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The Rx1 protein, as many resistance proteins of the nucleotide binding-leucine-rich repeat (NB-LRR) class, is predicted to
be cytoplasmic because it lacks discernable nuclear targeting signals. Here, we demonstrate that Rx1, which confers
extreme resistance to Potato virus X, is located both in the nucleus and cytoplasm. Manipulating the nucleocytoplasmic
distribution of Rx1 or its elicitor revealed that Rx1 is activated in the cytoplasm and cannot be activated in the nucleus. The
coiled coil (CC) domain was found to be required for accumulation of Rx1 in the nucleus, whereas the LRR domain promoted
the localization in the cytoplasm. Analyses of structural subdomains of the CC domain revealed no autonomous signals
responsible for active nuclear import. Fluorescence recovery after photobleaching and nuclear fractionation indicated that
the CC domain binds transiently to large complexes in the nucleus. Disruption of the Rx1 resistance function and protein
conformation by mutating the ATP binding phosphate binding loop in the NB domain, or by silencing the cochaperone SGT1,
impaired the accumulation of Rx1 protein in the nucleus, while Rx1 versions lacking the LRR domain were not affected in
this respect. Our results support a model in which interdomain interactions and folding states determine the nucleocy-
toplasmic distribution of Rx1.

INTRODUCTION (Jia et al., 2000; de Wit, 2002; Deslandes et al., 2003; Jones and
Takemoto, 2004; Dodds et al., 2006).

Members of the most abundant class of R proteins, the in-
tracellular nucleotide binding—leucine-rich repeat (NB-LRR) pro-
teins, consist of a C-terminal LRR recognition domain, a central
nucleotide binding domain (NB-ARC), and at the N terminus
often either a Toll-Interleukin Receptor-like (TIR) domain or a
putative coiled coil (CC) domain. These N-terminal domains
were originally thought to be the signaling adaptor modules, but
only for TIR domains could such signaling function be shown
(Swiderski et al., 2009). Recently, several N-terminal CC domains
have been shown to interact with host proteins targeted by path-
ogen effectors and that act as guarded bait in an indirect or facil-
itated effector recognition (Collier and Moffett, 2009). The central
NB-ARC domain likely functions as a conformational switch, and

Disease resistance (R) proteins are the central actors in the cell-
based innate immune system of plants. They are highly specific
in the detection of certain pathogens and initiate an array of
defense responses to prevent further spreading of the pathogen,
often culminating in self-destruction of the attacked cell (Martin
et al., 2003). In addition, other immune receptors, thought to rep-
resent a more ancient immune system, sense highly conserved
pathogen-associated molecular patterns (PAMPs) (Navarro
et al., 2004; Zipfel et al., 2004; Heese et al., 2007). Pathogen-
specific R proteins may have evolved to recognize pathogen
effectors that neutralize the weak PAMP-triggered immune re-
sponses (Jones and Dangl, 2006). R proteins sense the pathogen
either by direct interaction with its effectors or indirectly by

guarding host factors that are modified by pathogen effectors
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nucleotide binding and ATPase activities have been observed
for R proteins (Tameling et al., 2002; Takken and Tameling,
2009). It is thought that R proteins exist in an ADP-bound resting
state, which can change to an ATP-bound signaling-competent
active state upon pathogen recognition.

Recent studies have placed the nucleus in the center of
attention for plant disease resistance signaling. Several R pro-
teins, including N, MLA, RPS4, and snc1, have been found in the
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nucleus, and their nuclear localization is required for proper
functioning (Burch-Smith et al., 2007; Shen et al.,, 2007;
Wirthmueller et al., 2007; Cheng et al., 2009). The first R pro-
tein shown to have a nuclear localization was the Arabidopsis
thaliana RRS1-R, which is a chimera of a TIR-NB-LRR protein
and a WRKY-type transcription factor (Lahaye, 2002; Deslandes
et al., 2003). RRS1-R interacts with its elicitor, the Ralstonia
solanacearum effector PopP2 in the nucleus, and has been
shown to cooperate with another nuclear R protein, RPS4, in
resistance against multiple pathogens (Narusaka et al., 2009).
According to the Rosetta stone principle (Eisenberg et al., 2000;
Enright and Ouzounis, 2001), the existence of such a chimeric
protein is an indication that in other instances an interaction
with transcription factors is part of the R protein signaling
mechanism. The discovery of the interaction between the barley
(Hordeum vulgare) MLA proteins and the WRKY1 and WRKY2
transcription factors gave evidence that there is indeed a close
link between R proteins and transcriptional regulation (Shen
et al., 2007). In the presence of a Blumeria graminis effector, the
R protein MLA10 interacts with the WRKY2 transcription factor
in the nucleus. In the same study, WRKY1 and WRKY2 were
shown to be suppressors of basal defense. MLA may activate
the resistance response by lifting this suppression. The tobacco
(Nicotiana tabacum) TIR-NB-LRR protein N, conferring resis-
tance against Tobacco mosaic virus, also has a nuclear locali-
zation and associates with transcription factors via the LRR
domain, whereas its N-terminal TIR domain indirectly binds the
viral helicase p50 (Liu et al., 2004; Shen and Schulze-Lefert,
2007; Caplan et al., 2008a, 2008b). The finding that R proteins
themselves are able to enter the nucleus indicates that the
pathway between R protein activation and the downstream
transcriptional reprogramming may contain fewer compo-
nents than originally expected (Burch-Smith et al., 2007;
Shen et al., 2007; Wirthmueller et al., 2007; Narusaka et al.,
2009).

The underlying mechanism determining the distribution of R
proteins between various subcellular compartments is not well
understood. Large proteins like R proteins cannot diffuse freely
from one compartment to another and need to pass through
selective pores to enter membrane-enclosed organelles like the
nucleus or the endoplasmic reticulum. Complex mechanisms
have evolved to shuttle proteins between the cellular compart-
ments. Trafficking between the cytoplasm and the nucleus is
coordinated around the nuclear pore complexes via nuclear
import and export receptors and the small GTPase Ran (Alber
et al., 2007; Cook et al., 2007). The classical monopartite or
bipartite nuclear localization signals (NLSs) are well defined and
consist of short stretches of basic residues (three to six Lys/Arg)
that interact with specific binding surfaces on the import receptor
importin «, which in turn forms a heterodimer with importin 3
(Gorlich and Kutay, 1999). Nuclear export is directed via Leu-rich
nuclear export signals (NESs), which interact with the nuclear
export receptor (exportin) (Haasen et al., 1999; Hutten and
Kehlenbach, 2007). Several NB-LRR proteins, like RRS1-R,
RPS4, and SNC1, do contain functional NLS sequences
(Deslandes et al., 2003; Wirthmueller et al., 2007; Cheng et al.,
2009). However, many R proteins of the NB-LRR class, including
ones with a nuclear localization like N and MLA, lack a discern-

able localization signal, and as a result it was originally assumed
that R proteins are localized in the cytoplasm.

