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Many plant and animal immune receptors have a modular nucleotide-binding-leucine-rich repeat (NB-LRR) architecture in
which a nucleotide-binding switch domain, NB-ARC, is tethered to a LRR sensor domain. The cooperation between the switch
and sensor domains, which regulates the activation of these proteins, is poorly understood. Here, we report structural
determinants governing the interaction between the NB-ARC and LRR in the highly homologous plant immune receptors
Gpa2 and Rx1, which recognize the potato cyst nematode Globodera pallida and Potato virus X, respectively. Systematic
shuffling of polymorphic sites between Gpa2 and Rx1 showed that a minimal region in the ARC2 and N-terminal repeats of
the LRR domain coordinate the activation state of the protein. We identified two closely spaced amino acid residues in this
region of the ARC2 (positions 401 and 403) that distinguish between autoactivation and effector-triggered activation.
Furthermore, a highly acidic loop region in the ARC2 domain and basic patches in the N-terminal end of the LRR domain
were demonstrated to be required for the physical interaction between the ARC2 and LRR. The NB-ARC and LRR domains
dissociate upon effector-dependent activation, and the complementary-charged regions are predicted to mediate a fast
reassociation, enabling multiple rounds of activation. Finally, we present a mechanistic model showing how the ARC2, NB,
and N-terminal half of the LRR form a clamp, which regulates the dissociation and reassociation of the switch and sensor

domains in NB-LRR proteins.

Resistance (R) proteins play a central role in the
recognition-based immune system of plants. Unlike
vertebrates, plants lack an adaptive immune system
with highly specialized immune cells. Instead, they
rely on an innate immune system in which each cell
is autonomous. Two types of immune receptors
can be distinguished in plants, pathogen-associated
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molecular patterns recognition receptors that detect
conserved molecular patterns in plant pathogens and
intracellular R proteins that recognize specific effectors
employed by pathogens as modifiers of host metabo-
lism or defense mechanisms (Jones and Dangl, 2006).
Effector-triggered activation of R proteins leads to an
array of protective responses, often culminating in
programmed cell death at the site of infection
(Greenberg and Yao, 2004), thereby preventing further
ingress of the pathogen. Pathogens have evolved
mechanisms to evade recognition by R proteins and to
regain their virulence (Dodds and Rathjen, 2010). This
continuous coevolutionary process between host and
pathogen has resulted in a reservoir of highly diverse R
proteins in plants, enabling them to counteract a wide
range of pathogens and pests.

The most common class of R proteins consists of
nucleotide-binding (NB)-leucine-rich repeat (LRR) proteins
with a tripartite domain architecture, which roughly
corresponds to an N-terminal response domain (a coiled
coil [CC] or Toll/Interleukin-1 receptor [TIR] domain)
involved in downstream signaling, a central molecular
switch domain (the NB domain present in the mam-
malian apoptosis regulator Apafl, plant R proteins, and
the Caenorhabditis elegans apoptosis regulator CED4
[NB-ARC]), and a C-terminal sensor domain (the LRR
domain). The NB-ARC domain is an extended nucleotide-
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binding domain that plant immune receptors share with
metazoan apoptosis regulators and immune receptors
such as Apafl, CED4, and nucleotide-binding oligo-
merization domain (NOD-like) receptors (NLRs) and
belongs to the STAND (signal transduction ATPases
with numerous domains) family of nucleoside triphos-
phatase domains (van der Biezen and Jones, 1998;
Leipe et al., 2004; Albrecht and Takken, 2006; Maekawa
et al.,, 2011b). The overall modular architecture of
metazoan STAND nucleoside triphosphatase is sim-
ilar to that of NB-LRR plant immune receptors, but the
domains flanking the NB-ARC domain often differ. In
NLRs, for example, several N-terminal domains can
be found, including caspase-recruiting domains and
Pyrin domains (Proell et al., 2008). In the mammalian
protein Apafl, the sensor involved in cytochrome ¢
detection consists of C-terminal WD40 repeats (Zou
et al., 1997).

In plant NB-LRR resistance proteins, the recognition
of a pathogen effector via the LRR domain is thought
to switch the conformation of the protein from a closed,
autoinhibited “off” state into an open, active “on” state
(Lukasik and Takken, 2009). The activation of NB-LRR
proteins is most likely a multistep process in which the
NB-ARC domain plays a central role. The three sub-
domains of the NB-ARC, the NB, ARC1, and ARC2,
collectively form a nucleotide-binding pocket that adopts
different conformations depending on the bound nu-
cleotide. This mechanism seems to be conserved be-
tween proteins from organisms as distant as bacteria,
metazoans, and plants (Rairdan and Moffett, 2007;
Danot et al., 2009; Takken and Tameling, 2009). The
conformational change coincides with the exchange
of bound ADP for ATP in the NB-ARC, probably
stabilizing the active conformation (Tameling et al.,
2006; Ade et al., 2007). Hydrolysis of the bound ATP
is hypothesized to return the domains to their in-
active state. The exact mechanism by which elicitor
recognition via the LRR leads to a conformational
change of the NB-ARC and the subsequent activation
of immune signaling pathways is not clear.

Previous studies have shown that the CC/TIR, NB-
ARC, and LRR domains in plant immune receptors
interact and cooperate with each other in an interde-
pendent manner (Moffett et al.,, 2002; Leister et al.,
2005; Ade et al., 2007; Rairdan et al., 2008). From these
data, a picture emerges in which the LRR domain is
not only involved in pathogen recognition, but also
plays a role in maintaining an autoinhibited resting
state in the absence of pathogens via its interactions
with the other domains (Bendahmane et al.,, 2002;
Hwang and Williamson, 2003; Ade et al., 2007; Qi
et al., 2012). A similar role as regulatory domain has
been found for the sensor domains of other NLRs, such
as the mammalian Apafl (Hu et al., 1998). For the
potato (Solanum tuberosum) immune receptor Rx1, a
model plant NB-LRR protein, it has been shown that
the LRR cooperates with the ARC subdomains in
retaining the inactive state of the protein. The deletion
of the ARC and LRR domains leads to a constitutive
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activity of the NB (Bendahmane et al., 2002; Rairdan
et al., 2008). In addition, it was demonstrated that the
elicitor, the Potato virus X (PVX) coat protein, modifies
the interdomain interactions in Rx1 (Moffett et al.,
2002; Rairdan et al., 2008). Sequence exchanges be-
tween Rx1 and the highly homologous nematode
resistance protein Gpa2 (88% amino acid identity)
resulted in incompatibilities between the domains that
give rise to inappropriate activation of cell death re-
sponses (Rairdan and Moffett, 2006), indicating that
the cooperation between the sensor and switch do-
mains depends on an interaction fine tuned by in-
tramolecular coevolution. In this light, it is interesting
to note that a functional ortholog of Rx1, Rx2 from
Solanum acaule, is almost identical to Rx1 in its LRR
region but displays a higher similarity to Gpa2 in
stretches of its CC-NB-ARC sequence (Bendahmane
et al., 2000).

The aim of our study was to pinpoint the molecular
determinants controlling the switch between the resting
and activation state of NB-LRR proteins. The incom-
patibility between the ARC and LRR domains of Rx1
and Gpa2 was used as a guideline to dissect the mo-
lecular and structural determinants involved in the
cooperation between the switch (NB-ARC) and sensor
(LRR) domain. An extensive exchange of polymorphic
residues between these two homologous NB-LRR pro-
teins resulted in the identification of a minimal fragment
of 68 amino acid residues in the ARC2 domain and the
first LRR repeats as being crucial for proper activation of
Gpa2 and Rx1. Within this minimal region, we identi-
fied two amino acids that, despite their proximity in
the amino acid sequence, differentiate between elicitor-
dependent (position 401) and independent activation
(position 403). However, structural modeling of the do-
mains shows that the residue at position 403 operates at
the interface of the ARC2 and N-terminal part of the LRR
domain, while residue 401 mapped at the interface be-
tween the ARC2 and NB domain. Furthermore, an acidic
loop region in the ARC2 domain and complementary-
charged basic patches in the N-terminal half of the LRR
domain are shown to be required for the physical inter-
action between these domains. We demonstrate that the
binding between the CC- NB-ARC and LRR domains is
disrupted upon elicitor-dependent activation and that
the complementary-charged residues are predicted to
facilitate reassociation. Two independent docking simu-
lations of the NB-ARC and LRR domain indicate that the
LRR domain binds to the NB-ARC domain at the surface
formed by the interaction of the ARC2 and NB sub-
domains. We present a mechanistic model in which the
first repeats of the LRR, the ARC2 subdomain, and the
NB form a clamp, which governs the shuttling be-
tween a closed, autoinhibited “off” state and an open,
active “on” state of the resistance protein. Finally, we
discuss the consequences of the functional con-
straints imposed by the interface of the NB, ARC2,
and LRR domain for the generation of novel resis-
tance specificities via evolutionary processes and ge-
netic engineering.
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RESULTS

A Minimal Region in the ARC2 of Gpa2 Determines the
Incompatibility with the LRR Domain of Rx1

To identify the amino acids in Gpa2 that caused
the incompatibility with the LRR of Rx1 (Rairdan and
Moffett, 2006), we systematically replaced parts of
the CC-NB-ARC of Gpa2 with the corresponding Rx1
sequences in a constitutively active chimera of Rx1
and Gpa2 (G13R45 construct [Fig. 1A, constructs 3-7]).
Constitutive (elicitor-independent) activation was as-
sessed by transiently coexpressing the constructs with
GFP as control in Nicotiana benthamiana plants and scor-
ing the hypersensitive response. Elicitor-dependent acti-
vation was assessed by coexpressing the PVX coat
protein to activate Rx1 (eliciting CP106 and non-
eliciting CP105) and variants of the RanBPM-like ef-
fector (RBP1) of the potato cyst nematode Globodera
pallida to activate Gpa2 (i.e. eliciting RBP1 variant
D383-1 and noneliciting RBP1 variant Rook4; Sacco
et al., 2009). The strength of the observed hypersensitive
response was ranked from 0 to 5 (no hypersensitive re-
sponse to full hypersensitive response; Supplemental Fig.
S1), and scores of at least three independent experiments
with four replicates each were averaged. All tested chi-
meric constructs are untagged; however, the constructs
that displayed a loss of function were recloned with an
N-terminal c-Myc-tag to assess their stability via an im-
munoblot (Supplemental Fig. S2).

