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Accelerated adaptive evolution is a hallmark of plant–pathogen interactions. Plant intracellular immune receptors (NLRs) often
occur as allelic series with differential pathogen specificities. The determinants of this specificity remain largely unknown.
Here, we unravelled the biophysical and structural basis of expanded specificity in the allelic rice NLR Pik, which responds to
the effector AVR-Pik from the rice blast pathogen Magnaporthe oryzae. Rice plants expressing the Pikm allele resist infection
by blast strains expressing any of three AVR-Pik effector variants, whereas those expressing Pikp only respond to one. Unlike
Pikp, the integrated heavy metal-associated (HMA) domain of Pikm binds with high affinity to each of the three recognized
effector variants, and variation at binding interfaces between effectors and Pikp-HMA or Pikm-HMA domains encodes specificity. By understanding how co-evolution has shaped the response profile of an allelic NLR, we highlight how natural selection drove the emergence of new receptor specificities. This work has implications for the engineering of NLRs with improved
utility in agriculture.

T

he innate immune systems of plants and animals monitor the
extracellular space and the intracellular environment for the
presence and activities of microbial pathogens1,2. In plants,
immune receptors of the NLR (nucleotide-binding, leucine-rich
repeat (LRR)) superfamily monitor the intracellular space for signatures of non-self, typically detecting translocated pathogen effector proteins either by direct binding or indirectly via monitoring
their activity on host targets3,4. Co-evolution between pathogens
and hosts has driven the diversification of plant NLRs, with many
NLR genes present in allelic series, with distinct effector recognition
profiles5–15. Pathogen effectors can show strong signatures of positive selection, including high levels of non-synonymous (resulting
in amino acid changes) over synonymous polymorphisms5,7,12,16–18.
How NLR and effector diversification contributes to gene-for-gene
immunity in plants is poorly understood. Defining how allelic
NLRs recognize and respond to specific pathogen effectors offers
new opportunities to engineer the control of plant diseases19,20, leading to improved global food security.
Many NLRs function synergistically, with some acting as ‘sensors’, to detect pathogens, and others as ‘helpers’, which are required
for the initiation of immunity1,21,22. These NLRs can be genetically
linked in pairs, with a shared promoter21,23–26, or unlinked but part
of a complex genetic network27. One mechanism of effector recognition by sensor NLRs is via unconventional integrated domains that
probably have their evolutionary origin as host effector targets28–31.
Such integrated domains can act as ‘baits’ to target effectors by direct
binding or act as substrates of an effector’s enzymatic activity28,31.
Genetically paired NLRs with integrated domains have repeatedly
evolved in rice29,30 and can detect effectors from the rice blast pathogen Magnaporthe oryzae (also known as Pyricularia oryzae), the
causative agent of the most devastating disease of rice, which is the
staple crop that feeds more than half of the world population5,25,26,32.

The rice NLR pair Pik comprises Pik-1 (the sensor) and Pik-2
(the helper). This receptor pair responds to the M. oryzae effector
AVR-Pik by direct binding to an integrated heavy metal-associated (HMA) domain, positioned between the coiled-coil and the
nucleotide-binding domains of Pik-133 (Fig. 1a). Both the AVR-Pik
effectors and the Pik NLRs exist as an allelic series in M. oryzae and
rice, respectively, that most likely arose through co-evolutionary
dynamics between pathogen and host5,34,35. As such, they represent
an excellent system for understanding the mechanistic basis of recognition in plant immunity. A comparison of amino acid sequence
identity between the domains of paired Pik NLR alleles shows that
the integrated HMA domain is the most polymorphic region35 (Fig.
1a,c), which is consistent with this being the direct binding region
for the AVR-Pik effectors. The HMA domain also contains variable
amino acids that have been used as markers for Pik allele identification in rice35. In addition, AVR-Pik is a remarkable example of an
effector with an extreme signature of positive selection, as all known
AVR-Pik nucleotide polymorphisms are non-synonymous, resulting
in amino acid changes16,18 (Fig. 1b). Furthermore, these polymorphisms map to interface residues identified in the crystal structure
of the effector variant AVR-PikD bound to the HMA domain of the
NLR allele Pikp33, suggesting that they are adaptive.
Although rice plants expressing the NLR allele Pikp are resistant
to M. oryzae strains expressing the effector variant AVR-PikD, rice
plants expressing the allele Pikm respond to strains expressing AVRPikD, AVR-PikE or AVR-PikA34 (Fig. 1b). Importantly, neither Pikp
nor Pikm respond to the stealthy effector variant AVR-PikC, which
evades detection by any known Pik NLR34. The molecular mechanism by which Pik NLR variation acts to expand effector recognition remains unclear.
Previous work established the structural basis of AVR-PikD recognition by the Pikp-1 NLR33. Here, we reveal how co-evolutionary
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Fig. 1 | The Pikm-mediated cell death response to AVR-Pik effector variants in N. benthamiana phenocopies the Pikm resistance profile in rice.
a, Schematic representations of Pik NLR alleles. The sensor NLR (Pik-1) and the helper NLR (Pik-2) share a common promoter and the same overall
domain architecture. Pikp-1 and Pikp-2 are shown on the top and Pikm-1 and Pikm-2 are shown on the bottom. Pairwise protein sequence identity between
each domain is indicated, highlighting the diversification of the integrated HMA domain. CC, coiled coil domain; NB-ARC, nucleotide-binding domain.
b, Schematic representations of AVR-Pik variants with amino acid polymorphisms shown (single-letter code), along with their Pikp-mediated or Pikmmediated response profiles in rice (right)34. SP, signal peptide. c, Amino acid sequence alignment of Pikp-1 and Pikm-1 HMA domains. Secondary structure
features of the HMA fold are shown above, and the residues located to the interfaces described in the text and in Fig. 3 are highlighted. d, A representative
leaf image showing Pikm-mediated cell death to AVR-Pik variants as autofluorescence under UV light; Pikp-mediated cell death with AVR-PikD is included
as a positive control (surrounded by the dashed circle; no Pikm-1/Pikm-2 was in this spot). e, Box plots showing repeats of the cell death assay. For each
sample, the number of repeats was 90. The centre line represents the median, the box limits are the upper and lower quartiles, the whiskers are the 1.5×
interquartile range and all of the data points are represented as dots. The cell death scoring scale used is shown in Supplementary Fig. 1d. For brevity, the
effectors are labelled without the ‘Pik’ designation in panels d and e and, where appropriate, in Figs. 2–6.