The potato (Solanum tuberosum) Rx1 protein confers a highly
efficient resistance to most Potato virus X (PVX) strains and has
proven to be a valuable model for understanding R protein
functioning. The resistance response it triggers after recognizing
the viral coat protein (CP) is fast and under normal circumstances
does not require the induction of cell death to stop virus repli-
cation (Bendahmane et al., 1999). The Rx1-induced response
includes the specific inhibition of the translation of viral RNA via
Argonaute-like proteins (Bhattacharjee et al., 2009). The sub-
domains of Rx1 cooperate via several intramolecular interac-
tions. Recognition of the CP has been linked to a disruption of the
interaction between the LRR and the CC-NB-ARC domains
(Moffett et al., 2002; Rairdan et al., 2008). The MHD moitif in the
ARC2 domain, in which substitutions can lead to constitutive
activity, is thought to act as a sensor integrating the recognition-
mediated conformation changes and the nucleotide binding
state of the protein. The interaction between the N-terminal half
of the LRR and the bordering ARC2 subdomain needs to be well
tuned as incompatibility between these domains can lead to
constitutive activity, indicating that in the wild-type protein, their
interaction has an autoinhibitory function (Rairdan and Moffett,
2006). Two studies independently showed that the CC domain
interacts with a Ran GTPase Activating Protein (RanGAP2), a
protein that plays a role in nucleocytoplasmic trafficking via the
cytoplasm specific stimulation of RanGTPase activity (Sacco et al.,
2007; Tameling and Baulcombe, 2007). Silencing of RanGAP2
leads to a reduced Rx1-mediated resistance, whereas overex-
pression is associated with an increased Rx1 activity. However, its
exact role in Rx1 signaling has not yet been elucidated.

Here, we describe the subcellular localization of Rx1 and the
role the subcellular compartments play in Rx1 functioning.
Furthermore, to understand the mechanisms behind the subcel-
lular distribution of Rx1, we studied the contribution of the
functional Rx1 subdomains to its localization. As with many R
proteins of the NB-LRR family, a cytoplasmic localization of Rx1
is predicted because no classical linear NLSs can be found in the
sequence and the size of the protein exceeds the limit for passive
transport into the nucleus. However, fusions with fluorescent
proteins showed that Rx1 is localized in both the cytoplasm and
the nucleus. To investigate the effect on Rx functioning, both the
CP elicitor and Rx1 were redirected to either compartment using
exogenous targeting signals. Depletion of the elicitor from the
cytoplasm by fusing it to a nuclear import signal showed that Rx1
needs to be activated in the cytoplasm and that the PVX CP is not
able to activate Rx1 in the nucleus. Moreover, fusing a nuclear
import or export signal to Rx1 demonstrated that both the
nucleus and the cytoplasm are required for Rx1 functioning.
Expression of individual Rx1 domains and deletion constructs as
fluorescent protein fusions showed that the CC domain is pre-
dominantly localized in the nucleus and is required for the
accumulation of full-length Rx1 protein in the nucleus. Further
analysis of the CC secondary structure and various structure-
based deletion constructs of the CC revealed no autonomous
linear sequences responsible for nuclear translocation of the
Rx1 protein. Photobleaching experiments and cell fractionation
experiments revealed that the nuclear accumulation of the CC



appears to be caused by transient interactions with relatively
immobile nuclear components and not by strong, active nuclear
import signals. Furthermore, we demonstrate that disrupting the
function and overall conformation of the Rx1 protein by mutating
the ATP/ADP binding phosphate binding loop (P-loop), or by
silencing the cochaperone SGT1, impaired the translocation of
the full-length Rx1 protein to the nucleus, whereas Rx1 versions
lacking the LRR domain were not affected. The interplay be-
tween the domains and the possible role of conformational
changes in R protein signaling and localization are discussed.

RESULTS

Rx1 Is Located in Both the Cytoplasm and Nucleus

Rx1 is a 110-kD modular protein that, upon recognizing the CP of
the plant virus PVX, mediates a strong local resistance response
inhibiting the viral replication and systemic spreading. Based on
size and the absence of transmembrane domains or specific
subcellular targeting motifs in the amino acid sequence, Rx1 is
assumed to be located in the cytoplasm. To test this assumption,
we generated N- or C-terminal fluorescent protein (FP) fusions of
Rx1 (Figure 1A). The green fluorescent protein (GFP)-fused
versions were expressed by agroinfiltration in Nicotiana ben-
thamiana leaves. Optimal fluorescence levels for microscopy
imaging were reached after 2 to 3 d. Fluorescence was studied in
living epidermal cells of the abaxial side of the leaf using confocal
laser scanning microscopy. The GFP-fused Rx1 constructs
accumulated to relatively low levels compared with free GFP,
but stayed well above background fluorescence levels. With
these microscope settings, no fluorescence in the GFP channel
could be observed in cells transformed with an empty vector
(Figure 1B). GFP fluorescence was observed in both the cyto-
plasm and the nucleus for GFP-Rx1 and for Rx1-GFP (Figure 1B).
Detailed imaging of nuclei and surrounding cytoplasm in cells
expressing GFP-Rx1 showed a slightly higher intensity in cyto-
plasm compared with the nucleus, whereas free GFP shows an
equal intensity in cytoplasm and nucleus. Because the threshold
for free diffusion to and from the nucleus is around 40 kD in plant
cells (Merkle, 2003), we did not expect a nuclear localization for
the fluorescent Rx1 proteins, which have a predicted mass of
140 kD. No breakdown products were detected after analyzing
the expressed GFP-Rx1 by anti-GFP immunoblotting, excluding
the possibility that the nuclear signal is derived from smaller
GFP-containing peptides (Figure 1C).

To ensure that steric hindrance from the FP fusion did not
interfere with R protein functionality, we tested the ability of
FP-fused Rx1 to induce cell death and confer PVX resistance.
The ability of GFP-Rx1 and Rx1-GFP to induce a PVX CP-
specific hypersensitive response (HR) was tested by transient
coexpression in N. benthamiana leaves with the avirulent
(CP106) or virulent (CP105) CP or with GFP as a control for
autoactivation. Expressed from the 35S promoter, both the
N- and C-terminal GFP fusions of Rx1 gave a strong HR to the
avirulent CP (CP106) (Figure 1D). A delayed and weaker HR was
observed when the GFP-fused Rx1 constructs were coex-
pressed with the virulent CP (CP105) (Figure 1D). Apparently,
the N- or C-terminal fusion of a fluorescent protein slightly
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broadens Rx1 recognition specificity or sensitizes Rx1 activation
as Rx1 without GFP fusion does respond to CP105 under similar
conditions. This response is not the effect of autoactivation as no
cell death occurred after coexpression of the Rx1 constructs with
GFP (Figure 1D). Recognition of the PVX CP by Rx1 was earlier
shown to depend on the identity of two amino acid residues in the
CP sequence (Querci et al., 1995), and a broadening of Rx1
recognition has been reported for Rx1 LRR mutants (Farnham
and Baulcombe, 2006).

In addition, potato plants expressing cauliflower mosaic virus
(CaMV) 35S promoter—driven yellow fluorescent protein (YFP)-Rx1
were fully resistant to the avirulent PVXyks but not to the PVX,g
breaker strain (Figure 1E). The extreme resistance phenotype
was similar to that of the resistant potato clone SH, which contains
Rx1 in its genetic background. The FP-fused Rx1 variants respond
more sensitive to the virulent PVX CP when expressed from the
35S promoter but are further fully functional and confer a wild-
type-like PVX resistance in stable potato transformants.