Replacing the C-terminal part of the ARC2 (fragment
3c) resulted in a slight reduction of both autoactivity
and elicitor-dependent activity (Fig. 1A, construct 4).
This fragment contains seven of the 14 polymorphic
amino acid positions in the ARC2. Replacing the com-
plete ARC2 domain of Gpa2 (fragment 3b and 3c) with
the Rx1 sequence (Fig. 1A, construct 5) strongly reduced
the autoactive response, while the elicitor-dependent
response became only slightly weaker. Exchanging
both ARC1 and ARC2 of Gpa2 in G13R45 (Fig. 1A,
construct 6) resulted in a complete loss of autoactivity
and similar responses to CP106 as Rx1.

Replacing only the ARC1 and ARC2 domains of Rx1
with the corresponding Gpa2 sequence (Fig. 1, A and
B, construct 9) resulted in autoactivity indistinguish-
able from that seen for G13R45. Replacing the single
fragments (3a-3c) of the ARC domain in an Rx1 back-
ground by Gpa2 sequences only led to constitutive ac-
tivity when the N-terminal half of the ARC2 (fragment
3b) was also replaced (Fig. 1, A and B, constructs
12-14). However, combining fragment G3b of the ARC2
with either the N-terminal- or C-terminal-flanking
Gpa2 fragments (G3ab and G3bc) resulted in a level
of constitutive activity comparable to that seen when
the full ARC domain derived from Gpa2 was intro-
duced (Fig. 1, A and B, constructs 10 and 11). The
construct in which only G3b is replaced with R3b in
the G13R45 background shows no autoactivity at all
(Fig. 1A, construct 16).
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In conclusion, these data show that the N-terminal
part of the ARC2 region (fragment 3b; aa372-440) has a
central role in the cooperation of the NB-ARC with the
LRR domain.

The First Two N-Terminal Repeats in the LRR Region of
Rx1 Are Incompatible with the ARC2 of Gpa2

The incompatibility between the ARC2 of Gpa2 and
the LRR of Rx1 depends not only on differences be-
tween the Gpa2 and Rx1 in the ARC2 domain, but on
polymorphisms in the LRR as well. To assess whether
we could delineate a region in the LRR of Rx1 re-
sponsible for the incompatibility with the ARC2 of
Gpa2, we stepwise replaced fragments of the LRR of
Rx1 in the constitutively active G13R45 construct (Fig.
1C, construct 3) with sequences of Gpa2 from the
junction between the ARC2 and LRR toward the C
terminus (Fig. 1C, constructs 17-21). A loss of the
autoactive response was observed when the first three
repeats of the LRR were replaced by the Gpa2 se-
quence (Fig. 1C, constructs 17-19). These constructs
could still be activated by the Rx1 elicitor CP106, giv-
ing a consistently stronger response when coexpressed
with the PVX coat protein than when coexpressed with
GFP. However, replacing repeats 4 to 9 and 10 to 14 of
the LRR domain of Rx1 with the corresponding Gpa2
sequences did not enable a specific activation by either
the viral or the nematode elicitors (Fig. 1C, constructs
20 and 21). MYC-tagged versions of constructs 19 to 21
could be detected by western blotting at levels similar
to those of Gpa2 and Rx1, demonstrating that any loss
of function cannot be attributed to a loss of protein
stability (Supplemental Fig. S2).

Because exchanging the fragment encompassing
the first three repeats of the LRR of Rx1 by the cor-
responding Gpa2 sequence abolished the autoactivity
observed for G13R45 (Fig. 1C, construct 3), we fur-
ther explored the role of this region (4a) of the LRR in
the interdomain incompatibility. Segments 4al to
4a3, consisting of individual Leu-rich repeats and
combinations thereof, were replaced by their Rx1
counterparts in Gpa2 (Fig. 1C, constructs 22-25).
Replacing only the first or only the second Leu-rich
repeat in the LRR domain of Gpa2 with the corre-
sponding Rx1 sequences did not result in constructs
that were phenotypically different from wild-type
Gpa2 (Fig. 1C, constructs 22 and 23). Exchanging
both the first and second repeat of the LRR domain
in Gpa2 with the Rx1 sequence on the other hand
resulted in a strongly autoactive protein (Fig. 1C,
construct 24). No further increase in the autoactivity
was observed when the third repeat from Rx1 was
replaced in addition to the first two (Fig. 1C, con-
struct 25). Based on these data, we conclude that the
amino acid sequence divergence in the first two
N-terminal repeats of the LRR region of Rx1 causes
this domain region to be incompatible with the ARC2
of Gpa2.

Plant Physiol. Vol. 162, 2013


http://www.plantphysiol.org/cgi/content/full/pp.113.218842/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218842/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218842/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218842/DC1

Interface of the Switch and Sensor Domains in Gpa2 and Rx1

A
&l NoAL D DD G761 G879 G913
Exchanged\ = i ST S R756 R874 R937
segments ] 2 [3a] 3b [3c !1 '24?3 4 4b | 4 5] HR strength
Domains [ CC___ | N8 [ARCI]_ARCZ | LRR Al 59 =9
Polymorphisms [ T T 1 0 0 N 0 s a =2
(=2} o
Rx1 1. ms5 01
Gpa2 2, I I =22 @2
G13R45 3. I m45 M5 M5
4. T m4 W4
5. [ L 015 (M45 W4
6. C T W5 @25
A — | m5 0O2
8. N W45 |H5 ME45
Q. I | | W45 W4
10. ms5 B4
1. m5 @35
12. m5 @3
13. 005 m4 m3
14. Oop (m45 O0
15. 1 T Oo (m5 OO0
16. C [ : Op 'm35 OO0

B RITRe T35 T R4 [R5]

C ! \C?| | . Nlﬁ 1 IAR?11 ARC2 | LRR [A] o ‘2‘_ (_‘3 ‘é‘ g g § g é“

TCTCTC_TE T T TITITCTIT .  = s — 3 58 x

o =3 a o ES

Rx1 1. I ] ) |5 01 oo 0o

Gpa2 2. | T -  EN— I — T T 102 |02z O2 |m45 O2
G13R45 3. [ I 1 [ I 45 (mS5 ES5
17. C I - [ . 35 H 45 35
18. [ I | — I T I 35 H45 E4
19. ( I | — I 11 I (2 m35 @3

20. T -  — — — I 1 |01 01 |01 O1

21. I 1 | - — I 01 (01 01 |[O1 O1

22,1 T 1 | — T T ] @2 W5 O2

23, I T -  —— — I I 1015 m4 O2

24 [ I  — I 1 T T T ] W4 |5 |4

25, T — T — T T 1 W4 w4 W4

Figure 1. Phenotypes of sequence exchange constructs exploring the incompatibility between the Gpa2 NB-ARC and Rx1 LRR.
A, The top row shows sequence fragments exchanged between Gpa2 and Rx1 with the positions of the breakpoints in the amino
acid sequence given above. If the numbering of the positions differ between Rx1 and Gpa2, both numbers are given. The
second row shows the domain architecture with the CC, NB, ARC1, and ARC2 subdomain and the LRR domain. In the third
row, the amino acid positions polymorphic between Rx1 and Gpa2 are indicated. The Rx1 sequence is depicted in white and
the Gpa2 sequence is depicted in black in the chimeric constructs. The constructs 1 to 16 are created to delineate the Gpa2 NB-
ARC segment incompatible with the Rx1 LRR underlying the constitutive activity of G13R45. On the right-hand side, the
hypersensitive response (HR) phenotype of these constructs is given for coexpression with GFP (elicitor-independent activity),
CP106 (elicitor-dependent activity), and CP105 from the Rx1-breaking strain PVX,,; to test recognition specificity. The strength
of the hypersensitive response phenotypes after 7 d are given by a scale from 0 (white = no hypersensitive response) to 5 (dark
red = full necrosis), averaged over at least three repetitions and rounded to 0.0 or 0.5. B, Phenotypes of the constructs in which
fragments of the ARC domain in the Rx1 background are replaced by Gpa2 sequences. The ARC fragments (3a, 3b, and 3¢) are
shown in white (Rx1) or black (Gpa2) to depict the composition of the chimeric construct. The numbering corresponds to the
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Combining the ARC2 of Gpa2 with the LRR of Gpa2
Restores Elicitor-Dependent Activity

Unlike the strongly autoactive G13R45, the recip-
rocal construct R13G45 (Fig. 2A, construct 26), in
which we combined the CC-NB-ARC of Rx1 and the
LRR of Gpa2, shows a loss of elicitor-dependent activation.
The weak elicitor-independent activation displayed
upon overexpression of Gpa2 is also not observed for
R13G45. MYC-tagged versions of Gpa2 and R13G45
were detected at similar levels on western blots of
total leaf extracts, showing that the loss of autoactivity
was not due to instability of the R13G45 protein
(Supplemental Fig. S2). Based on our previous results,
we hypothesized that replacing the region that deter-
mines incompatibility between the CC-NB-ARC of Rx1
and the LRR of Gpa2 in R13G45 with the corresponding
Gpa2 sequence would lead to a reconstitution of the
Gpa2-specific elicitor-dependent activation. Replacing
only the C-terminal half of the ARC2 of Rx1 in R13G45
with the corresponding sequences of Gpa2 resulted in a
weak RBP1-dependent activation (Fig. 2A, construct 27).
Replacing the complete ARC2 (fragments 3b and 3c)
resulted in an intermediate cell death response to RBP1
(Fig. 2A, construct 28). When both ARC1 and ARC2 of
Rx1 were exchanged for their Gpa2 counterparts, the
resulting elicitor-dependent and elicitor-independent
responses became indistinguishable from the full-length
Gpa2 protein (Fig. 2A, construct 30). Thus, when an
increasingly large segment of the CC-NB-ARC of Rx1
in R13G45 was replaced with the corresponding Gpa2
sequence, we observed a gradual regain of elicitor-
dependent activation in response to the elicitor RBP1
(Fig. 2A, constructs 27-32). The stability of MYC-tagged

versions of constructs 26 to 32 was confirmed by west-
ern blotting (Supplemental Fig. S2).

The C-terminal half of the ARC2 domain of Gpa2
(fragment 3c) in the background of the Gpa2 protein
can be replaced with the corresponding Rx1 sequence
without a complete loss of RBP1-induced activation
(Fig. 2A, construct 33). The exchange of the N-terminal
half of the ARC2 in Gpa2 (fragment 3b) with the Rx1
sequence resulted in loss of elicitor-dependent activa-
tion and the weak autoactivation typically associated
with overexpression of full-length Gpa2 (Fig. 2A,
construct 35). MYC-tagged versions of constructs 33 to
36 could be shown to be expressed to similar levels as
Gpa2 or Rx1 on western blot (Supplemental Fig. S2).
Overall, our data support a model in which parts of
the ARC2 subdomain and the first N-terminal repeats
of the LRR domain form a regulatory unit within Gpa2
and Rx1. In the absence of the elicitor, these domain
regions keep the resistance protein in an autoinhibited
state, while in the presence of the elicitor, they coop-
erate in the activation of the R protein.