dynamics between a pathogen and a host has driven the emergence
of new receptor specificities. By taking advantage of our ability to
reconstruct complexes between Pik-HMA domains and AVR-Pik
effectors, and to recapitulate cell death responses (indicative of
immunity) in the model plant Nicotiana benthamiana, we show a
correlation between protein-binding affinities and the activation
of immunity. By obtaining crystal structures of the Pikm-HMA
domain (henceforth Pikm-HMA) in complex with three different
AVR-Pik variants, we define the interfaces that support expanded
effector recognition. We also obtained new structures of the PikpHMA domain (henceforth Pikp-HMA) in complex with the recognized effector AVR-PikD, but also with the unrecognized AVR-PikE.
Together, these structures establish a previously unappreciated role
for the carboxy terminus of the HMA domain in mediating effector
interaction. Understanding how host NLRs have evolved new specificities in response to pathogen effectors highlights the potential to
engineer new-to-nature receptors with improved functions, such as

recognition of stealthy effector variants, and has broad implications
for rational design of plant NLRs.

Results

Pikm-mediated cell death in N. benthamiana recapitulates allelespecific effector responses in rice. Pikp-mediated cell death in N. benthamiana phenocopies effector variant-specific resistance in rice, with
Pikp responding to AVR-PikD, but not to AVR-PikE, AVR-PikA or
AVR-PikC33. Here, we show that Pikm responds to each of AVR-PikD,
AVR-PikE or AVR-PikA, but not to AVR-PikC, in this assay (Fig. 1d,e
and Table 1). These results match the response of rice cultivars expressing Pikm to M. oryzae strains encoding the effectors34. Interestingly,
we observe a qualitative hierarchy in the level of Pikm-mediated cell
death in response to the effectors in the order AVR-PikD > AVRPikE > AVR-PikA (Fig. 1d,e). To allow for direct comparison, we
repeated this assay using the Pikp NLRs and the effector variants in
the same expression vectors. We obtained equivalent results to those
Nature Plants | www.nature.com/natureplants
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Fig. 2 | Different affinities underpin the recognition and response of Pik NLR alleles to AVR-Pik effector variants. a, Y2H demonstrates the binding of
effector variants to both Pikm-HMA and Pikp-HMA. The control plate for yeast growth is on the left, with the selective plate on the right. Each experiment
was repeated a minimum of three times, with similar results. b, Analytical gel filtration confirms that Pikm-HMA (mHMA) forms complexes with AVRPikD, AVR-PikE and AVR-PikA in vitro, but not with AVR-PikC. Note that earlier elution correlates with increased molecular mass. The retention volumes
for peaks are labelled (the black arrow indicates the Pikm-HMA elution volume; Pikm-HMA does not absorb light at 280 nm). SDS–PAGE with relevant
fractions are shown in Supplementary Fig. 2b. Each experiment was repeated a minimum of three times, with similar results. c, SPR reveals that the in vitro
binding affinity between Pik-HMA and effectors correlates with in planta responses. Rmax (%) is the percentage of the theoretical maximum response,
assuming a 1:1 binding model for Pikm (effector:HMA) and a 1:2 binding model for Pikp, at the HMA concentrations shown. Bars represent the average of
three measurements, and the error bars represent the standard deviation. Where KD values are given, a wider range of HMA concentrations were used for
this calculation (see Supplementary Fig. 2c–e,g). pHMA, Pikp-HMA; ND, not determined.

shown previously33 (Supplementary Fig. 1a,b). The expression of each
protein was confirmed by western blot (Supplementary Fig. 1c).
Allele-specific effector responses in planta correlates with direct
Pik-HMA interactions. We used yeast-2-hybrid (Y2H) to investigate whether the binding of effectors to the Pikp-HMA or PikmHMA correlates with in planta response profiles. We observed
comparable growth of yeast on selective plates and the development
of blue colouration with X-α-gal (which are both indicative of protein–protein interactions) with Pikm-HMA and AVR-PikD, AVRPikE and AVR-PikA, but not with AVR-PikC (Fig. 2a). Although
the Y2H assay with Pikm-HMA or Pikp-HMA showed comparable
interaction with AVR-PikD, Pikm-HMA showed increased interaction with AVR-PikE and markedly stronger interaction with
AVR-PikA (Fig. 2a). No growth was observed with Pikp-HMA and
AVR-PikC. All proteins were confirmed to be expressed in yeast
(Supplementary Fig. 2a).
Pikm-HMA has tighter binding affinities for AVR-Pik effectors than Pikp-HMA in vitro. To produce stable Pikm-HMA
protein for in vitro studies, we cloned a construct with a 5-amino
Nature Plants | www.nature.com/natureplants