A Balanced Nucleocytoplasmic Distribution of Rx1 Is
Required for Full Functionality

After finding that Rx1 resides in both the nuclear and cytoplasmic
compartment of the cell, the first question that came to mind was
if its presence in either compartment plays a role in the Rx1-
mediated resistance and cell death response. Recent publica-
tions have shown that decreasing the nuclear concentration of R
proteins like the barley R protein MLA10 or the tobacco protein N
by adding an exogenous nuclear export signal strongly limits
their ability to induce defense signaling (Burch-Smith et al., 2007;
Shen et al., 2007).

To test if the subcellular distribution of Rx1 is of importance for
its function, we created a set of constructs of the full Rx1 protein
fused to either an NLS or NES. The addition of these targeting
signals does not fully exclude the protein from either compart-
ment, but enhances the active transport into (NLS) or out of the
nucleus (NES) and is thereby expected to shift the balance
between the nuclear and cytoplasmic pools of Rx1. To redirect
Rx1 to the nucleus, the well-known SV40 Large T-antigen
monopartite NLS was chosen (Lanford and Butel, 1984; Haasen
et al., 1999). The PKI nuclear export signal (Wen et al., 1995) was
applied to direct Rx1 from the nucleus to the cytoplasm. As
controls, fusions were made with mutated versions of these
targeting signals (nes* and nls*) (Figure 2A). Confocal micros-
copy imaging of the constructs expressed from the 35S pro-
moter in N. benthamiana confirmed that the NES and NLS
sequences were able to redirect the localization of the GFP-
Rx1 constructs, whereas GFP-Rx1 constructs with a mutated
version of the targeting signal had a localization pattern identical
to the original GFP-Rx1 construct (Figure 2A).

When the NES or NLS versions of 35S:GFP-Rx1 were tran-
siently coexpressed with the avirulent PVX:GFP amplicon or the
elicitor CP106 in N. benthamiana, no change in virus spreading
or the severity of the induced cell death response could be found
between the versions with a functional or with a mutated target-
ing signal. However, this may be due to the fact that expression
of Rx1 was controlled by the strong CaMV 35S promoter. Under
these conditions, Rx1 is able to mediate a strong and fast
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Figure 1. Subcellular Localization of the Full-Length Rx1 Protein.

(A) Schematic overview of the N- and C-terminal FP fusions of full-length
Rx1. Both YFP (citrine YFP) and GFP (enhanced GFP) fusions were
made. The amino acid sequences of the linkers connecting the FP to Rx1
are shown. Expression of the fusion constructs was controlled by the
CaMV 35S promoter.

(B) Localization pattern of GFP-Rx1, Rx1-GFP, and GFP. The GFP-labeled
proteins were imaged by confocal microscopy in epidermal cells of
transiently transformed N. benthamiana leaves. Empty vector (EV) trans-
formed cells are shown as controls for background fluorescence. Subcel-
lular structures are indicated (C, cytoplasm; Ch, chloroplast; cw, cell wall;
n, nucleolus; N, nucleus; V, vacuole). Images were taken 3 (GFP-Rx1, Rx1-
GFP, and EV) and 2 (GFP) d after agroinfiltration. For GFP-Rx1 and GFP, a
nucleus and the surrounding cytoplasm are shown in more detail.

(C) Immunoblot of protein extracts from N. benthamiana leaves tran-
siently transformed with GFP-Rx1, an empty vector control (EV) or free
GFP. Protein was detected with an anti-GFP antibody. The two arrows
indicate the position of GFP-Rx1 (140 kD) and GFP (27 kD) on the blot.
The GFP sample was diluted 1:10.

(D) Response of Rx1 or GFP-Rx1 when coexpressed with the avirulent
PVX CP (CP106), the virulent PVX CP (CP105), or a negative control
(GFP) in an agroinfiltration assay on N. benthamiana leaves. Images were
taken 2 d after infiltration.

(E) Virus resistance assay with the avirulent PVX strain PVX UK3 and the
virulent strain PVX HB. The susceptible potato genotype line V was
transformed with either an empty pBINPLUS expression cassette (EV) or
35S:YFP-Rx1. The potato genotype SH containing Rx1 in its genomic
background was used as a positive control. Per treatment, three plants
from three independent primary transformants were assayed. Virus
concentrations were measured at 21 d after inoculation in an ELISA
with a PVX-specific antibody (mean absorbance values at A4ps [£SD]).

resistance response, and we often observed cell death within
30 h after agroinfiltration. Therefore, it is anticipated that the
strength of the response makes it difficult to distinguish more
subtle changes in functionality.

To make the Rx1 resistance assays more sensitive, we de-
cided to reduce the protein levels of Rx1 by lowering the
translational efficiency of the Rx1 construct. An out-of-frame
second start codon was introduced just upstream of the original
start codon, resulting in a 5 to 10 times reduction of the Rx1
protein levels (Figure 2B) (Kozak, 1995, 1999). Rx1-GFP ex-
pressed from this so-called leaky scan (35S, s) promoter can still
induce a PVX CP-dependent HR. However, no phenotypic
differences in the strength of HR could be observed upon
targeting of Rx1 to either the nucleus or cytoplasm.

To exclude the possibility that phenotypic differences were still
masked due to overexpression of the PVX elicitor, the Rx1
constructs were coexpressed with a PVX:GFP amplicon in N.
benthamiana leaves (Peart et al., 2002a). Virus resistance could
then be monitored by visualizing the spread of GFP expression
from the amplicon or by an ELISA assay with antibodies directed
against the viral CP. In this virus resistance assay, the NES
version of Rx1-GFP (35S, 5:Rx1-GFP-NES-8HA) allowed more
PVX:GFP to spread than the version with the mutated targeting
signal (nes) as visualized by a higher number of HR foci and the
detection of higher levels of GFP fluorescence under illumination
by UV light (Figure 2C). Consistently higher levels (65% =+ 60%)
of virus were detected by anti-PVX ELISA assays in the samples
where Rx1 was fused to a functional NES in comparison to the
nes* samples (33 sample pairs, paired t test, one-tail P = 3 X
10~7) (Figure 2D). Redirecting Rx1 to the nucleus (35S s:Rx1-
GFP-NLS-8HA) resulted in an even stronger reduction of resis-
tance as seen when the virus accumulation was compared after
coexpression of the PVX:GFP amplicon with the NLS- and
mutated nis*-tagged Rx1 versions. Higher PVX expressed GFP
levels were clearly visible under UV light (Figure 2C), and 4 times
more PVX CP was detected in the anti-PVX ELISA (Figure 2D) (11
sample pairs, paired t test, one-tail P = 1 X 10~4). The constructs
with the mutated targeting signals (nes and nls) did not differ
markedly from each other in their ability to stop PVX spreading
and were indistinguishable from a similar Rx1 construct lacking
any targeting sequence (35S, s:Rx1-GFP) (data not shown).
Furthermore, we could show on anti-HA/GFP immunoblots of
whole-cell protein extracts that the Rx1 constructs with func-
tional or nonfunctional mutated targeting signals accumulate to
similar levels in the cell (Figure 2E).

In conclusion, the Rx1 pools in both nuclear and cytoplasmic
compartments of the cell appear to play a role in the functioning
of Rx1, but in contrast with what was reported for several other R
proteins, it seems that shifting the Rx1 distribution to the cyto-
plasm has a relatively small effect on its functionality, whereas a
stronger reduction in resistance is observed when most Rx1 is
shifted to the nucleus.