Two Residues that Are Polymorphic between Gpa2 and
Rx1 Distinguish between Elicitor-Independent and
Elicitor-Dependent Activation

Based on our Rx1/Gpa2 sequence exchanges, we
concluded that among the seven polymorphic residues
in the ARC2 region from amino acid positions 372 to
440 (fragment 3b) of Gpa2 and Rxl1, there are residues
that play an important role in the functional interactions
between the NB-ARC and LRR domain (Fig. 3A). Po-
sition 401 in the ARC2 domain of Rx1 harbors a Gln,

Figure 1. (Continued.)

numbering of the constructs in Figure TA. Coexpression with GFP shows autoactive response. Coexpression with PVX CP106
shows the elicitor-dependent activation. A minimal incompatible domain (G3b, amino acid positions 372-440) was identified
in which seven residues differ between Rx1 and Gpa2 (construct 12). C, Overview of the sequence exchange constructs aimed
at defining the LRR region responsible for the observed incompatibility between the Gpa2 CC-NB-ARC and Rx1 LRR (G13R45).
Like Figure 1A, the observed autoactive and specific cell death responses are indicated, and the responses to RBP D383-1 (an
elicitor of Gpa2) and RBP Rook-4 from a Gpa2-breaking Globodera pallida population are included.
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Figure 3. The role of the polymorphic ARC2 positions 401 and 403 in elicitor-dependent and elicitor-independent activation.
A, Alignment of the amino acid sequences of Gpa2 and Rx1 in sequence exchange fragments 3a, 3b, and 3c. The predicted
secondary structure is shown above the sequences. Bars represent a-helices, and arrows denote B-strands. Polymorphic po-
sitions are highlighted by gray boxes. Positions 401 and 403 are indicated by stars. The identities of these positions were ex-
changed between Gpa2 and Rx1 via targeted mutagenesis and introduced in constructs either as single substitutions or as a pair.
B, Agroinfiltration assay of Gpa2 or the autoactive Gpa2/Rx1 construct G13R45 and mutant versions thereof. The Gpa2 variants
were coexpressed with its elicitor RBP1 from Globodera pallida. The G13R45 variants were expressed in the absence of an
elicitor to assess the elicitor-independent cell-death response. C, The effect of exchanging the residues at positions 401 and 403
between Rx1 and Gpa2 on the CC-NB-ARC/LRR interaction. In c-Myc-tagged versions of the CC-NB-ARC domains of Gpa2 and
Rx1, the residues at positions 401 (Gpa2 R and Rx1 Q) and 403 (Gpa2 Y and Rx1 S) were exchanged. All possible combinations
of Gpa2 and Rx1 CC-NB-ARC and LRR domains were tested for interaction in an anti-c-Myc coimmunoprecipitation assay. The
immunoblots (bottom) show the coimmunoprecipitated 4 xXHA-tagged LRR domains. The LRR of Gpa2 binding the CC-NB-ARC
R401Q of Gpaz2 is indicated by a chevron. D, Elicitor-dependent weakening of the CC-NB-ARC/LRR interaction. The CC-NB-
ARC and LRR domains of either Gpa2 or Rx1 were coexpressed in the absence and presence of their elicitors (G. pallida RBP1
and PVX CP106, respectively). Protein was extracted 32 hours post-infiltration, and the c-Myc-tagged CC-NB-ARC domains
were immunoprecipitated. E, Interaction of the wild-type and R401Q version of the CC-NB-ARC of Gpa2, with the FLAG-
tagged LRR in the presence of the coexpressed elicitor (G. pallida RBP1). The c-Myc-tagged CC-NB-ARC domains were
immunoprecipitated. [See online article for color version of this figure.]
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while Gpa2 has an Arg at this position. We hypothe-
sized that a large and positively charged residue at this
position could have a major impact on the conformation
of the NB-ARC domain. Interestingly, in a previous
study, the mutagenesis of the residues at the adjacent
positions 399 and 400 in Rx1 has been shown to cause
the constitutive activation of Rx1 (Bendahmane et al.,
2002). Therefore, this position was selected for further
analysis. The second notable difference between Gpa2
and Rx1 occurs at position 403, where Rx1 carries a Ser
and Gpa2 a Tyr. Here, we hypothesized that the dif-
ference in characteristics between the small Ser (van der
Waals volume 73 A% and the bulky aromatic Tyr (141
A% might have contributed to the observed incompat-
ibility after exchanging this sequence fragment between
Rx1 and Gpa2. In addition, position 403 is one of only
two positions (403 and 405) in which Rx2 differs from
Gpa2 in the ARC2 between amino acid positions 372 to
440 (Bendahmane et al., 2000). Like Rx1, Rx2 carries a
Ser at position 403, which makes the Tyr at this position
unique for Gpa2 and interesting for further testing.

We exchanged the individual amino acids at posi-
tions 401 and 403 between the ARC2 sequence of Gpa2
and Rx1 to study the effect on elicitor-dependent and
elicitor-independent activation of Gpa2, Rx1, and the
constitutively active G13R45 (Fig. 3A). These substi-
tutions were introduced individually or paired, re-
sulting in nine full-length constructs: G13R45 (R401Q),
Y403S, and RY/QS), Gpa2 (R401Q, Y403S, and RY/QS),
and Rx1 (Q401R, S403Y, and QS/RY). The resulting
constructs were tested for elicitor-dependent activa-
tion and elicitor-independent autoactivation in agro-
infiltration assays (Fig. 3B). The mutations at aa positions
401 and 403 resulted in distinct phenotypes. Both
Gpa2 R401Q and Gpa2 RY/QS showed a reduced
elicitor-dependent cell death response, which was not
seen for Gpa2 Y403S (Fig. 3B). G13R45 Y403S and
G13R45 RY/QS, on the other hand, showed a reduc-
tion in the autoactive response, whereas G13R45
R401Q did not (Fig. 3B). However, neither the indi-
vidual Q401R or S403Y substitutions nor the combi-
nation of the two in Rx1 resulted in autoactivation,
as observed for the Rx1 in which fragment 3b was
exchanged for the Gpa2 sequence (Fig. 1A, construct
12; data not shown). The substitutions in Rx1 did not
result in a change in the strength of the elicitor-dependent
hypersensitive response (not shown) or in a significant
change in the PVX resistance mediated by Rx1 in a
transient resistance assay (Fig. 3B). Apparently, from the
seven polymorphic residues in fragment 3b, other resi-
dues in addition to those at positions 401 and 403 need to
be exchanged to reproduce the elicitor-independent acti-
vation observed for construct 12 (Fig. 1A).

To determine if the observed phenotypes of the 401/
403 substitutions are linked to the physical interaction
of the CC-NB-ARC and LRR, we performed coimmu-
noprecipitation experiments with coexpressed CC-NB-
ARC and LRR constructs (Fig. 3C). All combinations of
the CC-NB-ARC wild-type and mutant variants with
the wild-type LRR domains of Rx1 and Gpa2 were
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tested in this experiment. The substitutions at position
403 did not lead to a reduction or increase of the phys-
ical interaction between the CC-NB-ARC and LRR,
compared with the interaction of the wild-type con-
structs. Gpa2 CC-NB-ARC R401Q), however, showed a
consistently higher affinity for the LRR domain of Gpa2
and as well as the LRR of Rx1, compared with the wild-
type CC-NB-ARC of Gpa2 or the CC-NB-ARC of Gpa2
with Y403S substitution (Fig. 3C). We noticed in several
experiments that the coexpression of Gpa2 CC-NB-
ARC-LRR R401Q led to a slightly higher accumu-
lation of the wild-type Gpa2 LRR domain, which
indicates that the LRR is stabilized by the increased
interaction with the CC-NB-ARC R401Q. However, we
observed that the wild-type Gpa2 LRR coimmuno-
precipitated at higher levels with CC-NB-ARC R401Q),
even when its levels in the input material were not
slightly elevated.

The CC-NB-ARC and LRR of Rx1 dissociate in the
presence of the PVX coat protein in plants in which
expression of the co-chaperone SGT1 (Suppressor of
G2 allele of SKP1) is silenced, in which Rx1 cannot
initiate a cell death response (Moffett et al., 2002), in-
dicating that the dissociation of these domains is part
of the activation mechanism. This earlier finding led us
to hypothesize that the reduction in elicitor-dependent
activation of the R401Q mutant of Gpa2 (Fig. 3B) could
be caused by a stronger association of the CC-NB-ARC
and LRR domains. We tested the effect of the elicitor
on the interaction between the CC-NB-ARC and the
LRR for both Gpa2 and Rx1 in nonsilenced N. ben-
thamiana plants to determine if both R proteins respond
to the elicitor in a similar way (Fig. 3D). Coexpression of
the elicitor leads to a cell death response in approxi-
mately 40 to 50 h after agroinfiltration of Rx1 or Gpa2.
To avoid the cell death, the leaves were harvested 30 h
post agroinfiltration. For both Gpa2 and Rx1, the pres-
ence of the elicitor led to a reduction of the level of the
LRR construct that was pulled down with the CC-NB-
ARC (Fig. 3D). The Gpa2 CC-NB-ARC R401Q retained a
stronger LRR interaction, even when coexpressed with
the elicitor (Fig. 3E). If the dissociation of the CC-NB-
ARC and LRR is essential for the elicitor-dependent
activation of Gpa2 and Rx1, the higher affinity be-
tween CC-NB-ARC and the LRR domain resulting from
the R401Q substitution in ARC2 may reduce the elicitor-
dependent activation of Gpa2.

In Silico Modeling of the NB-ARC and LRR Domains of
Rx1 and Gpa2 Reveals Two Novel Structural Elements

As the polymorphisms between Gpa2 and Rx1 in the
N-terminal repeats of the LRR and the ARC2 affect
interdomain interaction and cooperation, we hypoth-
esized that the relevant residues should be surface
exposed. To test this, remote homology models of the
NB-ARC and LRR three-dimensional structure were
generated. The crystal structure of the ADP-bound
human apoptosis regulator Apafl (Protein Data Bank
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[PDB] entry 1z6t; Riedl et al., 2005) was selected as a
template to model the NB-ARC of Gpa2 based on
similarity between the Gpa2 and Apafl amino acid
sequence and predicted secondary structure, as ex-
emplified by a high BLAST e-value (1le-5) and the best
score in the fold recognition using Phyre with a con-
fidence value of 100% (2.1e-21). Due to the high se-
quence similarity of Gpa2 and Rx1, the overall predicted
structure of their domains is highly similar. Therefore,
the structure prediction model of the NB-ARC of Gpa2
is presented here as an example.