acid extension at the C terminus (encompassing residues Gly 186–
Asp 264 of the full-length protein) compared to the previously
studied Pikp-HMA33. Using gel filtration with separately purified
proteins, Pikm-HMA forms complexes with the effectors AVRPikD, AVR-PikE or AVR-PikA, but not with AVR-PikC (Fig. 2b
and Supplementary Fig. 2b).
To determine the extent to which the expanded response of Pikm
to AVR-Pik effectors in N. benthamiana is related to the strength
of binding to the Pikm-HMA, we determined binding affinities by
surface plasmon resonance (SPR). We monitored the response units
following Pikm-HMA injection after capturing effectors on the chip
surface. Binding of Pikm-HMA to the different effectors was measured at three different concentrations, and the response units were
normalized to Rmax (a theoretical maximum response, assuming a
1:1 interaction model). From this, we ranked the order of apparent affinity from highest to lowest (Fig. 2c). We then extended the
Pikm-HMA concentration range to enable the estimation of the
equilibrium dissociation constant (KD). Using a 1:1 kinetics interaction model, we found that Pikm-HMA bound to AVR-PikD with
the highest affinity (lowest KD), followed by AVR-PikE and AVRPikA (Fig. 2c, Supplementary Fig. 2c–e and Supplementary Table 1).
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We observed no significant binding of Pikm-HMA to AVR-PikC
(Fig. 2c, Supplementary Fig. 2f and Supplementary Table 1).
We also produced Pikp-HMA with its equivalent 5-amino
acid C-terminal extension (including residues Gly 186–Asp 263
of the full-length protein) and analysed effector binding by SPR
(Fig. 2c). We ranked effector-binding affinities in the order AVRPikD >  AVR-PikE > 
AVR-PikA (with no significant binding to
AVR-PikC and assuming a 1:2 (effector:Pikp-HMA) interaction
model, as previously observed33). However, we were only able to
reliably determine the KD for Pikp-HMA bound to AVR-PikD (Fig.
2c and Supplementary Fig. 2g), as the binding of AVR-PikE and
AVR-PikA were of insufficient quality under our assay conditions
to allow the KD to be determined (Supplementary Fig. 2h,i).
Based on these results and the interactions monitored by Y2H,
we conclude that the differential binding affinity to the HMA
domains is the source of the allele-specific response profile in
N. benthamiana and of rice cultivars to M. oryzae strains expressing
AVR-Pik variants34.
Structures of Pik-HMAs in complex with AVR-Pik effectors
reveal multiple interaction surfaces. Using a co-expression strategy, we obtained complexes of Pikm-HMA bound to AVR-PikD,
AVR-PikE or AVR-PikA. Each of these were crystallized and
X-ray diffraction data were collected at the Diamond Light Source
(Oxford, UK) to 1.2-Å, 1.3-Å and 1.3-Å resolution, respectively.
Details of the X-ray data collection, structure solution and structure
completion are given in the Methods section and Supplementary
Table 2. The overall orientations of each component in the PikmHMA–effector complexes are similar to each other and to the

previously determined Pikp-HMA–AVR-PikD structure33 (Fig. 3a,
Supplementary Fig. 3a,b and Supplementary Table 3). Interestingly,
the Pikm-HMA–effector structures form a 1:1 complex, in contrast
to Pikp-HMA–AVR-PikD, which formed a 2:1 complex33. PikpHMA dimerization is most likely an artefact of in vitro protein
expression and purification.
Analysis of the interfaces formed between Pikm-HMA
and the effectors using QtPISA36 (Supplementary Table 4 and
Supplementary Fig. 4) reveals they are broadly similar to each other,
although there is a trend of reducing the total interface area in the
order AVR-PikD >  AVR-PikE > AVR-PikA. Graphical representation of key interface components (using QtPISA interaction radars36;
Supplementary Fig. 4) reveals a high likelihood that each interface
is biologically relevant: each key component value lies well above
the 50% threshold when considered against statistical distributions
derived from the Protein Data Bank (PDB) (see Methods and ref. 36).
Three predominant regions can be identified within each PikmHMA–effector interface (Figs. 1c and 3b). These regions (interfaces)
are defined here from the HMA side as: interface 1, amino-terminal residues Glu 188–Lys 191; interface 2, residues from β-2 to β-3
(Ser 219–Val 233) and Lys 195 from β-1; and interface 3, residues
from β-4 to the C terminus (Met 254–Asp 264) (Figs. 1c and 3b).
Interface 1 is a minor component of the Pikm-HMA–effector
interaction, with a single, weak hydrogen bond formed by the side
chain of Lys 191 (to the main-chain carbonyl group of Thr 69 of the
effector) and a hydrophobic interface contributed by the side chain
of Met 189 (to the side chain of Ile 49 of the effector). Interface 2 is
more extensive and predominately interacts with AVR-Pik residues
from the N-terminal extension of the conserved MAX effector fold37,
Nature Plants | www.nature.com/natureplants
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including Arg 39–Phe 44 and His 46–Ile 49. This interface includes
the polymorphic residues at positions 46, 47 and 48 of the effector
variants34 (Figs. 1b and 3). Interface 2 also includes salt-bridge or
hydrogen-bond interactions via the side chains of Asp 225 (to Arg 64
of the effectors) and Lys 195 (to Asp 66 of the effectors; Fig. 3a). Finally,
interface 3 includes both main-chain hydrogen-bonding interactions
between β-4 of the HMA and β-3 of the effectors, and inserts the side
chain of Lys 262 into a surface pocket on the effector lined by residues
Glu 53, Tyr 71, Ser 72 and Trp 74. Lys 262 makes several interactions
in this pocket, including salt bridges or hydrogen bonds with the side
chains of Glu 53 and Ser 72 (Figs. 3a and 4a).
We also obtained crystal structures of Pikp-HMA, with the
5-amino acid extension at the C terminus of the HMA, bound to
AVR-PikD or AVR-PikE at 1.35-Å and 1.9-Å resolution, respectively
(see Methods, Supplementary Table 2 and Supplementary Fig. 3c,d).
The Pikp-HMA–AVR-PikE combination does not give rise to
responses in planta, but we were able to obtain the complex in solution.
The new structure of the Pikp-HMA–AVR-PikD complex is essentially identical to that previously determined33, except for the 5-amino
acid extension. Interface analysis with QtPISA (Supplementary Table
4 and Supplementary Fig. 4) reveals that the Pikp-HMA–AVR-PikD
complex has broadly similar properties to those of Pikm-HMA–
effectors (the total interface area and the key component values are
well above the 50% threshold in the interaction radars). By contrast,
although the Pikp-HMA–AVR-PikE interface shows a broadly similar total interface area to the other complexes, the total calculated
binding energy is reduced (the area of the polygon in Supplementary
Fig. 4) and five out of six key interface components fall below the 50%
threshold, questioning the biological relevance of this interface.
Structural changes at interface 2 underpin differential effector
recognition by Pikm. Effector variants AVR-PikD, AVR-PikE and
AVR-PikA differ at amino acid positions 46, 47 and 48, which localize to interface 2 (Figs. 1b and 3b). Pikp-HMA binds to AVR-PikD
(His 46) via hydrogen bonds with residues Ser 218 and Glu 23033.
In Pikm, the Ser is conserved, but Glu 230 is replaced by Val 231
at the structurally equivalent position, resulting in the loss of a
direct hydrogen bond. Despite this, AVR-PikD (His 46) occupies
the same position in both complexes (Fig. 3c). Surprisingly, in the
Pikm-HMA–AVR-PikE complex, AVR-PikE (Asn 46) is rotated
out of the binding pocket, well away from Val 231 (Fig. 3d), and a
water molecule occupies the resulting space. Hydrogen bonds are
formed between AVR-PikE (Asn 46:Nδ2) and both Pikm-HMA
(Ser 219:OH) and the new water molecule. This configuration
affects the position of effector residues Phe 44–Gly 48, pushing them
away from the HMA domain, further altering interactions across
Nature Plants | www.nature.com/natureplants