Elicitor-Dependent Activation of Rx1 Occurs in
the Cytoplasm

The path from R protein-mediated pathogen recognition to the
resulting resistance response and cell death can be dissected in
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Figure 2. Modifying the Rx1 Localization by Exogenous Subcellular Targeting Signals.

(A) Redirecting Rx1 by the fusion of an NES or NLS. As control, both the NLS and NES mutated versions were used (nls* and nes*). The sequence of
each targeting signal is depicted above the confocal microscopy image showing the localization of the construct in N. benthamiana cells. GFP
fluorescence is shown in green and chlorophyll in magenta. Nucleus and cytoplasm surrounding it are indicated by N and C.

(B) The expression level of Rx1-GFP under control of the 35S and the 35S, 5 (leaky scan) promoter compared by anti-GFP immunoblotting. The 35S:
Rx1-GFP sample was diluted 5 and 25 times. The 35S, 5:Rx1-GFP sample was not diluted.

(C) Transient resistance assay comparing the PVX resistance mediated by nuclear (NLS) or cytoplasmic (NES) targeted Rx1 under control of the 35S,
promoter. Identical constructs with mutated targeting signals served as reference. Spreading of PVX:GFP from the coexpressed PVX amplicon can be
seen by the number and size of the HR foci (top panels) or visualized by the fluoresence from the PVX-expressed GFP (bottom panels).

(D) PVX resistance mediated by the four 35S s:Rx1-GFP-NXS-8HA variants analyzed by an anti-PVX CP ELISA. The Rx1 targeting variants were
coexpressed with the avirulent PVX:GFP. The ELISA signal was normalized and the absorbance difference between NES and nes* or between NLS and
nis* Rx1 samples was determined per leaf. The average signal differences and sb are shown.

(E) The stability of the four 35S s:Rx1-GFP-NXS-8HA constructs was assessed by extracting the transiently expressed protein from N. benthamiana
leaves and detecting it on an anti-HA immunoblot. The protein was extracted in 8 M urea and 100 mM DTT to ensure that all protein, including the

nuclear fraction, could be detected.

multiple steps. By directing Rx1 to the nuclear or cytoplasmic
compartment and observing the effect on the outcome of the
reaction, it is not possible to conclude which step in the activa-
tion pathway is localization dependent. To differentiate the
importance of the cytoplasm and the nucleus in the recognition
step of the Rx1 activation pathway, we manipulated the nucleo-
cytoplasmic distribution of the avirulent PVX CP.

Fluorescent versions of avirulent (CP106) and virulent (CP105)
PVX CPs were constructed by fusing a fluorescent protein (cyan
fluorescent protein [CFP] or GFP) to the N terminus of the CPs.
The fluorescent fusions did not alter the Rx1-mediated recogni-
tion (see Supplemental Figure 1 online) and have been shown not
to hamper the functioning of the CP in the formation of viral
particles (Santa Cruz et al., 1996).

Confocal microscopy showed that the avirulent and virulent
CPs do not differ in their subcellular distribution in N. benthami-
ana leaf epidermis cells (Figure 3A). Both were found in the
nucleus and the cytoplasm in equal intensities, as was expected

because the mass of the fusion products (~45 kD) does not
exceed the size exclusion limit of the nuclear pore and their
sequence does not contain specific targeting signals (Figure 3A).
These observations are in accordance with the localization
pattern described earlier (Batten et al., 2003).

To distinguish the role of the cytoplasm and nucleus in the
recognition of PVX, we constructed versions of the CP that
contained the SV40 NLS (Lanford and Butel, 1984; Haasen et al.,
1999) or the PKI NES (Wen et al., 1995) and mutated versions of
these signals as described previously for the Rx1 NES and NLS
constructs. The NLS versions of the virulent and avirulent CPs
are efficiently targeted to the nucleus, and the NES versions are
almost completely excluded from the nucleus (Figure 3A). All
NLS and NES versions are stable and expressed at similar levels,
as was shown by immunoblotting (Figure 3B).

The ability of these CP versions to activate Rx1 was tested in
agroinfiltration assays on N. benthamiana leaves. Transiently
expressed Rx1 under control of the CaMV 35S promoter and
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Figure 3. Nuclear-Targeted PVX CP Does Not Induce the Rx1 HR
Response.

(A) Confocal image of the subcellular localization of the PVX CP when
expressed as a fusion to CFP is shown in the top two panels (CFP-
CP106, left; CFP-CP105, right) (CFP fluorescence, blue; chloroplast
fluorescence, magenta). The localization of GFP-tagged versions of
CP106 with a targeting signal (SV40 NLS, PKI NES, and mutated variants
thereof) are shown in the bottom four panels. Detailed views of the nuclei
are shown to display the fluorescence intensities in the cytoplasm (C) and
nucleus (N) clearly.

(B) Anti-GFP immunoblot showing the protein levels of the targeted
versions of the PVX CP in N. benthamiana leaf protein extracts.

(C) Response induced by exogenous targeted 35S:GFP-CP106 con-
structs coexpressed with 35S:Rx1. GFP-NLS-CP106 (SV40 NLS,
PKKKRKVEDP), GFP-NES-CP106 (PK1 NES, NELALKLAGLDINK), and
the mutated versions thereof (GFP-nis*-CP106, PKEKRKVEDP; GFP-
nes*-CP106, NELALKAAGADANK) were coexpressed with 35S:Rx1 inan
agroinfiltration assay in N. benthamiana leaves. At 2 d after infiltration, a
clear HR was observed for all combinations except for the coexpression
of Rx1 with GFP-NLS-CP106. The image was taken 3 d after infiltration.
(D) Response induced by exogenous targeted 35S:GFP-CP106 con-
structs transiently expressed in transgenic N. benthamiana expressing
Rx1-4HA from its endogenous regulatory sequences.

Rx1-4HA stably expressed from its endogenous regulatory se-
quences in transgenic N. benthamiana plants were both tested
for their response to the redirected PVX CP versions. All avirulent
CP constructs elicited an HR within 2 d after the infiltration,
except the construct containing the functional NLS (Figures 3C
and 3D). The mutated NLS control construct (nls*) differs in only
one amino acid (KKKRK > KNKRK) from the functional NLS
construct, but can still fully elicit an Rx1-mediated HR.

From these results, we conclude that recognition of the PVX
CP takes place in the cytoplasm and the nucleus does not

provide an environment in which Rx1 can be activated. Our data
also show that Rx1-mediated signaling requires no, or at least
no high concentrations of, PVX CP in the nucleus, as no effect
was observed upon adding a nuclear export signal to the aviru-
lent CP.

The CC Domain Accumulates in the Nucleus and Is Required
for Nuclear Localization of the Rx1 Protein

Rx1 cannot be excluded from either the nucleus or the cytoplasm
without some loss of function, and the PVX CP can only activate
Rx1 in the cytoplasm. However, it is not evident how Rx1 is
balanced between the nuclear and cytoplasmic pools. No clas-
sical NLSs, which could explain for its presence in the nucleus,
are predicted in the linear amino acid sequence of Rx1
(PredictNLS; Cokol et al., 2000). To gain insight in the mechanism
underlying the observed nucleocytoplasmic distribution, we
constructed a series of fluorescent domain deletion constructs
of Rx1 (Figure 4A).