The amino acid sequences of Gpa2 and Apafl were
aligned, while taking into account the secondary
structure predictions, hydrophobicity, contact pro-
pensity profiles, and conserved critical amino acids
(Supplemental Fig. S3). From the five subdomains
present in the Apafl structure (1z6t), only the nucleotide-
binding domain, helical domain I, and winged-helix
domain have counterparts in Gpa2 (the NB, ARC1,
and ARC2, respectively). Although the sequence iden-
tity of Gpa2 and Apafl is only 19.3%, the similarity
(49.1%) is sufficient to generate a three-dimensional
model by remote homology modeling. The regions
with conserved sequences were modeled by coordinate
transfer. In the variable regions, the side chains were
reconstructed, and loop regions were generated ran-
domly and filtered for steric constraints, followed by
successive rounds of simulated annealing and energy
minimization, which led to an increase of the overall
model accuracy from 3.80 A to 2.58 A according to
MetaMQAP estimation of root-mean-square deviation
(RMSD). The amino acids forming the nucleotide-
binding pocket in ADP-bound Apafl have a perfect
match in the Gpa2 NB-ARC structure (Apafl/Gpa2):
K160/K176 (P-loop motif, NB), D244 /D245 (Walker B
motif, NB), P321 /P332 (GxP motif, ARC1), and H438/
H459 (MHD motif, ARC2). In the ADP-bound state,
the NB, ARC1, and ARC2 subdomains each contribute
to the ADP-binding pocket, forming a compact globu-
lar structure around the nucleotide with the N-terminal
NB subdomain interacting with the C-terminal ARC2
subdomain. Interestingly, a loop, absent in the Apafl
structure, protrudes from the ARC2 subdomain of Gpa2
and Rx1 in the model. This loop protrudes the surface of
the predicted ARC2 structure and contains most of a
remarkable acidic cluster of nine Glu residues between
positions 409 to 435 (ELWAV EGFLN EEEGK SIEEV
AETCI NE).

A composite three-dimensional structural model
was build for the LRR domain of Gpa2. No overall
matching template for the LRR domain of Gpa2
and Rx1 was available in the PDB, mainly due to the
irregularity of the Leu-rich repeats (Supplemental Fig.
54) and low global sequence identities. Therefore,
rather than use a unique global template, we decided
to use the best local repeat templates instead and build
a composite LRR model by a special remote homology
procedure known as the Optimized Joined Fragment
Remote Homology modeling (OJFRHM) method (Sela
et al.,, 2012; see “Materials and Methods”). LRR
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segments were modeled after the best local templates:
repeats 1-4 and 8 and 9, rnalp (PDB entry lyrg), re-
peats 5 to 7, decorin (PDB entry 1xku), and repeats 10
to 15, Toll-like receptor3 (PDB entry 2a0z). The overall
template was built by joining the local templates into
the global LRR architecture using the strict constraints
imposed by the hydrogen bond network of the LRR
motif and maximizing the atomic contacts of the in-
terface between local templates. The model (Fig. 4A)
was refined by repeated rounds of energy minimiza-
tion resulting in a fine-tuning of the slight overall
curvature and twist of the LRR structure. Iterative local
refinement led to an increase of the overall model accu-
racy from 3.98 to 341 A according to MetaMQAP root-
mean-square deviation estimation, with higher scores, up
to a RMSD of 1.0 A, within the LxxLxLxxN/C motif re-
gion and in the lateral and concave regions of the surface.

In LRR repeat 9 (amino acid positions 734-740 in
Gpa2), sequence polymorphisms were observed in the
LxxLxLxxN/C motif of Rx1 (Supplemental Fig. S5A),
which are predicted to have an impact on the local
structure. The amino acids present in repeat 9 in Gpa2
follow the canonical LRR motif, whereas the amino
acids present in Rx1 are highly unlikely to form a
regular LRR repeat structure, as they introduce polar
and charged residues to the hydrophobic core of the
LRR structure (Supplemental Fig. S5A). The fact that
the local sequence of Rx1 shows a high contact-forming
propensity and no sign of intrinsic disorder suggests
that the region corresponding to repeat 9 is not an
unstructured linker, but forms a compact protrud-
ing structure separating the two halves of the LRR
(Supplemental Fig. S5B).

The Majority of the Polymorphic Residues Involved in the
NB-ARC/ LRR Interactions Are Predicted to be
Surface Exposed

To determine the spatial distribution of the amino
acids varying between Rx1 and Gpa2 in the ARC2 and
N-terminal end of the LRR, they were mapped onto our
three-dimensional models (Fig. 4B). The majority of the
seven polymorphic positions in the ARC2 region essen-
tial for NB-ARC/LRR cooperation (3b in Fig. 1A; Fig.
3A) are surface exposed in our model, which is consistent
with a role in domain interactions. This segment of the
ARC2 borders the groove where the NB and ARC2 in-
teract and close around the nucleotide-binding pocket
(Fig. 4B, polymorphic residues depicted in red). Even
though positions 401 and 403 are only one amino acid
apart in the protein sequence, their positions in the NB-
ARC structure are different. In our model, residue 401
lies in the interface between the ARC2 and the NB sub-
domains. The residue at position 403 is placed on the
outer surface of the ARC2, but close to the interface
of the NB and ARC2 (Fig. 4B). Their proximity to the
nucleotide-binding pocket (401) and the interface be-
tween the NB and ARC2 could account for the observed
effects on elicitor-dependent or independent activation
(Fig. 3).
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Figure 4. Three-dimensional models
of the structure of the NB-ARC and
LRR domains of Gpa2. A, The struc-
ture of the NB-ARC of Gpa2 created
by remote homology modeling after
the corresponding Apaf1 crystal struc-
ture is shown on the left. The three
subdomains (NB, ARC1, and ARC2)
are provided in different shades of
blue. In the structure, the main resi-
dues from each of the subdomains
contributing to the nucleotide-binding
pocket are shown in red in the struc-
ture (NB: K176 [P loop] and D245
[Walker B]; ARCT: P332 [GxP motif];
and ARC2: H459 [MHD motif]). The
ADP molecule is shown in yellow. The
predicted three-dimensional structure
model for the LRR domain of Gpa2 as
based on the OJFRHM method (see
“Materials and Methods”) is shown on
the right. The origin of the template
segments used in the modeling study
are indicated by colors on the LRR
structure. The matching sequence
stretches in the templates and the
LRR of Gpa2 are given below. B, The
positions of the Gpa2/Rx1 polymor-
phisms in the various sequence ex-
change fragments (Fig.1) are shown
in the NB-ARC and LRR models. The
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LRR domains. The surface charge
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van der Waals surface of the NB-ARC
and LRR domains.

Out of 10 polymorphisms in the N-terminal repeats
of the LRR responsible for the LRR/ARC2 incompat-
ibility (4a in Fig. 1; Fig. 4B), six mapped to one lateral-
side C terminus to the LxxLxL motif and the adjacent
positions on the convex side of the LRR (Fig. 4B). Only
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two polymorphisms in exchange segment 4al (E507
and V511) are present in the model and are located
on the concave surface (Fig. 4B). Three polymor-
phisms in this segment could not be mapped on the
predicted structure because they lay outside the
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sequence that was used to model the LRR domain.
So, a small set of amino acid residues polymorphic
between Gpa2 and Rx1 on the variable side of the
LRR structure appears to be important in the coop-
eration between the N-terminal repeats of the LRR
and the ARC2.

The LRR Domain of Rx1 and Gpa2 Can Be Divided into
Two Subunits Based on Their Charge Distribution Patterns

The prediction of an acidic loop in the ARC2
prompted us to map the surface electropotential on the
three-dimensional models of the NB-ARC and LRR
domains to be able to evaluate its functional signifi-
cance, for example in interdomain interactions. The
NB-ARC has a mostly negative surface, with a few
small positive spots on the NB and ARC1 (Fig. 4C).
The ARC?2 has a highly negative potential, to which the
concentration of Glu residues in the acidic loop makes
an important contribution. In contrast to this mostly
uniform charge distribution on the NB-ARC domain,
the charge distribution of the LRR domain is highly
segregated over the horseshoe-like structure, neatly
separating the surface into a predominantly positively
charged N-terminal region (repeats 1-8) and a second
half that is predominantly negatively charged (repeats
10-14; Fig. 4C).

Such a strict segregation in charge distribution
might be indicative of functional differences between
the two halves. Interestingly, this charge distribution
pattern corresponds with the division of the LRR of
Rx1 in two subunits by the structural motif at the
position of LRR repeat 9. Furthermore, a high local
concentration of positively charged residues, distant in
sequence but contiguous on the surface, is formed on
one lateral side of the N-terminal half of the LRR
structure in repeats 5 to 7 by K604, R628, K629, K650,
K675, and K676.

An Acidic Loop on the ARC2 and a Cluster of Basic
Residues on the N-Terminal Half of the LRR Are Required
for the Interaction between the CC-NB-ARC and LRR

To assess the putative functional relevance of the basic
patch in the LRR and the acidic loop in the ARC2 sub-
domain (Fig. 5A) in the interaction between the CC-NB-
ARC and the LRR domains, Gpa2 constructs were made
in which residues in these charged patches were altered
to noncharged residues via site-directed mutagenesis
(Fig. 5A). The effect of these substitutions on the func-
tioning of Gpa2 was tested both in full-length constructs
(in cis) and in coexpressed CC-NB-ARC and LRR do-
mains (in trans). Because functionality in trans depends
fully on the interaction between the domains, it was
expected that mutations influencing this domain inter-
action would have a greater impact on the functionality
of in trans coexpressed domains than on functionality of
the domains expressed in cis.

Three Glu residues (419-EEE-421) in Gpa2, which
form the core of the acidic loop, were replaced by
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smaller uncharged amino acids (EEE-SAS). The role of
the basic patch in the LRR was assessed by a series of
mutations altering the basic residues in LRR repeat
5 (R5: R628Q/K629T), repeat 6 (R6: K650T), and re-
peat 7 (R7: K675Q/K676A) to uncharged residues.
In the final constructs, these mutations were either
combined (R567) or introduced per repeat (R5, R6,
and R7). In the full-length Gpa2, none of the basic
patch or acidic loop mutations caused a clear loss of
function; even Gpa2 R567 showed a cell death re-
sponse similar to the wild type when coexpressed
with the elicitor (Fig. 5B).

