by PopP2. The images were taken at 22 hours
after infiltration. This experiment was repeated twice. (C) Transgenically
expressed gRRS1"*? carrying SH-AA mutation does not confer resistance to Pto
DC3000 (PopP2). PopP2 variants were delivered from Pto DC3000 and the
bacterial colonies were recovered at 4 dpi.
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(table S1). The RPS4TIR globular fold comprises
a five-stranded parallel B sheet (BA to BE) sur-
rounded by five a-helical regions (A to oE). In
RRSITIR, the aD-helical region consists of only
one helix, in contrast to three observed in RPS4TIR,
AtTIR (TIR domain-containing protein AT1G72930
from A. thaliana) (25), and L6 TIR domains (23),
consistent with a 22—amino acid deletion in RRS1
(fig. S4).

In the RRS1/RPS4TIR crystal, the largest het-
erodimeric interface involves residues within the
oA and oF helices and EE loops of RPS4TIR and
RRSITIR and the DD loop of RRS1TIR (Fig. 1B).
This interface is observed twice within the asym-
metric unit of the RRS1/RPSATIR crystal, which
consists of two chains of the linked proteins (fig.
S5). Surface-exposed residues in RPS4TIR and
RRSITIR contribute to a combined total buried
surface area of ~1300 A? in the heterodimer (Fig.
1C), containing a network of side-chain/side-chain
and backbone/side-chain hydrogen bonds (fig.
S6). The core of the interface is stabilized by a
stacking interaction between histidine residues
RPS4 His** and RRS1 His>® (Fig. 1D). In both
proteins, a conserved serine that precedes the
histidine within the oA helix forms backbone
hydrogen-bonding interactions with a conserved
serine in the oF helix of the interacting protein
(fig. S6). The adjacent serine and histidine residues
(the SH motif) provide complementary stacking
and hydrogen-bonding interactions that stabilize
the heterodimer (Fig. 1D).

SAXS data were collected on both the RRS1TIR/
RPS4TIR heterodimer and the linked (RRS1/

RPS4TIR) construct, and scattering profiles sug-
gested that their behavior in solution was similar
(fig. S7). Furthermore, the calculated scattering
of the crystallographic dimer was consistent with
data from the heterodimer (fig. S7). Thus, the
linked RRS1/RPS4TIR protein resembles the het-
erodimer in solution.

An identical interface to that observed in the
RRS1/RPS4TIR heterodimer is also present in
the crystal structures of RRS1TIR and RPS4TIR
alone (Fig. 1E). The SH motif again forms stack-
ing and hydrogen-bonding interactions; how-
ever, the RRS1/RPS4 TIR domain heterodimer
interface involves amino acids that are more
complementary (fig. S8). This common interface
involves different regions of the TIR domain
compared to the proposed L6 dimerization in-
terface (23), but an identical interface is observed
in the crystal packing of the AtTIR (295) (fig. S9).
A multiple sequence alignment of plant TIR do-
mains highlights the conservation of the resi-
dues corresponding to Ser”* and His** in RPS4
(Fig. 1G). Mapping of this sequence conser-
vation onto the surface of RPS4TIR reveals a
patch with the conserved His residue in its center
(Fig. 1H).

To investigate the role of specific amino acids
in RPS4 and RRS1 TIR domain homo- and het-
erodimerization, we generated mutations in the
interface. In Y2H assays, mutation of residues
within the dimeric interface prevents RRS1/RPS4
TIR domain interaction (fig. S10). By SEC-MALS,
the most significant effect on heterodimerization
is caused by alanine substitutions of the SH motif