The Rx1 protein is composed of several flexibly linked
domains, an N-terminal CC, an extended nucleotide binding
domain (NB-ARC), and a C-terminal LRR domain. Upon coex-
pression as separate modules, these domains can interact and
reconstitute a functional Rx1 protein (Moffett et al., 2002). This
characteristic allowed us to test whether the fluorescent domain
fusion constructs retained their ability to confer PVX resistance
when coexpressed with the complementary parts of Rx1. The
complementary combinations of the Rx1 domains were coex-
pressed with PVX:GFP, and the virus accumulation was as-
sessed via an anti-PVX ELISA (Figure 4B). The N-terminal half of
the Rx1 protein (CC-NB-ARC) proved to be sensitive to the
position of the fluorescent fusion protein. The YFP-CC-NB-ARC
product lost the ability to confer PVX resistance when expressed
in trans with the LRR, even though the full-length Rx1 tolerates an
N-terminal fluorescent protein fusion. CC-NB-ARC-GFP, on the
other hand, could confer resistance in a complementation assay.
In addition, the N-terminal fusion construct GFP-LRR was shown
to be functional, and also for the CC-GFP, a wild-type-like PVX
resistance was observed when coexpressed with the NB-ARC-
LRR-GFP. Even the combination of the CC-GFP, NB-ARC-GFP,
and GFP-LRR constructs in trans conferred an intermediate PVX
resistance (Figure 4B). Apparently, when the fluorescent proteins
are introduced at the positions where the full-length protein
domains are linked, the assembly of the domains into a functional
protein is not disrupted.

Confocal microscopy showed that the subcellular localiza-
tion patterns of various fluorescent versions of Rx1 differed
markedly from the full Rx1 protein (Figure 4C). Average nucleo-
cytoplasmic distribution ratios were determined by comparing
the fluorescence intensities in the nucleus and cytoplasm from
the confocal images made under identical confocal settings
(Figure 4D). In this way, it is possible to get an indication of the
consistency of the subcellular distribution by comparing mul-
tiple cells. Higher values for I\/Ic indicate a more nuclear
localization, whereas higher values for Ic/ly indicate a more
cytoplasmic localization.

The CC-GFP (42 kD) construct showed markedly higher fluo-
rescence intensities in the nucleus than in cytoplasm, something



A GFP CC NB ARC LRR
== Rx1 ¢ I I I m]
CC-GFP —e
CC-NB-ARC-GFP | S——— ]
GFP-CC-NB-ARC &=———T——)
NB-ARC-GFP [ ——
NB-ARC-LRR-GFP (==, I e
GFP-LRR [ ——
B o
08
0.7 [ L I L [ ]
T 06 [
g
0 05
N
04
G
2
< 03
02
0.1
0.0 = =
Q 2 2 Q * s . x <
AN S A R T A -
£ & & & { & & s L oo
@S o U\SL & ‘g(’Q-Q“ G N FFELS F
C& & o‘b ‘\@,éq,v & Loéq‘ ‘3;‘5“ &
& & ¢ I L@

D T/ I/1,

GFP-Rx1
B-ARC-LRR-GFI
GFP-LRR

— CC-GFP
CC-NB-ARC-GFP|
NB-ARC-GFP

GFP

1 s T T
4 2 1 1 2 3 4

Figure 4. Subcellular Localization of Truncated Rx1 and lts Separate
Domains.

(A) Schematic overview of the N- and C-terminal GFP fusions of the Rx1
subdomains and deletion constructs.

(B) Complementation in trans of the fluorescent constructs by the
corresponding Rx1 domains in a transient virus resistance assay. Fluo-
rescent fusions of the Rx1 subdomains were coexpressed with their
complementary parts and avirulent PVX:GFP. Resistance was assessed
via an anti-PVX ELISA 5 d after agroinfiltration. The average absorption at
405 nm (*sD) for four replicates is shown.

(C) Subcellular localization of the GFP-labeled truncated Rx1 polypep-
tides and separate domains shown by confocal imaging. Full-length
GFP-Rx1 is shown for comparison. Images were taken 2 d after infiltra-
tion. Where fluorescent intensities strongly differ between cytoplasm (C)
and nucleus (N) these compartments is indicated.

(D) Nucleocytoplasmic distribution of the fluorescent fusion proteins
shown as fluorescent intensity ratios: nuclear intensity (ly) divided by
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that was not observed for the smaller GFP control (27 kD) or any
of the other Rx1 domain constructs. CC-NB-ARC-GFP (80 kD)
and NB-ARC-GFP (64 kD) showed an almost equal distribution
between cytoplasm and nucleus, as observed for the full-length
Rx1 protein. However, the NB-ARC-LRR-GFP (125 kD) construct
was predominantly localized in the cytoplasm, indicating that the
CC domain is directly or indirectly required for nuclear accumu-
lation of the full Rx1. The high nuclear accumulation of the CC
domain supported this interpretation. The LRR domain seemed
to have an opposite role. The GFP-LRR protein was excluded
from the nucleus (Figures 4C and 4D). Although Leu-rich NES
motifs are predicted for the LRR (NetNES 1.1; la Cour et al.,
2004), they overlap with the structural hydrophobic residues of
the LRR repeat, which are not surface exposed (Kobe and
Kajava, 2001). Therefore, it is not likely that this motif acts as a
targeting signal. When fused to a triple GFP construct containing
a weak NLS, the LRR fragment containing the putative NES did
not show any NES activity; therefore, we assume that other
factors than this motif determine the cytoplasmic localization of
the LRR.

Nuclear Localization of Rx1 Requires a
Nucleotide-Bound Conformation

The nucleotide bound to the NB and ARC domains acts as an
anchor point determining the overall conformation of the Rx1
protein. It is hypothesized that the conformational change from
an inactive to an active state involves changes in nucleotide
binding status (Tameling et al., 2002, 2006) and intramolecular
interactions (Moffett et al., 2002; Rairdan and Moffett, 2006;
Rairdan et al., 2008). Mutations in the P-loop of the NB domain
abolish the activity of Rx1 and disrupt the interaction between the
CC domain and the NB-ARC-LRR but not between CC-NB-ARC
and LRR (Moffett et al., 2002; Rairdan et al., 2008).

The mutation K176R was made in the Rx1 P-loop to study if
the absence of a bound nucleotide would influence the Rx1
subcellular distribution. This mutation inactivated the protein
completely. Analysis of the transiently expressed protein by
immunoblots showed that the K176R mutant and the wild-type
version of GFP-Rx1 accumulated to similar levels (Figure 5C).
The fluorescence intensity of the GFP-Rx1 K176R construct was
similar to the intensity measured for the GFP-Rx1 construct
under identical microscope settings (Figure 5A). In contrast with
wild-type GFP-Rx1, GFP-Rx1 K176R was almost absent from
the nuclei (Figure 5A), which could be seen by the increase in the
fluorescence intensity ratio between cytoplasm and nucleus
(Ic/In) (Figure 5B).