Unlike the domains of Rx1, the CC-NB-ARC and
LRR of Gpa2 show only a very low level of elicitor-
dependent cell death induction in trans. To obtain a
more robust response, we applied domain combina-
tions that give an interaction-dependent autoactive
response in trans. The LRR of Rx1 harboring the Y712H
mutation, which is able to activate the wild-type Gpa2
and Rx1 CC-NB-ARC in trans in an elicitor-independent
manner (Rairdan and Moffett, 2006), could not activate
the CC-NB-ARC EEE-SAS in trans (Fig. 5B). The con-
structs of the LRR of Gpa2, in which the basic residues
in repeats 5 or 7 were replaced, could no longer provide
elicitor-independent transactivation in combination with
the Gpa2 CC-NB-ARC D460V constructs. The K650T
mutation in repeat 6 did not affect the in trans acti-
vation of the CC-NB-ARC D460V construct by the LRR
of Gpa2 (Fig. 5B).

To test the effect of the mutations in the basic patch
of the LRR or the acidic loop in the ARC2 domain on
the physical association between the CC-NB-ARC and
LRR domains of Gpa2, coimmunoprecipitations were
performed with the epitope-tagged domains tran-
siently coexpressed in N. benthamiana. The mutations
in the acidic loop (EEE-SAS) strongly reduced the
physical association of the CC-NB-ARC of Gpa2 with
the wild-type Gpa2 LRR (Fig. 5C). The mutations
in LRR repeats 5 and 7 (R5: R628Q/K629T and R7:
K675Q/K676A) disrupted the physical association
between the LRR and the CC-NB-ARC domains of
Gpa2, whereas the K650T mutation in repeat 6 did not
affect this interaction (Fig. 5D). No difference in pro-
tein stability between the mutated and the wild-type
products was detected on western blots (Fig. 5, C
and D). Interestingly, the acidic loop mutations (EEE-
SAS) and the basic patch mutations in repeats 5 and 7,
which led to a loss of function in the transactivation
assay, also resulted in a loss of interaction between the
CC-NB-ARC and LRR in the immunoprecipitations.
The K650T substitution in repeat 6, on the other hand,
did not affect the in trans activation of the domains
and did not affect the physical interaction, as shown
by the immunoprecipitation (Fig. 5D). These results
indicated that the cluster of acidic residues on the
ARC2 surface and the clustered basic residues on the
LRR surface are both involved in the physical in-
teraction between the CC-NB-ARC and LRR. In ad-
dition, it shows that local reduction of the surface
charge affects both the physical association and the
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Figure 5. Charged residues in a basic patch and acidic loop are required for the CC-NB-ARC/LRR interaction. A, Targeted
mutagenesis of the acidic loop in the NB-ARC and the basic patch in the LRR. The residues forming the acidic loop in the NB-
ARC structure and the location of the residues forming a basic patch on the LRR are indicated on the modeled structures. The
positions of the mutations in the ARC2 and LRR are shown in the Gpa2 sequence below. The predicted local secondary
structure is indicated by bars (a-helices) or arrows (B-strands). In the LRR, the repeat numbers (R5-R7) are given. B, In cis and in
trans functionality of the acidic loop and basic patch mutants of Gpa2. The in cis functionality was tested by coexpressing full-
length Gpa2 carrying the mutations with the Globodera pallida elicitor RBP1. The in trans functionality was tested by coex-
pressing the mutated CC-NB-ARC or LRR domains with complementary domains carrying interaction-dependent autoactivating
mutations (Rx1 LRR Y712H or Gpa2 CC-NB-ARC D460V). C, Immunoprecipitation assay to test the role of the acidic loop in
the ARC2 domain in the CC-NB-ARC/LRR interaction. Wild type (wt) and mutant (EEE419-421SAS) versions of the CC-NB-ARC
of Gpa2 were tested for their ability to coimmunoprecipitate the Gpa2 LRR. D, Immunoprecipitations of the CC-NB-ARC of
Gpa2 with the basic patch mutant versions of the LRR. LRR versions were tested in which either the full basic patch was mutated
(R567) or basic residues from single repeats were mutated (R5, R6, and R7). [See online article for color version of this figure.]

in trans functionality of the CC-NB-ARC and LRR
domains.

The LRR Is Predicted to Bind the NB-ARC at the Surface
Formed by the Interaction of the ARC2 and
NB Subdomains

Two independent docking simulations of the individ-
ual three-dimensional models of the NB-ARC and LRR
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domains were performed to gain insight in the overall
structure of Gpa2. The docking software platform
HADDOCK allows the definition of a priori ambig-
uous interaction restraints to guide the docking by fuzzily
constraining the distance between residues suspected or
known to be involved in the interaction (Dominguez
et al., 2003; see “Materials and Methods”).

In the first docking, we based the interaction restraint
for the NB-ARC on the surface-exposed polymorphic
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residues in N-terminal part of the ARC2 (amino acid
positions 372-440: A397, R401, Y403, K406, and A412;
Fig. 6A), which were shown by sequence exchange ex-
periments to be involved in the cooperation with the
LRR (Fig. 1). The positions of three known autoactivating
mutations in the LRR of Rx1 were used to create an in-
teraction restraint for the LRR (mutations S516H, D543E,
and H739K; Bendahmane et al.,, 2002, Farnham and
Baulcombe, 2006; Fig. 6A).

Both the ARC2 and the NB are predicted to have an
interface with the LRR (Fig. 6B). The interface between
the NB-ARC and LRR is formed by the concave surface
of the N-terminal half of the LRR and by the outer
surface of the NB-ARC at the position where the ARC2
and NB interact with each other in the ADP-bound
conformation. The C terminus of the ARC2 and the
N terminus of the LRR, which are connected by a
linker in the full-length protein, are oriented toward
each other in the predicted docking. The ARC1 is po-
sitioned at the opposite side of the NB-ARC and does
not contact the LRR in this configuration. The interface
formed by the LRR, ARC2, and NB displaced 2,203 A?
from the solvent accessible area, which falls within the
normal range for protein-protein interactions. Many of
the surface-exposed residues polymorphic between
Rx1 and Gpa2, which were not used as input for the
docking simulation, were also found in the interface
formed by the ARC2 and N-terminal end of the LRR
domain (Fig. 6C).

Interestingly, the docking model brings the acidic
loop on the ARC2 in close contact with the cluster of
basic residues on the LRR, both of which were shown
to be crucial in the interaction between the CC-NB-
ARC and the LRR (Fig. 6D). The basic patch on the
conserved side of LRR repeats 5 to 7 (R628 and K629 in
repeat 5, K650 in repeat 6, and K675 and K676 in re-
peat 7) and the acidic loop region in the ARC2 domain
(amino acid positions 409—435) are positioned suffi-
ciently close to each other in space that the attraction
between their complementary charges would strengthen
the affinity of the domain interaction (Fig. 6D).

In the second docking simulation, the interaction
restraints were based on the positions of acidic loop on
the ARC2 surface and of the basic patch on the LRR.
The domain docking resulting from the second dock-
ing simulation was almost identical to the first docking
model. Both models varied from each other within 1.83
A RMSD at the level of the interface and within 2.57 A
RMSD at the level of all Ca atoms of the NB-ARC and
LRR domains (Supplemental Fig. S6). The fact that
both docking simulations resulted in highly similar
domain configurations is remarkable, because in
contrast to the interaction restraints used in the first
docking, the clusters of charged residues used in the
second docking simulation are not located at center
but at the edge of the predicted interface, which makes
the surface areas probed during the docking simula-
tion extremely large. It is noted that both docking
simulations predict that surface-exposed hydrophobic
residues contact each other. A relatively large hydrophobic
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interface is observed between the ARC2 and LRR, and a
smaller interface is observed between the NB and LRR.
The ARC2 residues 1395, A397, W411, A412, and V413
contact V511, C513, V541, and 1546 on the concave
surface of the N-terminal half of the LRR. The smaller
hydrophobic interface between the NB and the variable
side of the LRR is formed by the NB residues L211, L.212,
and L215 contacting F569, P608, and W634 on the LRR.

Amino acid position 403, for which the Y403S sub-
stitution specifically reduced the autoactivity of the
chimeric construct G13R45 (Fig. 3), is located in the
hydrophobic interface between ARC2 and LRR in both
docking models. As mentioned previously (Fig. 4B),
the residue at position 401, which has a role in elicitor-
dependent activation and for which the R401Q sub-
stitution strengthens the interaction between the
CC-NB-ARC and the LRR of Gpa2, is located in the
interface between the NB and ARC2 and not directly
in the interface of the ARC2 and the LRR. This res-
idue might indirectly affect the interaction of the
CC-NB-ARC with the LRR via the NB, for example
via the small hydrophobic interface formed by the
NB and LRR.

Overall, the two docking models point to a NB-ARC-
LRR domain configuration wherein the interface be-
tween the LRR sensor and NB-ARC switch is formed by
interactions of the N-terminal half of the LRR with
mainly the ARC2 and, to a lesser extent, the NB.

DISCUSSION

Our results demonstrate that residues polymorphic
between Rx1 and Gpa2 and complementary-charged
residues present in a small region of the ARC2 and the
first N-terminal repeats of the LRR play a role in the
physical association and cooperation of these domains.
From the three-dimensional structural models of the
NB-ARC and LRR of Rx1 and Gpa2, we inferred that
the majority of these residues are likely located at
the surface of the domains, consistent with their role
in the physical interdomain interaction. Collectively,
our data support a model in which complementary-
charged patches and surface-exposed Gpa2/Rx1 poly-
morphic residues contribute to the formation of a close
interface between the ARC2 and N-terminal end of the
LRR when the NB-LRR protein is in an ADP-bound
resting state. Disruption of this interface compromises
the molecular switch function, forcing the NB-LRR
protein into an autoactive “on” state or into an un-
responsive “off” state. As discussed below, our data
indicate that different forces may play a role in the
dissociation and reassociation of the switch and sensor
domain. The electrostatic forces mediated by the
complementary-charged residues are predicted to
mediate a fast reassociation of the NB-ARC and LRR
domain, enabling multiple rounds of activation. Other
intramolecular interactions are assumed to operate
at different steps in the conformational switch, for
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Figure 6. Analysis of the interface be-
tween the NB-ARC and LRR via a simu-
lated docking. A, Residues forming the
basis for the ambiguous interaction re-
straints applied in the HADDOCK docking
computations for the NB-ARC and LRR of
Gpaz2, indicated in green on the NB-ARC
and LRR structures. In the ARC2 domain,
the surface-exposed residues that are poly-
morphic between Gpa2 and Rx1 in the
region between amino acid 372 and 440
were used. In the LRR, the positions of three
known autoactivating mutations were used
to define the ambiguous interaction con-
straint. B, The predicted NB-ARC/LRR com-
plex in Gpa2 resulting from the HADDOCK
docking simulation viewed from three sides
to show the relative positions of the LRR
and NB-ARC subdomains. C, View of
the NB-ARC/LRR docking model with the
residues polymorphic between Gpa2 and
Rx1 in the ARC2 regions 372 to 440
highlighted in red and those in the first
three repeats of the LRR (amino acid po-
sitions 489-593) highlighted in yellow. D,
The main residues of the basic patch on
the conserved side of the LRR and of the
acidic loop on the ARC2 domain are in-
dicated in blue (basic) and red (acidic),
showing their proximity in the NB-ARC/
LRR docking model.

example by influencing the interface between the NB
and the ARC2, and may regulate in this way the sen-
sitivity for effector-triggered activation.