(Fig. IF and fig. S11). Single-residue mutations
of the RPS4TIR H34A or RRS1TIR H26A and a
double mutation of RPS4TIR S33A/RRSITIR
S25A completely destabilized the TIR/TIR do-
main heterodimer (Fig. 1F). No interaction could
be detected between RRSITIR and RPS4TIR
H34A by isothermal titration calorimetry analysis
(fig. S3). Mutation of the SH motif in RPS4 also
prevents self-association interactions in Y2H as-
says (fig. S10). Although weak self-association
of wild-type RPSATIR is observed by SEC-MALS,
the S33A and H34A mutants run as monomers
(Fig. 1J). Close inspection of the RPS4 TIR do-
main homodimer interface suggested that the ar-
ginine at position 30 likely destabilizes homomeric
interactions (Fig. 11). Mutation of this arginine to
an alanine (R30A) results in stronger self-association
of RPSATIR by SEC-MALS (measured ~33 kD)
and Y2H assays (Fig. 1J and fig. S10). Sedimen-
tation equilibrium experiments using analytical
ultracentrifugation demonstrated that at 15 uM,
RPS4TIR R30A completely dimerized, whereas
wild-type RPSATIR formed an equilibrating mix-
ture of monomer and dimer, with an estimated
dimerization constant of 13,000 M ' (K4 ~77 uM),
further corroborating SEC-MALS experiments
(fig. S12). Dimerization of RPS4 R30A was
only observed when the His** was maintained
(fig. S13).

The TIR domain—containing N-terminal re-
gion of RPS4"39 activates effector-independent
cell death in tobacco (22, 26); this was completely
abolished by the S33A, H34A, and S33A/H34A
mutations (Fig. 2A and fig. S14). We performed
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Fig. 4. Full-length RRS1 and RPS4 proteins interact with
each other independent of the SH motif and the correspond-
ing avirulence effectors. (A) Full-length RRS1/RPS4 interaction
is not altered by Ala substitutions in SH motif or in the presence
of AvrRps4 or PopP2. (B) Coimmunoprecipitation analysis of
RRS1 variants and AvrRps4 or PopP2. The indicated proteins
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were transiently expressed in N. benthamiana leaf cells by agroinfiltration. Total protein extracts were used for coimmunoprecipitation and immunoblot
analyzes. R and S indicate resistant and susceptible alleles, in Ws2 and Col-0, respectively, for RRS1. Mutations in the SH motif (SH-AA) have been introduced in

RRS1 (Ws-2) and RPS4 (No-0) resistant alleles.
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agroinfiltration of serially diluted RPS4 TIR do-
main and R30A variants in N. tabacum leaves. A
stronger cell death was induced by the R30A var-
iant than the wild-type protein at 0.02 inoculum
density (Agoo) (Fig. 2B and fig. S14), and the
R30A/H34A double mutant was unable to induce
cell-death (Fig. 2C), suggesting that homodimeri-
zation of RPS4 TIR domain is required for cell
death signaling.

Transient expression of RRS1 TIR domain
does not cause cell death in N. tabacum (Fig. 2D
and fig. S14). However, coexpression of RRS1
TIR domain suppressed RPS4 TIR domain-
induced cell death, whereas the S25A/H26A loss-
of-heterodimerization variant of RRS1 TIR domain
did not (Fig. 2D and fig. S14). Because the hetero-
dimeric interaction between RPS4 and RRS1 TIR
domains is stronger than homomeric interactions,
this suggests that the heterodimer is inactive in
signaling and outcompetes the formation of the
active RPS4 TIR domain homodimer.

To determine whether the SH motif and TIR/
TIR domain heterodimerization are required for
effector-triggered immunity, we coexpressed full-
length RRS1 and RPS4 with AvrRps4 or PopP2
effectors (or controls) in N. tabacum by agroinfiltra-
tion (Fig. 3A). Mutations of the conserved histidine
and serine/histidine (SH-AA double mutant) in
either RPS4 or RRS1 abolished AvrRps4-triggered
RRS1/RPS4-dependent cell death. Although these
mutations in the individual proteins had little effect
on cell death triggered by PopP2, reduced PopP2-
triggered immunity was observed when SH-AA
mutants of both RPS4 and RRS1 were coexpressed
(Fig. 3A). In susceptible Arabidopsis (Col-0), trans-
genically expressed wild-type but not SH-AA
mutant RRS1-Ws-2 confers recognition of PopP2
(Fig. 3, B and C, and fig. S15), demonstrating that
TIR domain heterodimerization is required to
form a functional complex to recognize AvrRps4
and PopP2.