Since in the localization study of the domain deletion con-
structs (Figure 4) higher I/l ratios seemed to be correlated with
the presence of the LRR, we decided to introduce the P-loop

cytoplasmic intensity (Ic) and vice versa (Ic/ln). Average fluorescence
intensity ratios (£SD) were determined from the fluorescence intensities
on the cytoplasm and nucleus in confocal images of eight N. benthami-
ana leaf epidermal cells with the Java application Imaged.
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Figure 5. The Effect of the P-Loop Mutation K176R and SGT7 Silencing
on the Nucleocytoplasmic Distribution of Rx1.

(A) Confocal images of the subcellular localization of GFP-Rx1, GFP-Rx1
K176R (P-loop), CC-NB-ARC-GFP, and CC-NB-ARC-GFP K176R in N.
benthamiana cells. Lower fluorescence levels can be seen for GFP-Rx1
K176R in the nucleus (N). The CC-NB-ARC-GFP K176R construct does
not show a shift toward the cytoplasm (C).

(B) The average fluorescence intensity ratio between the cytoplasm (Ig)
and the nucleus (Iy) was determined for 10 N. benthamiana cells per
constructs. A higher ratio indicates fluorescence levels in the cytoplasm
higher than in the nucleus. wt, wild type.

(C) HA and GFP immunobilot (IB) showing the accumulation levels of the
wild-type and K176R versions of GFP-Rx1 and 4HA-GFP-Rx1.

(D) Confocal images of the subcellular localization of GFP-Rx1 and CC-NB-
ARC-GFP expressed in wild-type or SGT1-silenced N. benthamiana leaves.
(E) GFP-Rx1 and Rx1 CC-NB-ARC-GFP were expressed in wild-type N.
benthamiana and in SGT1-silenced N. benthamiana. The average inten-
sity ratios (+=SD) were determined for 10 cells per combination (Ic/In). A
shift toward a more cytoplasmic localization of GFP-Rx1 in SGT17-
silenced plants is seen as a higher average Ic/In. No such shift was
observed for CC-NB-ARC-GFP.

(F) GFP and HA immunoblot on protein extracts from wild-type and
SGT1-silenced N. benthamiana plants transiently expressing 35S:GFP-
Rx1, 35S:4HA-GFP-Rx1, or 35S:CC-NB-ARC-GFP.

mutation in a construct lacking the LRR. Wild-type CC-NB-ARC-
GFP was used for comparison. When expressed in N. benthami-
ana cells, the localization patterns of the wild type and of the
K176R version of the CC-NB-ARC-GFP were indistinguishable
(Figure 5A). CC-NB-ARC-GFP K176R was not excluded from the
nucleus. Hence, we conclude that the nuclear exclusion of the
full-length GFP-Rx1 K176R depends on the presence of the LRR
domain.

Nuclear Localization of Rx1 Is Impaired upon Silencing
of SGT1

SGT1 is known to be essential for the functioning of many R
proteins, likely as part of an essential chaperone complex for R
proteins (Austin et al., 2002; Azevedo et al., 2002, 2006; Botér
et al., 2007). SGT1 has been found in the cytoplasm and also in
the nucleus (Noél et al., 2007) and interacts with chaperones that
have been implicated in assisting nuclear shuttling, like HSP90 or
HSC70 (Tago et al., 2004; Kose et al., 2005; Brkljacic et al., 2009;
Cazalé et al., 2009). We tested whether the absence of SGT1
would affect the localization of Rx1. SGT7 expression was
knocked down by TRV-based virus-induced gene silencing in
N. benthamiana (Lu et al., 2003). The SGT7-silenced plants
showed a clear change in morphology, as reported earlier (Peart
et al., 2002b).

As expected, Rx1 coexpressed with the PVX CP could no
longer induce an HR in SGT1-silenced plants (see Supplemental
Figure 2 online). Protein levels of transiently expressed full-length
GFP-Rx1, 4HA-GFP-Rx1, and the truncated CC-NB-ARC-GFP
from wild-type and SGT7-silenced plants were analyzed by
immunoblotting. Protein levels of GFP-Rx1 and 4HA-GFP-Rx1
were slightly reduced in the SGT7-silenced plants in which their
localization was imaged. A small reduction was seen for CC-NB-
ARC-GFP (Figure 5F). The subcellular localizations of GFP-Rx1
and CC-NB-ARC-GFP were studied using microscopic settings
identical to those used for visualizing the subcellular localization
in nonsilenced plants, which means that in the cells in which the
protein was imaged, proteins levels were not markedly reduced.

The subcellular localization of the fluorescent Rx1 protein was
clearly affected in SGT17-silenced plants (Figure 5D). In contrast
with wild-type plants, the GFP-Rx1 fluorescence observed in the
cells of SGT1-silenced plants was mostly excluded from the
nucleus (Figures 5D and 5E). The CC-NB-ARC-GFP constructs
lacking the LRR did not exhibit a shift toward the cytoplasm in
the absence of SGT1. This suggests that the effect of SGT1
on the subcellular distribution of Rx1 is linked to its LRR domain.
The empty vector control did not affect Rx1 distribution, exclud-
ing the possibility that the phenotype was a side effect of the
silencing system. In the case of SGT1 silencing, there is a
reduction in total Rx1 levels when the silencing progresses (>5
weeks after TRV infection). However, these plants also exhibited
lower fluorescence levels and were not used for imaging.

A Short Helix-Rich Segment Determines Nuclear
Accumulation of the Rx1 CC Domain

The fact that the CC-GFP construct accumulated to higher levels
in the nucleus than free GFP made it an interesting subject for



further investigation. Not much is known about the structural
properties of R protein CC domains except that a conserved
motif (-EDMVD- in Rx1) plays a role in the CC/NB-ARC-LRR
interaction (Rairdan et al., 2008). To investigate whether a distinct
sequence within the CC domain determines the nuclear lo-
calization of Rx1, we decided to create a set of GFP-fused sub-
CC fragments based on the predicted secondary structure of
the CC.

Boundaries of the CC domain were delineated with CDART,
Interpro, and predictors for secondary structure and intradomain
loop sequences. Both CDART and Interpro indicated that the
NB-ARC domain starts at amino acid 136, while the helix pro-
pensity in Rx1 stops at around amino acid 115, as shown by the
consensus secondary structure prediction. In addition, the Do-
main Linker Predictor indicated a high propensity for intradomain
loop sequences between amino acids 115 and 135. All these
data suggested that in Rx1 the CC domain can be set approx-
imately between amino acids 1 and 115, in accordance with
earlier in trans complementation assays of CC deletion con-
structs (Rairdan et al., 2008).

The consensus secondary structure profile indicates the pres-
ence of four major helical regions (H1, amino acids 2 to 20; H2,
amino acids 25 to 45; H3, amino acids 51 to 69; H4, amino acids
76 to 115) joined by three loops that also showed a high
propensity for intrinsic disorder (Figure 6A). In addition, more
specialized predictors, such as SOPMA 5-state and BETATURN,
indicated a high propensity for a B-turn between H2 and H3
(amino acids 45 to 50) and to a lesser extent between H3 and H4
(amino acids 73 to 77) (Figure 6A).