In this study, we show that the first repeats in the
N-terminal end of the LRR domain of Gpa2 and Rx1
are sufficient to keep these NB-LRR immune receptors
in an inactive state by cooperating with a small region
in the ARC2 domain. The C-terminal end of the LRR
domain is the main determinant of the recognition of
the cognate elicitors, demonstrating a dual role of the
LRR domain in NB-LRR protein functioning. Remark-
ably, a division of the LRR domain into two subunits
was observed when mapping the electrostatic potential
on the surface of the LRR domain. Whereas the
N-terminal half of the LRR is predicted to have a posi-
tively charged surface, the C-terminal half is predicted to
have a predominantly acidic surface. It will be interest-
ing to see how this charge distribution pattern relates to
the distinct functional roles of the LRR subunits in the
regulation of NB-LRR protein activity and pathogen
recognition. The presence of a novel structural element
at repeat 9 in the LRR domain of Rx1 correlates with
the observed segregation in electrostatic potential,
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providing additional support for a division of the LRR
domain into two modules with distinct functions.
Interestingly, incompatibility between the ARC2
and the LRR of Rx1 and Gpa2 results in two distinct
phenotypes despite their high sequence similarity
(88%). When the LRR of Rx1 is combined with the ARC2
of Gpa2, an autoactive cell death response resulted,
whereas a loss of activation was observed when the LRR
of Gpa2 was combined with the ARC2 of Rx1. These
regions in Gpa2 and Rx1 only differ in a small number
of amino acid residues, showing that NB-LRR protein
functioning is easily compromised by disruption of the
interface between the ARC2 and N-terminal end of the
LRR. From this, we concluded that the ARC2 and
N-terminal end of the LRR cooperate as a functional
complex. In the resistance protein RPS5 from Arabi-
dopsis (Arabidopsis thaliana), the N-terminal four re-
peats of the LRR are sufficient to keep the protein in an
autoinhibited state (Qi et al., 2012). In Gpa2 and Rx1,
the role of the N-terminal repeats of the LRR seem to
have a positive role in the activation of the protein;
the deletion of the LRR does not result in autoactiva-
tion of the CC-NB-ARC and the autoactivating effect
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of D460V mutation in the ARC2 MHD motif depends
on the presence of the LRR (Moffett et al., 2002).

The incompatibility of the ARC2 and N-terminal
LRR repeats of Rx1 and Gpa2 shows de facto the effect
of the reversal of the coevolutionary fine-tuning be-
tween functional domains. This is supported by the
observation that the N-terminal end of the LRR in Rx1
and Gpa2 is more conserved than the C-terminal re-
gion, consistent with a dual role of this domain in NB-
LRR protein functioning. In the conserved N-terminal
repeats of the LRR, several autoactivating mutations
have been identified in Rx1 (Bendahmane et al., 2002;
Farnham and Baulcombe, 2006), and in the resistance
protein RPS5, a mutation at this location negatively
affected the functioning of RPS5 itself and other re-
sistance proteins (Warren et al., 1998). From the results
of the Gpa2/Rx1 sequence exchange study, we con-
clude that as long as the cooperating N-terminal LRR
regions and the ARC2 domains are retained as a com-
patible unit, the C-terminal region of the LRR respon-
sible for recognition can be exchanged and still yield a
functional protein.

We showed, without silencing the Suppressor of G2
allele of skp1 (SGT1), that for both Rx1 and Gpa2, the
interaction between the CC-NB-ARC and LRR is par-
tially disrupted in the presence of their respective
elicitors. More interestingly, we found one position
(amino acid position 401) in the ARC2 domain of Gpa2
that results in an increased binding between the
CC-NB-ARC and the LRR domain when we replaced
the Arg present in Gpa2 with the GIn of Rx1 (R401Q).
Enhancing the physical association between the
CC-NB-ARC and LRR domains correlated with a re-
duced elicitor-dependent activation of Gpa2. In the three-
dimensional model of the NB-ARC, position 401 is located
on the ARC2, close to the interface with the NB, which
suggests that the observed difference in the interdomain
interactions could either be caused by a direct dis-
ruption of the interface between the ARC2 and LRR or
indirectly because of its influence on the interface be-
tween the ARC2 and NB, and thus the overall struc-
ture of the NB-ARC. Apparently, it is more difficult for
the Gpa2 R401Q to respond to the elicitor RBP1, in-
dicating that the (temporary) disruption of the inter-
action between the CC-NB-ARC and LRR domains in
the presence of the elicitor is essential for the transition
of the NB-LRR protein from a closed ADP-bound re-
sting state into an open ATP-bound activated state.
Whether the disruption is achieved by direct binding
of the Rx1 and Gpa?2 elicitor to the NB-LRR protein or
by elicitor-induced modifications of the accessory protein
Ran GTPase-Activating Protein 2 (RanGAP2) (Sacco
et al., 2007, 2009; Tameling and Baulcombe, 2007) needs
further investigation.

Remarkably, we found a second position in the
ARC2 domain of Gpa2 (amino acid position 403) that
resulted in a reduced elicitor-independent activation
when the Tyr in Gpa2 was replaced with the Ser of Rx1.
However, this reduction in the autoactivity of the G13R45
chimera did not correlate with a change in the binding of
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the CC-NB-ARC and LRR or in a change in elicitor-
dependent activation. This indicates that the autoactive
construct mimics an activated state of the protein that
follows after the elicitor-triggered release of the CC-NB-
ARC/LRR interaction. These results demonstrate that the
activation of NB-LRR proteins such as Rx1 and Gpa2 is a
multistep process. Earlier, it was demonstrated that an
autoactivating D460V mutation in the ARC2 MHD motif
does not disrupt the CC-NB-ARC/LRR interaction (in a
P-loop mutant background), and neither does the P-loop
mutation itself, but that in both cases, the presence of the
Rx1 elicitor could still cause a decrease in the CC-NB-
ARC/LRR binding (Rairdan and Moffett, 2006). Similarly,
the interaction between the SD-NB-ARC and LRR of the
tomato resistance protein Mil.2 against Meloidogyne in-
cognita, is not disrupted by autoactivating mutations (van
Ooijen et al., 2008). Now, we can conclude that the dis-
sociation of the LRR upon elicitor recognition appears to
be an initial step in the elicitor-dependent activation of the
NB-LRR protein and that mutations that strengthen the
interaction of the LRR with the other domains suppress
elicitor-dependent activation.

Here, we further show that conserved complementary-
charged amino acid residues in the ARC2 and
N-terminal end of the LRR contribute to the complex
formation between the CC-NB-ARC and LRR domain
of Rx1 and Gpa2. Replacing the charged residues
present at the predicted ARC2 and LRR interface with
noncharged residues resulted in a loss of autoactiva-
tion in the in trans complementation assays and in a
disruption of the binding between the two domains in
coimmunoprecipitation assays. From these results, we
conclude that complementary-charged regions in the
ARC2 and LRR domain are involved in the establish-
ment of an electrostatic interaction between the two
separate domains and their assembly into a functional
protein. Remarkably, replacing the charged residues in
the full-length Gpa2 protein by noncharged residues
did not change the elicitor-dependent activation re-
sponse. We therefore concluded that the mutations are
not sufficient to disrupt the intramolecular interactions
in the full-length protein and secondly, that these
residues are not directly involved in signaling. Elec-
trostatic forces have been shown to accelerate the
initial binding steps in the formation of protein com-
plexes (Sheinerman et al., 2000; Godderz et al., 2003;
Ivanova and Lu, 2008), and the complementary-
charged residues we predict to be located at the edge
of the ARC2 and LRR interface could be envisioned to
play such a role in the interdomain interactions of the
CC-NB-ARC and LRR. After the elicitor-mediated
dissociation of the CC-NB-ARC and LRR domains, as
shown in this study, a fast reassociation is expected to
take place that enables the NB-LRR protein to be ac-
tivated multiple times (Rairdan and Moffett, 2006). The
electrostatic forces between the ARC2 and LRR could
enhance this reassociation and thereby the transition of
the protein thorough the activation cycle. Sequence
comparison revealed that the residues forming the
complementary-charged surface regions in the ARC2
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and LRR of Gpa2 and Rx1 are conserved in the NB-
LRR plant immune receptors Bs2 conferring resistance
against bacterial spot disease in pepper (Capsicum
annuum; Tai et al., 1999; Mazourek et al., 2009), RPS5
conferring resistance against Pseudomonas syringae in
Arabidopsis (Warren et al., 1998), and MLA conferring
resistance against polymorphic barley mildew A in
barley (Hordeum vulgare; Halterman et al., 2001). In a
recent model of the LRR of the resistance protein Lr10,
a cluster of basic residues was identified at the same
surface region as at the LRR of Gpa2 and Rx1 (Sela
et al., 2012). The conserved nature of these structural
elements indicates that electrostatic interactions
present a common characteristic of NB-LRR proteins
important for the physical association between the
NB-ARC and LRR domains when switching “on”
and “off.”