interface 2. These structural changes correlate with a reduced binding affinity of AVR-PikE with Pikm-HMA compared to AVR-PikD.
In the Pikm-HMA–AVR-PikA complex, Asn 46 is rotated even further out of the HMA pocket, and, although a hydrogen bond is still
formed with Pikm-HMA (Ser 219:OH), this is substantially different in orientation (Fig. 3d). These changes serve to move residues
Asn 46–Pro 50 of AVR-PikA further away from the HMA domain,
and again, these structural observations correlate with a reduced
effector binding affinity. Interestingly, the polymorphic residues in
AVR-PikA (Ala 47 and Asp 48) have no direct role in Pikm-HMA
interaction. The polymorphisms in AVR-Pik do not significantly
alter protein–protein interactions across interfaces 1 and 3, and
these regions seem to stabilize the complexes.
We conclude that the structural changes at interface 2 underlie the weaker binding affinities of Pikm-HMA for AVR-PikE and
AVR-PikA than for AVR-PikD.
Interactions across interface 3 contribute more to Pikm-HMA
than to Pikp-HMA binding to AVR-PikD. As observed at interface
3 for the Pikm-HMA–effector complexes (Fig. 4a), a Lys residue from
Pikp-HMA (Lys 262) locates to the binding pocket on the effector
containing Glu 53 and Ser 72 (Fig. 4b). However, this Lys is shifted
by one residue to the C terminus in the sequence of Pikp-1 (Fig. 1c).
This results in a different conformation of the Pikp-HMA residues
Ala 260 and Asn 261 when compared to Pikm-HMA (Val 261 and
Lys 262), changing the interactions across interface 3. The most dramatic difference is the ‘looping out’ of Pikp-HMA (Asn 261) to retain
Lys 262 in the effector-binding pocket (Figs. 4b and 5d,e), which
affects the packing of Pikp-HMA (Ala 260) (Val 261 in Pikm-HMA)
and the hydrophobic packing of the side chain of Lys 262.
Pik alleles also differ in the composition of residues at interfaces
1 and 2. Of most importance are the changes at interface 2 that contact AVR-PikD (His 46), as discussed above and in Fig. 3c.
We propose that Pikm has evolved more-robust interactions
across interface 3 than Pikp to compensate for loss of binding, such
as direct hydrogen bonds, at interface 2.
Interactions across interfaces 2 and 3 underpin the specificity
of Pikp to AVR-PikD over AVR-PikE. Underpinning the global
analyses of the Pikp-HMA–AVR-PikD and Pikp-HMA–AVR-PikE
complexes are extensive differences at interfaces 2 and 3. At interface 2, AVR-PikE (Asn 46) is fully rotated out of the AVR-PikD
(His 46) binding pocket (Fig. 5a–c). A hydrogen bond is still formed
between AVR-PikE (Asn 46) and Pikp-HMA (Ser 218), but in a very
different orientation (Fig. 5a–c). This results in residues Asn 46–
Pro 50 moving away from the HMA domain. This re-configuration
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Fig. 5 | Altered interactions across the interfaces of Pikp-HMA with AVR-PikD and AVR-PikE underpin the differences in recognition and response.
a,b, Zoomed-in views of the interactions across interface 2 in the Pikp-HMA (pHMA) complexes with AVR-PikD (a) and AVR-PikE (b). In each panel, the
molecular surface of Pikp-HMA is shown. Effector variant residues are coloured as labelled and shown in C-α-worm with side-chain representation.
c, Superposition of panels a and b, with only selected side chains shown for clarity. The polymorphism at position 46 occupies a very different position,
fully flipped out of the His 46 binding pocket in the AVR-PikE structure, which alters the position of residues Asn 44–Pro 50 relative to Pikp-HMA.
d–f, Zoomed-in views of the interactions across interface 3 in the Pikp-HMA complex with AVR-PikD (d), the Pikm-HMA (mHMA) complex with AVRPikD (e) and the Pikp-HMA complex with AVR-PikE (f). In each panel, the effector is shown as sticks and the molecular surface is also shown and coloured
as labelled. Pik-HMA residues are coloured as labelled and shown in the C-α-worm with side-chain representation. The looping out of Asn 261 in Pikp
compared to Pikm, when in complex with AVR-PikD, is seen in panels d and e, and the displacement of residues Gln 259 and Ala 260 in Pikp, between the
complexes with AVR-PikD and AVR-PikE, is seen in panels d and f. g, Superposition of panels d–f, with only the side chain of Pik-HMA Lys 262 and only the
surface of AVR-PikD, shown for clarity.