The four regions predicted to form helices were each fused to
GFP, individually or in combination with neighboring helices,
resulting in seven constructs (Figure 6B). All CC fragment con-
structs were shown to be stable by immunoblots with anti-GFP
antibody (see Supplemental Figure 3 online). The subcellular
distribution of five of these constructs was similar to free GFP,
with an almost equal intensity in the cytoplasm and the nucleus
(Figures 6C and 6D). However, two constructs, Rx1(1-45)-GFP
and Rx1(45-116)-GFP, displayed a strikingly different distribu-
tion. Rx1(1-45)-GFP, containing the two predicted N-terminal
helices (H1 and H2), was almost completely absent from the
nucleus and predominantly present in the cytoplasm, despite its
small size (32 kD). Rx1(1-45)-GFP showed an association with
subcellular structures resembling Golgi bodies and the endo-
plasmic reticulum (Figure 6C). This subcellular localization pat-
tern was not observed for fragments Rx1(1-20)-GFP (H1) or Rx1
(16-45)-GFP (H2), indicating that the combination of the two
helices is essential for the cytoplasmic targeting of Rx1(1-45)-
GFP. Rx1(45-116)-GFP (35 kD), containing the third and fourth
predicted helixes (H3 and H4), had a strong nuclear accumula-
tion, comparable with the full CC domain [Rx1(1-144)-GFP]. No
such nuclear accumulation was observed for the overlapping
fragments Rx1(45-87)-GFP (H3) or Rx1(79-116)-GFP (H4), show-
ing that the combination of these two helices is required for the
nuclear accumulation of Rx1(45-116)-GFP (Figures 6B and 6C).

To test if the CC fragments Rx1(1-45)-GFP and Rx1(45-116)-
GFP could complement each other to form a functional CC, they
were coexpressed with NB-ARC-LRR-GFP and avirulent PVX
CP (CP106), either individually or in combination. Only when
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Rx1(1-45)-GFP, Rx1(45-116)-GFP, NB-ARC-LRR-GFP, and CP106
were combined did an HR occur, showing that both fragments
are needed to reconstitute the ability of Rx1 to initiate a cell
death response (Figure 6E). A similar complementation assay
was used to determine if PVX resistance could be reconstituted
(Figure 6F). Only when NB-ARC-LRR-GFP was combined with
Rx1(1-45)-GFP and Rx1(45-116)-GFP was the spreading of
PVX:GFP effectively blocked. These results demonstrate that
the CC domain includes two nonoverlapping subdomains, each
consisting of two a-helices, which show distinct localization
patterns if expressed individually. The fragment containing
helixes 3 and 4, however, seems to determine the nuclear
accumulation observed for the full CC.

The CC Domain Is Sequestered in the Nucleus by Binding to
Large Complexes

The CC constructs described in Figure 6 are all fusions with a
single GFP, and none of the fusion products have a molecular
mass >45 kD, leaving the question open whether the observed
nuclear accumulation of the full CC-GFP and Rx1(45-116)-GFP
resulted from active nuclear import via a transferable targeting
signal or passive import through diffusion.

To limit the passive diffusion through the nuclear pore, GFP-3-
glucuronidase (GUS) fusions were constructed for the CC do-
main [Rx1(1-144)] and for Rx1(45-116), which increased the
overall mass of the constructs by ~70 kD (Figure 7B). As control,
a GFP-GUS construct without targeting signals was made. The
lack of fluorescence in the nucleus and the fluorescence that can
be observed in the layer of cytoplasm surrounding the nucleus
demonstrates that the nucleocytoplasmic distributions of the
CC-GFP-GUS, Rx1(45-116)-GFP-GUS, and GFP-GUS proteins
all shifted to an almost completely cytoplasmic localization com-
pared with the single GFP constructs (Figure 7A). Coexpression
of Rx1(45-116)-GFP-GUS with the interacting N-terminal WPP
domain of RanGAP2 fused to an NLS (Rg2-AC-mC-NLS) restored
the nuclear localization (Figure 7C). The GFP-GUS construct,
which does not interact with RanGAP2, does not show this Rg2-
AC-mC-NLS-induced relocalization (Figure 7C).

The nucleocytoplasmic distribution patterns of CC-GFP-GUS
and Rx1(45-116)-GFP-GUS indicate that these sequences do
not contain strong autonomous NLSs. A possible explanation for
the nuclear accumulation of the Rx1 CC and fragment Rx1(45-
116) in the nucleus in the absence of a NLS could be a combi-
nation of passive introduction into the nucleus combined with
sequestering in the nucleus, partially preventing the transport
back to the cytoplasm. If the Rx1 CC is held in the nucleus via an
interaction, then one would predict that this would affect its
diffusional freedom in the nucleus.

To test this hypothesis, local photobleaching was applied to
the fluorescent fusion proteins, and the dynamics of fluores-
cence recovery were studied using fluorescence recovery after
photobleaching (FRAP), a technique commonly used to study the
diffusional behavior of nuclear proteins (Carrero et al., 2003;
McNally, 2008). A small area in the nucleus was bleached, and
fluorescence recovery was monitored. Subsequently, the recov-
ery half-times were used to calculate the effective diffusion
coefficients. Free GFP is known to diffuse unrestrictedly in the
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Figure 6. Subcellular Localization of Fluorescent Fusion Proteins of Secondary Structure-Based CC Domain Fragments of Rx1.

(A) Consensus secondary structure propensity of the CC domain suggests the presence of four a-helices (H, shown in red) joined by three stretches that
show a high intrinsic disorder propensity defined both by the inability to form secondary structure (coils, in blue) and high B-factors (hot-loops, in red). In
addition, the CC sequence shows a high propensity for a B-turn structure especially between helices 2 and 3 (T, shown in blue).

(B) Schematic representation of the constructed Rx1 CC fragments, which were all fused to GFP at the C terminus. The predicted secondary structure is
indicated in color: a-helices in red and the central B-turn in blue. The amino acid positions corresponding with the fragments sequence in the full CC
domain are noted in the fragment names.

(C) Confocal images showing the subcellular localization patterns for each CC fragment. For fragment Rx1(45-116)-GFP, a similar nuclear localization
was observed like shown for the full CC domain [Rx1(1-144)-GFP]. For Rx1(1-45)-GFP, fluorescence was exclusively located in the cytoplasm
associated with endoplasmic reticulum and Golgi-like structures (a detail of this cytoplasmic localization pattern is shown). The other fragments were
shown to be located in both the nucleus (N) and the cytoplasm (C) comparable to free GFP.

(D) Fluorescence intensity distribution ratio showing the nuclear (In/Ic) or cytoplasmic (Ic/In) localization of each CC fragment. Average intensities were
determined in confocal images using the image analysis application ImagedJ. Ratios shown are the averages (+sD) for 8 to 10 cells.

(E) In trans complementation HR assay. If the CC fragments Rx1(1-45)-GFP and Rx1(45-116)-GFP are coexpressed with the NB-ARC-LRR-GFP
construct (amino acids 144 to 937), a functional Rx1 is reconstituted that initiates a cell death response in the presence of the PVX CP.