In the docking simulations, a relatively large hy-
drophobic interface is predicted between the ARC2
and the LRR, and a smaller interface is predicted be-
tween the NB and the LRR. Preliminary data suggests
that various hydrophobic residues play a role in the
interaction. A change in the NB-ARC conformation,
and thus the relative positions of the ARC2 and NB, is
expected to affect at least one of the predicted hydro-
phobic interfaces of the NB-ARC with the LRR. In this
way, a substitution that affects the interaction between
the NB and ARC2 subdomains, such as R401Q, might

Figure 7. A mechanistic model of the ac-
tivation of the NB-LRR proteins Gpa2 and
Rx1. This model illustrates the conforma-
tional changes underlying the switch be-
tween the autoinhibited “off” state (A) and
the active-signaling “on” state (C) of the
NB-LRR immune receptors Gpa2 and Rx1.
The autoinhibited state (A) is stabilized via
interactions of the ADP-bound NB and
ARC2 with each other and their interface
with the LRR. The differential effect of
the residues at positions 401 and 403 on
elicitor-dependent and elicitor-independent
activation is due to their presence in two
distinct interfaces. B, Disruption of these
domain interfaces by the elicitor (E), po-
tentially facilitated by the presence of a
guarded host protein, RanGAP2 (Rg2), at
the N-terminal domain (CC), and the ex-
change of ADP for ATP when the protein is
in a transition state allows the NB-ARC1
unit to rotate away from the ARC2 and
expose surfaces required for signaling (C).
The complementary-charged surfaces of
the ARC2 and LRR (- ——and + + +) could
accelerate the reassociation of the ARC2
and LRR when the protein returns to the
resting state. The numbers in the figure are
referred to in the discussion. [See online
article for color version of this figure.]
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A Closed “off” state

indirectly influence the interface of the NB-ARC and
LRR. However, it is important to consider the fact that
the CC domain is also required for the domain con-
figuration in the full-length protein and requires both
the NB-ARC and LRR for its intramolecular interaction
(Moffett et al., 2002; Rairdan et al., 2008).

The recent elucidation of the structures of the CC
domain of MLA and the TIR domain of L6, a resistance
protein against flax rust, both shown to form homo-
dimers, has led to renewed attention for the role
of self-association in the functioning of R proteins
(Bernoux et al., 2011; Maekawa et al., 2011a). Multi-
merization via the NB-ARC domain after activation is
a common theme in proteins belonging to the STAND
clade (Danot et al., 2009). For R proteins, there is no
clear evidence that the NB-ARC can mediate multi-
merization, and maybe this role has shifted to their
N-terminal domains. However, there is no indication
that multimerization plays a role in the functioning of
Rx1 (Moffett et al., 2002; Sacco et al., 2007). In our experi-
ments, we have not been able to show multimerization of
full-length Gpa2, Rx1, or their individual domains (NB, NB-
ARC, CC-NB-ARC, LRR, and CC; Supplemental Fig. S7;
EJ. Slootweg, unpublished results). This does not exclude
the possibility that multimerization plays a role during
the activation or signaling of Gpa2, but if self-association
occurs, it does so at a much lower affinity than the af-
finity at which the domains interact with each other.

B “Transition state”

Defence
signaling

C Open “on” state
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Combining our results with recent insights in the
functioning of NB-LRR proteins, we can sketch an
activation mechanism (Fig. 7), in which recognition of
the pathogen elicitor by the C-terminal end of the LRR
results in dissociation of the ARC2 and the N-terminal
end of the LRR. This allows the protein to switch from
a closed, autoinhibited resting state into an open,
signaling-competent state (Fig. 7, A—C). In the closed
ADP-bound state, the NB, ARC1, and ARC2 of Rx1
and Gpa2 are predicted to form a compact globular
structure around the nucleotide. The horseshoe-like
LRR domain docks onto this structure, keeping the
NB-ARC in an inactive ADP-bound conformation (Fig.
7A, 1). The sequence exchange experiments show that
these interactions are fine tuned and readily disrupted.
The direct or indirect recognition of the elicitor leads to
a dissociation of the switch and sensor domains (Fig. 3,
D and E; Fig. 7B, 2). Residue R401 is predicted to be
located in the interface of the ARC2 and NB, but in-
fluences the dissociation of the CC-NB-ARC from the
LRR and the elicitor-dependent activation. The dock-
ing model predicts that both the ARC2 and the NB
bind the LRR. A change in their relative position will
affect their interface with the LRR (Fig. 7B, 3). The
recently resolved crystal structure of the autoinhibited
murine Apafl shows that the WD40 sensor domain in
Apafl functions like a clamp by interacting with both
the NB and helical domain II (ARC3, absent in NB-
LRR R proteins; Reubold et al., 2011). Binding of cy-
tochrome ¢ changes the overall structure of the WD40
sensor and breaks its interaction with the NB, enabling
or even forcing the NB and ARC1 to rotate to the open,
ATP-bound conformation (Fig. 7C, 4).

In a similar way, upon dissociation of the Gpa2
CC-NB-ARC/LRR complex, the conformation of the
nucleotide-binding pocket will change, enabling the
exchange of ADP for ATP. Interestingly, the ARC2
residue connecting the NB and ARC2 in the auto-
inhibited Apafl via a salt bridge (D392) is conserved in
Gpa2 and Rx1 (D399) and is positioned close to amino
acid 401. Mutations at this position (D399V and E400K)
have been shown to result in constitutive activity
(Bendahmane et al., 2002).

To gain insight into the effect the conformational
changes of the NB-ARC have on the overall structure
of Gpa2 or Rx1, a three-dimensional model was made
for the NB-ARC domain of Rx1 using the ATP-bound
crystal structure of the Caenorhabditis elegans death
protein CED4 as a template (Yan et al., 2005). For the
transition from the resting state to the activation state,
the orientation of the NB and ARC1 in respect to the
ARC2 has to change dramatically (Supplemental Fig.
S8; Fig. 7C, 4). The reorientation of the NB-ARC1 and
ARC?2 implies a repositioning of the CC and LRR do-
main, as they are physically connected to the NB and
ARC2, respectively. Eventually, a change of the over-
all conformation will lead to the exposure of initially
shielded surfaces of signaling-competent domains (Fig.
7C, 5). In case of Rxl, it was shown that the NB
domain itself can initiate a cell death response in the
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absence of the other domains (Rairdan et al., 2008),
but for several other NB-LRR R proteins, the N-
terminal CC or TIR domain has signaling capabil-
ities (Swiderski et al., 2009; Bernoux et al., 2011;
Collier et al., 2011; Maekawa et al., 2011a). The elec-
trostatic attraction between the conserved clusters of
charged residues on the ARC2 and LRR is predicted
to facilitate the reassociation of the domains when the
R protein completes the activation cycle and returns
to its resting state (Fig. 7C, 6).

Our data indicate that the clamp formed by the
ARC2, NB, and N-terminal half of the LRR imposes
strong functional constraints for the generation of
novel resistance genes via evolutionary process, but
also through genetic engineering. The autoactivity and
loss-of-function phenotypes that were observed in the
chimeric R protein constructs (Figs. 1 and 2) show that
when Gpa2 and Rx1 diverged, interactions between
cooperating domains were maintained through coevo-
lution. As a consequence, the occurrence of such fine-
tuned domain cooperations constrains the possibilities
for reshuffling sequences within NB-LRR-encoding R
gene clusters, an important mechanism in the genera-
tion of novel recognition specificities (Cooley et al.,
2000; Leister, 2004; Meyers et al., 2005). Random se-
quence exchange between homologous R genes, either
by natural or artificial recombination events, will
readily result in the generation of genes that encode for
nonfunctional or constitutively active NB-LRR pro-
teins. Surprisingly, for Rx1 and Gpa2, this constraint
was limited to the ARC2 and the N-terminal repeats of
the LRR. As long as those segments were left intact as a
functional unit, the C-terminal segments of the LRR,
which determine the recognition specificity, could be
exchanged without the loss of proper functioning.
These results show that understanding the structural
elements involved in controlling the activation of NB-
LRR plant immune receptors is a prerequisite for even-
tually engineering novel functional R genes with custom
recognition specificities.

MATERIALS AND METHODS
Protein Structure Analysis

Secondary Structure and Domain Organization

Rx1 and Gpa2 were profiled for motifs, patterns, and the following prop-
erties: intrinsic disorder, hydrophobicity, accessibility, contact-forming ten-
dency, secondary structure state propensities, turn, and interdomain linker
location. To increase the prediction reliability, several methods were used for
every type of analysis. Domain delineation was based on the assessment of
intrinsic disorder and contact-forming propensities, secondary structure pre-
diction, fold recognition methods, sequence alignments, detection of LRR
motifs, and domain linker prediction (Miyazaki et al., 2002). Intrinsic disorder
was assessed with DisEMBL (Linding et al., 2003), IUPRED (Dosztanyi et al.,
2005), and DISOPRED (Ward et al., 2004). Secondary structure prediction was
performed with GOR IV (Garnier et al., 1996), Jpred (Cuff et al, 1998),
nnPredict (McClelland and Rumelhart, 1988), Porter (Pollastri and McLysaght,
2005), PSA (Stultz et al., 1993), PSIPRED (Jones, 1999), SOPMA (Geourjon and
Deléage, 1995), and SCRATCH software, which also returned contact and
accessibility propensities (Cheng et al., 2005). Turns were identified with
BETATPRED2 (Kaur and Raghava, 2003) and COUDES (Fuchs and Alix,
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2005). Fold recognition was performed with Phyre (Bennett-Lovsey et al.,
2008; Kelley and Sternberg, 2009). Multiple sequence alignments were per-
formed using ClustalW (Thompson et al., 1994).

Molecular Modeling

Automated fold recognition and sequence homology were assessed with
Phyre and BLAST (1 and 2). Sequence-conserved regions were modeled by
coordinate transfer. In sequence-variable regions, the side chains were re-
constructed and iteratively optimized, while insertion loops were generated
randomly and filtered for steric constraints, followed by successive rounds of
simulated annealing and energy minimization. Molecular modeling, including
side-chain reconstruction, constrained ab initio loop generation, and local and
global simulation annealing for relieving steric conflicts, as well as the model
structure analysis were performed using InsightII (Accelrys).