To investigate whether RRS1 and RPS4 pro-
teins interact in planta, we transiently expressed
RPS4-HA and RRS1-Flag tag variants, with or with-
out AviRps4-GFP or PopP2-GFP, in N. benthamiana
leaves (Fig. 4). The Arabidopsis TIR-NLR protein
RPP1 (resistance to Peronospora parasitica 1) pro-
vided a negative control. RPS4-HA, but not RPP1-
HA, coimmunoprecipitate with RRS1-Flag (Fig.
4A). SH motif mutations in RPS4 and/or RRS1
TIR domains do not abolish RRS1/RPS4 interac-
tions, suggesting that other domains also contrib-
ute to the interaction.

RRS1/RPS4 interaction is independent of the
effectors (Fig. 4A). For AvrL567/L6, ATR1/RPP1,
and AviM/M (23, 27, 28), effector/NLR interac-
tion correlates with activation of defense. How-
ever, PopP2 interacts in the nucleus with both
susceptible (Col-0) and resistant (Nd-1) forms of
RRS1 (77). Several other resistant accessions
(Ws-2 and No-0) were reported (9, 29). Both RRS1
(Col-0) and RRS1 (Ws-2) coimmunoprecipitate
with PopP2 in N. benthamiana (Fig. 4B). How-
ever, the interactions between PopP2 and RRS1
or RRS1 + RPS4 were stronger in combinations
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that do not activate defense [RRS1 (Col-0), RRS1
SH-mutant, PopP2 inactive mutant, or in the
absence of RPS4] (Fig. 4B and fig. S16).

AvrRps4 also interacts strongly with RRS1 in
the presence or absence of RPS4, and the in-
teraction between RRS1 and AvrRps4 is not af-
fected by an RRS1 SH-AA mutation (Fig. 4B).

Mutations in the P-loop motif of many NLR
proteins disturb nucleotide binding and abolish
function (4). The RPS4 NB domain P-loop mu-
tation (K242A) abolished recognition of AvrRps4
and PopP2 in transient assays in N. tabacum
without affecting protein accumulation (figs. S17
and S18). By contrast, an RRS1 P-loop mutation
(K185A) did not attenuate AvrRps4 or PopP2-
triggered cell death (fig. S18).

Because TIR/TIR domain interactions have
previously been difficult to define structurally
(30), our data may have broad implications for
understanding TIR domain function across phyla.
Current models of plant NLR protein activation
imply that effector perception leads to considerable
domain reorganization and formation of oligo-
meric forms (37). Rather than effector-induced
disassociation of RRS1 and RPS4 proteins, rear-
rangements within a preformed RRS1/RPS4 com-
plex, culminating in stabilization of an RPS4 TIR
domain homodimer, likely distinguish the preacti-
vation complex from its activated state. Domains
in RRS1 and RPS4 other than the TIR domain are
also likely to hold or bring the complex together
and mediate its effector-dependent reconfigura-
tion. Nucleotide-binding or exchange by RPS4, but
not RRS1, is required for a functional NLR resist-
ance complex. Thus AvrRps4 or PopP2 recogni-
tion is accomplished by an RRS1/RPS4 complex,
distinct from indirect recognition of effectors by
other plant NLR proteins (32, 33). We propose
that upon effector binding, defense activation re-
quires the release of RPS4 TIR domain inhibition
by the RRS1 TIR domain, allowing formation of
a signaling-competent RPS4 TIR domain homo-
dimer (fig. S19).
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