is coupled with changes at interface 3 (Fig. 5d,f,g). Interestingly,
in the Pikp-HMA–AVR-PikE complex, Lys 262 adopts a similar orientation to that found in the Pikm-HMA complexes (Fig.
5e–g). However, to enable this, residues Ser 258–Asn 261 adopt a
dramatically different position, by looping out residues Gln 259
and Ala 260 from their positions in the Pikm-HMA complex
(Fig. 5e–g), with consequent effects on this interface.

We conclude that interface 2 is key for effector recognition by
Pikp and, unlike for Pikm, interfaces 1 and 3 are not able to compensate to enable productive binding.
Mutations at separate interfaces have differential effects on PikHMA–effector interactions and immunity phenotypes. We subsequently tested whether mutations in the effectors at interfaces 2
Nature Plants | www.nature.com/natureplants
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Fig. 6 | Mutations at different interfaces in the Pik-HMA–effector complexes have differential effects on interactions and phenotypes. a, Effector
mutations at positions 46 and 53 perturb interactions with Pikm-HMA (mHMA) and Pikp-HMA (pHMA) as assayed by Y2H. Each experiment was
repeated a minimum of three times, with similar results. Single-letter amino acid codes are shown. b, Changes in in vitro binding for effector mutants with
Pikm-HMA and Pikp-HMA, as measured by SPR. The Rmax (%) was calculated as described in the text. To emphasize the altered binding for each effector
mutant, the averaged difference Rmax (%) across the three different concentrations measured is shown. Bars represent the average of three measurements,
with the error bars representing the standard deviation. c, Box plots of Pikm-mediated or Pikp-mediated cell death triggered by the effector mutants. For
each sample, the number of repeats was 90. The centre line represents the median, the box limits are the upper and lower quartiles, the whiskers are the
1.5×interquartile range and all of the data points are represented as dots.

and 3 have differential effects on Pik-HMA binding and responses
by Y2H, SPR and N. benthamiana. We used the previously characterized AVR-PikD (His46Glu) mutant at interface 2 and a Glu53Arg
mutant at interface 3 in AVR-PikD, AVR-PikE and AVR-PikA.
Although AVR-PikD (His 46) occupies a central position at interface 2, AVR-Pik (Glu 53) locates to the Pik-HMA (Lys 262)-binding
pocket, at the periphery of interface 3.
As previously observed (although without the C-terminal
extension33), the AVR-PikD (His46Glu) mutant essentially blocks
the Pikp-HMA–effector interaction in Y2H and SPR, and abolishes Pikp-mediated cell death in N. benthamiana (Fig. 6a–c and
Nature Plants | www.nature.com/natureplants

Supplementary Fig. 5). Interestingly, the AVR-PikD (His46Glu)
mutant interacts with Pikm-HMA in Y2H (Fig. 6a). However, when
measured by SPR, Pikm-HMA binding to this mutant is reduced to
~11% compared to the wild type (Fig. 6b). This reduction of binding in vitro is reflected in N. benthamiana, where we observe weak
AVR-PikD (His46Glu)-dependent Pikm cell death (Fig. 6c and
Supplementary Fig. 5b–d).
For each of the Glu53Arg effector mutants, we observe little effect
on Pikm-HMA interaction in Y2H compared to the wild type, except
a reduced interaction of AVR-PikA (Glu53Arg) (Fig. 6a). Interestingly,
the Glu53Arg mutant in AVR-PikE abolishes the interaction of this
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Table 1 | The various interactions and phenotypes between Pik NLR alleles and effector variants in this study
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a

SPR and Y2H interactions used the isolated HMA domains, and in planta experiments were performed with full-length proteins. Recognition in rice plant Pikp is rice cv. K60. Recognition in rice plant Pikm
is rice cv. Tsuyuake. CD, cell death; ND, not determined. aSee ref.33. bSee ref.34.

effector with Pikp-HMA in Y2H. Using SPR, the AVR-Pik (Glu53Arg)
mutants show reduced binding to both Pik-HMA domains when
compared pairwise to the wild type in each effector background
(Fig. 6b). However, in each case, the Glu53Arg mutant has a greater
effect in Pikm-HMA binding than in Pikp-HMA binding. Surprisingly,
in the N. benthamiana cell death assay, we observe a slight increase
in the AVR-PikD (Glu53Arg)-dependent cell death compared to
the wild type for both Pikp and Pikm (Fig. 6c and Supplementary
Fig. 5b–d). However, we see a reduction in the intensity of Pikmmediated cell death for the effector variants AVR-PikE (Glu53Arg)
and AVR-PikA (Glu53Arg) (Fig. 6c and Supplementary Fig. 5b–d).
We conclude that interactions across interface 2 are critical for
effector recognition by Pikp and important for Pikm, and interface 3
has an important role in the extended response of Pikm to AVRPikE and AVR-PikA.