OJFRHM of the Irregular Gpa2 LRR Domain

For modeling the LRR domain in Rx1/Gpa2 proteins, a special procedure was
designed, called the OJFRHM method. This involves five main steps. (1) The
development and structural analysis of a comprehensive database of LRR tem-
plates named the Structural Assessment of LRR Motif database (SALRRM-DB).
(2) The identification and locking of LRR repeats along the target sequence. False
positive LRR motifs were eliminated by retaining the motifs best matching those
resulting from the sequence analysis of LRR families from SMART databases,
LRR_CC, LRR_RI, LRR_TYP, LRR LRRNT, LRR_SD22, LRR_BAC, and LRRCT
(Schultz et al., 1998), and the structural analysis of LRR motif distribution in
SALRRM-DB, including LRR repeat length, volume, secondary structure, and
interrepeat contact analysis. (3) The search of best-matching local templates in
SALRRM-DB. (4) The assemblage of the overall template framework by joining
the local templates in a single structure by imposing the specific LRR hydrogen
bond pattern at their borders and optimizing the repeat contacts (Fig. 3A). (5) The
generation of the three-dimensional model of the target sequence by using
established remote homology modeling procedures. The SALRRM-DB was gen-
erated by an exhaustive search in PDB with software specially designed to detect
LRR signatures in protein three-dimensional structures. In this way, over 100 LRR
domains were identified in the PDB. These were clustered in the SALRRM-DB in
30 nonredundant protein domain subclasses belonging to proteins from a variety
of taxa, primarily with recognition functions. The nonredundant number of LRR
repeats found in the LRR domains of SALRRM-DB is 255.

Internal Model Assessment

Model quality assessment was performed iteratively using MetaMQAP
(Pawlowski et al., 2008). Stability tests were done by molecular dynamics
simulations with NAMD (Phillips et al., 2005) using a Charmm?27 force
field on a high-performance computing facility. Solvent accessibility was
computed with the NACCESS program (Hubbard and Thornton, 1993).
Electrostatic potential was calculated using both Poisson-Boltzmann and
Coulomb methods.

Docking studies between LRR and NB-ARC were performed with HADDOCK
in conjunction with CNS due to the facilities this module has in using constraints and
its high score obtained in the CAPRI evaluation (Dominguez et al., 2003; van Dijk
et al., 2005; de Vries et al., 2007). All the docking was performed according to the
following protocol. (1) Ten-thousand complexes were generated during a rigid-
body minimization step. (2) The best 200 complexes based on a HADDOCK-
specific score function (the enthalpic term) were then retained for the semiflexible
simulated annealing step. (3) The 200 complexes were subjected to explicit solvent
refinement. (4) Complexes derived from the previous step were clustered based on
RMSD to compute the entropic term. Each cluster was analyzed in terms of score
average. In described docking, the most abundant cluster had the best score av-
erage. The complex with the best score from the most abundant cluster was
retained for further analysis.

DNA Constructs

Construction of Expression Vectors

All constructs used in transient expression assays were cloned in the
PpBINPLUS binary vector system (van Engelen et al., 1995). The transcription of
the constructs was controlled by the Cauliflower mosaic virus 35S promoter and
A. tumefaciens terminator of nopaline synthase (Tnos) sequences. Constructs
harboring the Gpa2 elicitors RBP-D383-1, RBP-Rooké6 (eliciting), and RBP-
Rook4 (noneliciting) are described elsewhere (Sacco et al., 2009).
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Domain Swaps

To construct the chimeric sequences, synthetic gene fragments were in-
troduced in the Gpa2 and Rx1 sequences. Thereby, unwanted restriction sites
were removed and new unique sites were added. Care was taken not to
change the encoded amino acid sequence. The introns in the Gpa2 and Rx1
sequences were retained. The following changes were made in the Gpa2 se-
quence (A in ATG is 1): T1179C, A1182G, T1228C, A1230C, T1320C, C1321T,
C1335T, T1377C, G1383C, A1498T, G1499C, C1501A, G1503A, T1554G,
C1563T, G1596C, A1559G, A1623G, C1659A, A1695C, T1696A, C1697G,
T1698C, T1749C, A1782T, A1812G, C1818T, T1833C, G1857C, G2052A,
T2172A, T2175C, A2244T, T2247G, C2379A, T2403C, C2406G, A2439G,
T2568G, and A2571G. In the Rx1 sequence, the following nucleotides were
altered: A990G, T1179C, A1182G, T1228C, A1230C, T1377C, G1383C, A1498T,
G1499C, C1501A, G1503A, T1554G, A1584G, G196C, A1599G, A1623G,
T1749C, A1782T, A1812G, GI887T, A1971G, A2106G, T2172A, T2175C,
T2244G, A2313G, T2388C, C2391G, C2394T, A2424G, T2553G, and A2556G.

Functionality of the synthetic constructs was found to be identical to the
original Gpa2 and Rx1 constructs in agroinfiltration assays.

Sequences were exchanged at the restriction sites indicated in Figure 1A. For
the exchanges at amino acid positions 489 (ApaLl), 593 (Clal), Gpa2 761/Rx1
756 (BspEl), and Gpa2 879/Rx1 874 (EcoRI), the original Gpa2 and Rx1 se-
quences were used.

Site-Directed Mutagenesis

Site-directed mutagenesis was attained by inserting small sections of syn-
thetic DNA with specific codons. The amino acids 419-EEE in the acidic loop
were replaced by SAS via the change of the coding sequence (1255-2263) from
GAAGAAGAG to AGCGCTTCT. The mutation R401Q was made by changing
1201-CGG to CAG and Y403S by changing 1207-TAT to TCT. In the targeted
mutagenesis of the Gpa2 basic patch, the following changes were made in the
Gpa2 coding sequence: Gpa2 R5 (RK628-629QT) was made by changing 1882-
AGGAAG into CAGACT, Gpa2 R6 (K650T) was made by changing 1948AAA into
ACA, and Gpa2 R7 (KK675-676-QA) was made by changing 2023AAGAAG into
CAGGCT. In the Rx1 coding sequence, the mutation Q401R was made by
changing 1201-CAG to CGG, and the mutation S403Y was made by changing
1207-TCT to TAT. The mutation Y712H was created by changing the corre-
sponding codon from TAT to CAT.

All DNA constructs were sequenced.

Protein Tags

Multimeric c-Myc (EQKLISEEDL) and hemagglutinin (HA; YPYDVPDYA)
tags were fused to the C terminus of CC-NB-ARC constructs via a NotI site,
creating a short linker consisting of three alanines. Fusions to the N terminus
of the LRR were made through an Ncol site overlapping the start codon in this
construct, with a short linker in between the 4XHA tag and the LRR sequence.
A subset of the full-length chimeric Rx1/Gpa2 constructs was tagged with a
single c-Myc tag at their N terminus.

Plant Expression

For agroinfiltration experiments, Agrobacterium tumefaciens strain pMOG101
was cultured in 1 L YEB medium (5 g beef extract, 1 g yeast [Saccharomyces
cerevisiae] extract, 5 g bactopeptone, 5 g Suc, and 2 mL MgSO,) with the ap-
propriate antibiotics as described earlier (Van der Hoorn et al., 2000). After
growing overnight at 28°C, the bacteria was pelleted by centrifugation,
resuspended in 1 L infiltration medium (5 g Murashige and Skoog salts, 1.95 g
MES, and 20 g Suc, pH 5.6, with NaOH and 200 um acetosyringone), and
incubated at room temperature for 2 h. For agroinfiltration, the bacterial
suspensions were diluted to final concentrations between optical density at
600 nm (ODyy,) of 0.2 and 1.0. Leaves were infiltrated from 6-week-old Nico-
tiana benthamiana plants grown in the greenhouse at 20°C and in 16 h of light.
Each combination was tested in at least three independent experiments with
four replicates each. The strength of observed hypersensitive responses was
ranked at a scale of 0 to 5, from no visible signs of hypersensitive response to
full necrosis. Hypersensitive responses were scored after 2 and 7 d after in-
filtration. For protein extraction, leaves were harvested 2 d after infiltration.
Transient PVX resistance assays were performed by coinfiltrating A. tumefa-
ciens carrying the Rx1 constructs (ODg, of 0.05) with A. tumefaciens carrying a
PVX:GFP amplicon (ODy, of 0.002). At 5 d post infiltration, the leaves were
harvested, and an extract (24 mg leave material in 250 uL 50 mm phosphate

Plant Physiol. Vol. 162, 2013



bulffer, pH 7) was incubated in anti-PVX coat protein antibody-coated plates. After
stringent washing, the presence of PVX was detected using alkalic phosphatase-
conjugated anti-PVX antibodies (Prime Diagnostics). Phosphatase-mediated turn-
over of the substrate para-nitrophenylphosphate into para-nitrophenol was
measured in a photospectrometer via the absorption at 405 nm.

Protein Methods

Total protein extract of N. benthamiana leaves transiently expressing the
construct was made by grinding leaf material in protein extraction buffer
(50 mm Tris-HCI, pH 7.5, 10% (v/v) glycerol, 150 mm NaCl, 1 mm EDTA, 2%
(w/v) polyvinylpolypyrrolidone, 0.4 mg mL™ Pefabloc SC plus [Roche], and
5 mm dithiothreitol) on ice. For immunoprecipitation, the total protein extract
was first passed over a Sephadex G-25 column. The protein extract was pre-
cleared with rabbit-IgG agarose (40 uL slurry mL™ protein extract). After
preclearing, the protein extract was mixed with 25 uL anti-Myc agarose beads
(Sigma) or anti-HA agarose beads (Roche) and incubated for 2 h at 4°C. After
washing six times (washing buffer: protein extraction buffer with 0.15% Igepal
CA-630), the beads were resuspended in Laemmli buffer, and the bound
protein was separated by SDS-PAGE and blotted on polyvinylidene difluoride
membrane. For immunodetection, the following antibodies were used: 9E10
anti-Myc (Sigma), 3F10 anti-HA (Roche), and ab290 anti-GFP (Abcam). Per-
oxidase activity was visualized using Thermo Scientific SuperSignal West
Femto or Dura substrate and imaging the luminescence with G:BOX gel
documentation system (Syngene).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Scoring scale used to classify the strength of the
cell death response.

Supplemental Figure S2. Western blot to assess the stability of the chimeric
Rx1/Gpa2 constructs that display complete or partial loss of function.

Supplemental Figure S3. Alignment of the sequences of Gpa2 and Apaf-1
encompassing the NB, ARC1 and ARC2 domains.

Supplemental Figure S4. The position of the leucin-rich repeat motifs in
the Gpa2 amino acid sequence.

Supplemental Figure S5. Predicted structure of the irregular repeat 9 in the
LRR of Rx1.

Supplemental Figure S6. Comparison of two independent simulations of
the docking of the Gpa2 NB-ARC and LRR domains.

Supplemental Figure S7. Immunoprecipitation experiments to detect
(homo-)multimerisation of the CC-NB-ARC and LRR domains of Gpa2
and Rx1.

Supplemental Figure S8. Comparison of the predicted structures of the
NB-ARC in the ADP- and ATP-bound conformation.
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