Discussion

Despite intensive study, 25 years since the cloning of the first plant
NLRs38–40, very little is known about the molecular mechanistic
basis of how these proteins recognize pathogen effectors and initiate immune signalling. The recent identification of plant NLRs with
integrated domains28–30 has enabled new opportunities to investigate how these receptors directly recognize pathogen effectors at
the biochemical and structural level, and how these binding events
are linked to disease resistance33,41–44. Here, we have generated five
structures of different complexes between the integrated domains
of an allelic NLR (Pik), and the variants of the effector (AVR-Pik)
they recognize. When combined with the analysis of biophysical
interactions in vitro and cell death responses in the model plant
N. benthamiana, these structures provide new understanding, and
unexpected findings, on how co-evolution has driven the emergence of new plant NLR receptor specificities.
High levels of diversifying selection in allelic plant NLRs and
pathogen effectors suggest direct interaction between the proteins.
Previous studies where structures of the effectors, but not the interacting NLR domain, were available showed that distributed surface-presented residues on the effectors defined NLR recognition
specificity, mediated by polymorphic LRR domains14,15. The integrated HMA domains are the most polymorphic regions of the rice
Pik-1/Pik-2-paired NLRs, and Pik-HMA amino acids that form the
interfaces with effectors are probably under the strongest selective
pressure. Thus, during the course of plant–pathogen co-evolution,
at least two alternative solutions for recognizing divergent effectors
have emerged. One of these involves the integration and diversification of non-canonical domains in the NLR architecture. The second
involves the diversification of LRR domains. An important question
raised by these studies is what has driven the emergence of these different systems? An advantage of the integrated domain is that (once
stably incorporated) it may tolerate the accelerated accumulation of

mutations, followed by selection for function, as mutations may be
less likely to disrupt the overall structure and function of the NLRs.
One outcome from this work is the surprising plasticity of
the Pik-HMA interfaces that supports differential recognition of
AVR-Pik variants. Interactions across interface 2 are important
for effector binding by Pikp-HMA and Pikm-HMA. Disruption of
interface 2 by amino acid polymorphisms in AVR-PikE and AVRPikA eliminates Pikp-mediated cell death in planta and weakens
Pikm-mediated cell death. The unique polymorphism that defines
AVR-PikC (Ala67Asp) also maps to interface 2 and may result in
a steric clash preventing, or severely reducing, Pik-HMA binding.
Our structural data support a conclusion that more-favourable
interactions across interface 3 have evolved in Pikm-HMA to, inpart, compensate for the effect of AVR-Pik variation at interface 2
and support cell death signalling. Our biophysical data indicate that
quantitative binding differences, visualized as a disruption of interfaces in the structures, underpin differential effector recognition by
Pik-HMAs and that a threshold of binding is required for the activation of response in planta. These insights will inform future structure–function studies to address whether rational engineering of
Pik-HMA–effector-binding interfaces can generate NLR receptors
with improved recognition profiles. Ultimately, we must understand
how the recognition of effectors, through either integrated domains
or other mechanisms, results in the triggering of immune responses
in the context of the full-length proteins and, potentially, oligomeric
states.

Methods

Gene cloning. For details of gene cloning, please see Supplementary Methods.
Expression and purification of proteins for in vitro binding studies. pOPINM,
which encodes Pikm-HMA or Pikp-HMA, was transformed into Escherichia coli
SHuffle cells45. Inoculated cell cultures were grown in autoinduction media46 at
30 °C for 6 h and 18 °C overnight. Cells were harvested and proteins were extracted
as previously reported33. AVR-Pik effectors with a cleavable N-terminal SUMO
(small ubiquitin-like modifier) or MBP (maltose-binding protein) tag and a noncleavable C-terminal 6×His tag were produced in and purified from E. coli SHuffle
cells as previously described33, using either autoinduction media46 or Power Broth
(Molecular Dimensions).
The protein concentration of AVR-Pik effectors was determined by absorption
at 280 nm using a NanoVue spectrophotometer (GE Life Sciences). Measurements
were corrected using the molar extinction coefficient 25,105 M−1 cm−1, as calculated
by Expasy (http://web.expasy.org/protparam). Owing to the lack of aromatic
residues in Pik-HMA, protein concentrations were measured using a Direct Detect
Infrared Spectrometer (Merck).
Co-expression and purification of Pik-HMA–AVR-Pik effectors for
crystallization. Relevant Pik-HMA domains and AVR-Pik effectors were coexpressed in SHuffle cells following co-transformation of pOPINM:Pik-HMA and
pOPINA:AVR-Pik, as previously described33. Cells were grown in autoinduction
media (supplemented with both carbenicillin and kanamycin), harvested and
processed as described in the Supplementary Methods. Protein concentrations
were measured by absorbance at 280 nm using a NanoVue spectrophotometer
Nature Plants | www.nature.com/natureplants
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and an extinction coefficient of 25,105 M−1 cm−1 for Pikm-HMA complexes and
26,720 M−1 cm−1 for Pikp-HMA complexes, as calculated by Expasy (http://web.
expasy.org/protparam).
Protein–protein interaction. Analytical gel filtration. Pikm-HMA and the AVRPik effectors were mixed in a molar ratio of 2/1 and incubated on ice for 60 min. In
each case, a sample volume of 110 μl was separated at 4 °C on a Superdex 75 10/300
size exclusion column (GE Healthcare), pre-equilibrated in buffer B and at a flow
rate of 0.5 ml min−1. Fractions of 0.5 ml were collected for analysis by SDS–PAGE.
The Superdex 75 10/300 column has a void volume of 7.4 ml and a total volume
of 24 ml.
SPR. SPR experiments to analyse protein–protein interactions were performed on a
Biacore T200 system (GE Healthcare) using an NTA sensor chip (GE Healthcare).
All proteins were prepared in SPR running buffer (20 mM HEPES (pH 7.5),
860 mM NaCl and 0.1% Tween 20). Details of the cycling conditions are given in
the Supplementary Methods.
The KD for Pikm-HMA binding to AVR-Pik alleles and Pikp-HMA binding
to AVR-PikD were determined from multicycle kinetics curves using the Biacore
T200 BiaEvaluation software (GE Healthcare), with a 1:1 or 2:1 fit model,
respectively. For the interaction between Pikp-HMA and AVR-PikE and AVRPikA, and for both Pik-HMAs and the AVR-Pik mutants, it was not possible to
accurately determine the KD owing to the insufficient quality of the data. In these
cases, the level of binding was expressed as a percentage of the Rmax normalized for
the amount of ligand immobilized on the chip. SPR data were exported and plotted
using Microsoft Excel. Each experiment was repeated a minimum of three times,
with similar results.
Y2H analyses. The Matchmaker Gold Yeast Two-Hybrid System (Takara Bio USA)
was used to detect protein–protein interactions between Pik-HMAs and AVR-Pik
effectors. The DNA encoding the Pik-HMAs in pGBKT7 was co-transformed with
either the individual AVR-Pik variants or the mutants in pGADT7 into chemically
competent Saccharomyces cerevisiae Y2HGold cells (Takara Bio USA). Single
colonies grown on selection plates were inoculated in 5 ml SD-Leu-Trp plate and
grown overnight at 30 °C. Saturated culture was then used to make serial dilutions
of optical density at 600 nm (OD600) 1, 1−1, 1−2 and 1−3, respectively. Of each
dilution, 5 μl was then spotted on a SD-Leu-Trp plate as a growth control and also on
a SD-Leu-Trp-Ade-His plate containing X-α-gal and aureobasidine, as detailed in the user
manual. Plates were imaged after incubation for 60–72 h at 30 °C. Each experiment
was repeated a minimum of three times, with similar results.
To confirm protein expression in yeast, the total protein was extracted from
transformed colonies by boiling the cells for 10 min in LDS Runblue sample buffer.
Samples were centrifugated, and the supernatant was subjected to SDS–PAGE
before western blotting. The resulting membranes were probed with anti-GAL4
DNA-BD (Sigma) for the HMA domains in pGBKT7 and anti-GAL4 activation
domain (Sigma) antibodies for the AVR-Pik effectors in pGADT7.
N. benthamiana cell death assays. Transient gene expression in planta was
performed by delivering T-DNA constructs with Agrobacterium tumefaciens
GV3101 strain into 4-week-old N. benthamiana plants grown at 22–25 °C with high
light intensity. Pik-1, Pik-2, AVR-Pik and P19 were mixed at OD600 0.4, 0.4, 0.6
and 0.1, respectively. Detached leaves were imaged at 5 dpi from the abaxial side.
Images are representative of three independent experiments, with internal repeats.
The cell death index used for scoring is as presented previously33 (also included in
Supplementary Fig. 1d). The scoring for all replicas is presented as box plots, which
were generated using R v3.4.3 (https://www.r-project.org/) and the graphic package
ggplot2 (ref. 47). The centre line represents the median, the box limits are the upper
and lower quartiles, the whiskers are the 1.5×interquartile range and all of the data
points are represented as dots.
The presence of each protein, as expressed in representative assays, was
determined by SDS–PAGE or western blot. For this, the leaf tissue was frozen
and ground to fine powder in liquid nitrogen using a pestle and mortar. The leaf
powder was mixed with two-times weight/volume ice-cold extraction buffer (10%
glycerol, 25 mM Tris (pH 7.5), 1 mM EDTA, 150 mM NaCl, 2% w/v PVPP, 10 mM
dithiothreitol, 1×protease inhibitor cocktail (Sigma) and 0.1% Tween 20 (Sigma)),
centrifuged at 4,200g at 4 °C for 20–30 min and the supernatant was filtered (0.45 μm).
Crystallization, data collection and structure solution. For crystallization, PikHMA–AVR-Pik complexes were concentrated in buffer B (see Supplementary
Methods). Sitting drop, vapour diffusion crystallization trials were set up in 96-well
plates, using an Oryx nano robot (Douglas Instruments). Plates were incubated at
20 °C, and crystals typically appeared after 24–48 h. For data collection, all crystals
were harvested from the Morpheus HT-96 screen (Molecular Dimensions) and
snap frozen in liquid nitrogen. The details of each crystallization condition are
given in the Supplementary Methods.
X-ray data sets were collected at the Diamond Light Source. The data were
processed using the xia2 pipeline48 and AIMLESS49, as implemented in CCP450. The
structures were solved by molecular replacement using PHASER51 and the PikpHMA–AVR-PikD structure33. The final structures were obtained through iterative
Nature Plants | www.nature.com/natureplants

cycles of manual rebuilding and refinement using COOT52 and REFMAC553, as
implemented in CCP450. Structures were validated using the tools provided in
COOT and MOLPROBITY54. More details on data collection and refinement are
given in the Supplementary Methods.
Protein interface analyses. Protein interface analyses were performed using
QtPISA36. For each complex, one Pik-HMA–AVR-Pik effector assembly was used
as a representative example. QtPISA interaction radars36 were produced using the
reference parameter ‘Total Binding Energy’. The area of the polygon indicates the
likelihood of the interface to constitute part of a biological assembly (the greater
the area, the more likely the interface constitutes part of a biological assembly).
The scales along the beams compare the key interface properties to statistical
distributions derived from the PDB. In general, if the radar area is contained
within the 50% probability circle, then the interface is considered superficial and
its biological relevance is questionable. In cases where the radar area is expanded
outside the 50% probability circle, the interface is considered more likely to be
significant and biologically relevant36.
Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.
Data availability. The coordinates and structure factors have been deposited in the
PDB with accession codes 6FU9 (Pikm-HMA–AVR-PikD), 6FUB (Pikm-HMA–
AVR-PikE), 6FUD (Pikm-HMA–AVR-PikA), 6G10 (Pikp-HMA–AVR-PikD) and
6G11 (Pikp-HMA–AVR-PikE).
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Experimental design

1. Sample size
Describe how sample size was determined.

No sample size calculation was performed. Sample size was based on previous literature and
experimental logistic. The data is consistent within and between independent experiments.
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2. Data exclusions
Describe any data exclusions.

No data were excluded.

3. Replication
Describe the measures taken to verify the reproducibility
of the experimental findings.

SPR kinetic curves were measured at least 3 times using aliquots from at least 2 different
protein preps, with comparable results.
For the cell death assay in Nicotiana benthamiana 3 biological replicas with 30 repeats each
were performed. In the case of data shown in supplemental Fig.2 (repetition of previously
published data with a different vector), one of the biological replicas included only 20
repeats. All attempt at replication were successful.
Co-IP and Yeast-2-Hybrid experiments were repeated at least 3 times with similar results.

4. Randomization
Describe how samples/organisms/participants were
allocated into experimental groups.

No experimental group was used in this study. In the cell death assay, to avoid possible
positional and developmental effect, each combination to be tested was spotted in a
different position on the leaf, and on younger and older leaves, for each replica.

5. Blinding
Describe whether the investigators were blinded to
group allocation during data collection and/or analysis.

No blinding has been used. High resolution images of all samples have been stored and could
be scored again at any time.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6. Statistical parameters

n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons
Test values indicating whether an effect is present
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)
See the web collection on statistics for biologists for further resources and guidance.
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For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this
study.

All crystallography data were processed using the CCP4 Program Suite v. 7.0.051 (including
xia2, AIMLESS, COOT and REFMAC5) with user interface CCP4i2 v. 0.0.5 (http://
www.ccp4.ac.uk).
The final models were evaluated using MOLPROBITY 4.4 (http://
molprobity.biochem.duke.edu)
The boxplot were generated using R v. 3.4.3 (https://www.r-project.org/) and the graphic
package ggplot2 (H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag
New York, 2009).
All other graphs have been generated using Microsoft Excel for Mac v. 16.9 (Microsoft
Corporation, USA)
The Surface Plasmon Resonance data were processed using the Biacore T200 Evaluation
Software v. 2.0 from GE Healthcare Bio-Science AB, Sweeden.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

`

Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of
unique materials or if these materials are only available
for distribution by a third party.

All unique materials used in this study are readily available from the authors.
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9. Antibodies

Monoclonal ANTI-FLAG® M2 antibody produced in mouse from SIGMA, Cat. n. F1804, Lot n.
SLBT7654. Used diluted 1:3000.
Monoclonal anti-HA high affinity antibody 3F10 produced in rat from Roche, Cat.
n.11867423001, Lot.n. 14553800. Used diluted 1:3000.
SIGMA Anti-GAL4 DNA-BD antibody produced in rabbit, Cat no. G3042. Used diluted 1:3000.
SIGMA Anti-GAL4 Activation domain antibody produced in rabbit, Cat no. G9293. Used
diluted 1:3000.
Sigma Anti-Rat IgG-Peroxidase antibody produced in goat, Cat. no. A9307. Used diluted
1:10000
SIGMA Anti-Rabbit IgG–Peroxidase antibody produced in goat, Cat. no. A0545. Used diluted
1:10000
Promega Anti-Mouse IgG, HRP Conjugate, Cat. no. W4021. Used diluted 1:10000
All the antibodies used in this study were commercial antibodies to standard epitope tags,
validated by manufacturers.

10. Eukaryotic cell lines

`

a. State the source of each eukaryotic cell line used.

No eukaryotic cell lines have been used in this study.

b. Describe the method of cell line authentication used.

No eukaryotic cell lines have been used in this study.

c. Report whether the cell lines were tested for
mycoplasma contamination.

No eukaryotic cell lines have been used in this study.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines have been used in this study.
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Describe the antibodies used and how they were validated Anti c-Myc monoclonal antibody produced in mouse from Santa Cruz Biotechnology, Cat. n. cfor use in the system under study (i.e. assay and species). Myc Antibody (9E10): sc-40 HRP, Lot n. A0716. Used diluted 1:3000.

Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or
animal-derived materials used in the study.

No animals were used in this study.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population
characteristics of the human research participants.

This study did not involved human research participants.
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