(F) Transient PVX resistance assay. Combinations of the NB-ARC-LRR-GFP construct and the CC fragments Rx1(1-45)-GFP and Rx1(45-116)-GFP
were coexpressed with PVX:GFP. PVX accumulation was visualized by the GFP expression at 5 d after infiltration.

nucleus (Thompson et al., 2002; Houtsmuller, 2005). As expected,
we observed the highest diffusion coefficients for the free GFP
(Figure 7D). For the full CC domain, a significantly smaller
diffusion coefficient was measured (Figure 7D). Rx1(45-116)-
GFP had an effective diffusion coefficient ~3 to 4 times lower

than free GFP and, thus, even lower than the diffusion coefficient
derived for the full CC domain. Rx1(45-87)-GFP and Rx1(79-
116)-GFP, which encompass sequences corresponding to parts
of the Rx1(45-116)-GFP construct, gave diffusion coefficients
intermediate to the values for GFP and the CC-GFP but still
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Figure 7. Diffusional Behavior of Rx1 CC Fragments in the Nucleus.

(A) Confocal images of the subcellular localization of single GFP fusion constructs of the CC (top panels) and the equivalent GFP-GUS fusion constructs
(bottom panels). Nucleus (N) and cytoplasm (C) are indicated.

(B) Anti-GFP immunoblot of the GFP-GUS fusion constructs to show the integrity of the constructs. The constructs were transiently expressed in N.
benthamiana leaves.

(C) Rx1(45-116)-GFP-GUS and GFP-GUS coexpressed with a nuclear targeted version of the RanGAP2 N-terminal WPP domain (WPP-mCh-NLS). GFP
fluorescence is displayed in green (left panels) and mCherry fluorescence in orange (right panels).

(D) Effective diffusion coefficients (Deff) of GFP, Rx1(1-144)-GFP (CC-GFP), Rx1(45-116)-GFP, Rx1(45-87)-GFP, and Rx1(79-116)-GFP as derived from
FRAP measurements in the nucleus of N. benthamiana cells (n = 20, except for GFP, n = 35), 2 d after agroinfiltration. For the fragment Rx1(45-116)-GFP
and the full CC domain (Rx1-1-144)-GFP), a significant slower diffusion was observed compared with the other tested fragments and free GFP. The
distribution of data points is depicted in a box plot. The means were statistically analyzed with the Tukey test and grouped (a, b, and c) according to
significant differences at « 0.01.

(E) Rx1(45-116)-4HA extracted from purified nuclei by sonication in buffers with increasing SDS concentrations (0, 0.02, 0.1, and 0.5%). After
sonication, both the soluble fraction and an insoluble pellet were boiled in loading buffer and separated by SDS-PAGE. The sonication disrupts the
nuclei (checked by microscopy) but does not release the Rx1 CC fragment (or the DNA bound Histone 3) in the soluble fraction. The addition of
increasing levels of SDS in the sonication buffer results in an increasing amount of Rx1(45-116)-4HA in the soluble fraction. Every treatment was tested

in duplo.

diffused significantly faster than fragment Rx1(45-116)-GFP.
Thus, the strong nuclear localization of CC-GFP and Rx1(45-
116)-GFP coincided with a significantly slower diffusion in the
nucleus.

Another indication for such nuclear interaction of the CC or the
CC fragment Rx1(45-116)-GFP are the conditions under which
these proteins can be released from purified nuclei. Purified
nuclei were sonicated in the absence or presence of increasing
concentrations of the anionic detergent SDS. Even sonication in
a buffer without SDS disrupted the nuclei, which was confirmed
by microscopy. However, only in the presence of 0.1 or 0.5%
SDS was Rx1(45-116)-4HA released into the solution (Figure 7E).
Histone 3, which was detected with specific antibodies as an
example of a DNA bound protein, was released under similar
conditions (Figure 7E).

These results suggest that the nuclear accumulation of the CC
protein and Rx1(45-116)-GFP can be explained by transient
binding with relatively immobile nuclear structures.

DISCUSSION

In this study, we have shown that the CC-NB-ARC-LRR R protein
Rx1 has a nucleocytoplasmic distribution in the cell and that both
the nuclear and cytoplasmic pools of Rx1 are required for full
functionality. A remarkable qualitative difference was observed
between the subcellular Rx1 pools; retargeting Rx1 toward the
nucleus impacts virus resistance more than shifting the Rx1
localization to the cytoplasm. The strongest decrease in Rx1
functioning was seen when the elicitor of Rx1, PVX CP, was
forced to accumulate exclusively in the nucleus. We conclude
from the ensuing loss of Rx1 activation that elicitor recognition
has to take place in the cytoplasm. Interestingly, the domain
deletion constructs and the P-loop mutant of Rx1 demonstrated
that the LRR domain, which has a role in elicitor recognition, is
also associated with a cytoplasmic localization. The CC domain,
on the other hand, is needed, either directly or indirectly, for
the nuclear localization of the Rx1 protein, although it lacks
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discernable transferable NLS sequences. Constructs based on
the predicted secondary structure revealed a minimal functional
CC domain fragment that shared the nuclear accumulation with
the full-length CC. Both this CC fragment (amino acids 45 to 116)
and the full-length CC were shown to have a lower diffusion
coefficient in the nucleus than would be expected from their size.
The most likely explanation for this behavior is the occurrence of
transient interactions with yet unknown relatively immobile nu-
clear components.

Rx1 Is Activated in the Cytoplasmic Compartment

In the past few years, the subcellular localization of several R
proteins has been determined by imaging their GFP fusion
products or by cell fractionation studies. NB-LRR R proteins,
originally thought to be cytoplasmic, exhibit an unexpected
variety in subcellular localization from association to the plasma
membrane (Boyes et al., 1998) and to the endoplasmic reticulum
(Weaver et al., 2006; Wang et al., 2007) to a nucleocytoplasmic
distribution (Shen and Schulze-Lefert, 2007). Barley MLA, to-
bacco N, and Arabidopsis RPS4 all showed a clear loss of
function when their nuclear localization was prevented either by
the addition of exogenous NESs (Burch-Smith et al., 2007; Shen
et al., 2007) or by mutations of an endogenous NLS (Wirthmueller
et al., 2007). Judged by the resistance phenotypes of Rx1
targeted to the cytoplasm or the nucleus, Rx1 needs to be
distributed among both compartments for full functionality. It is
interesting to note that RanGAP2, which interacts with the CC
domain of Rx1, has an almost exclusive cytoplasmic localization
(Rose and Meier, 2001; Pay et al., 2002; Jeong et al., 2005; Sacco
et al., 2007; Tameling and Baulcombe, 2007). Although silencing
RanGAP2 in N. benthamiana compromised Rx1-mediated resis-
tance (Tameling and Baulcombe, 2007) and overexpression of
RanGAP2 caused the elicitor-independent activation of Rx1 CC-
NB fragments (Sacco et al., 2007), the precise function of the
RanGAP2 interaction with Rx1 is still unknown. RanGAP2 also
interacts with the CC domain of Gpa2, a close homolog of Rx1,
which can be activated by certain RanBPM-like proteins (RBPs)
secreted by the nematode Globodera pallida. The finding that
Gpa2 activation is stimulated by the stabilization of an interaction
between the nematode RBPs and RanGAP2 indicates that the
latter could have a role as a guarded host protein facilitating
Gpa2-mediated recognition of the RBPs (Collier and Moffett,
2009; Sacco et al., 2009). If this is true, and a similar indirect
RanGAP2-mediated recognition underlies PVX CP recognition,
then this would explain why the nuclear-targeted PVX CP no
longer activates Rx1. However, a study by Tameling et al. (2010)
determining the link between RanGAP2 localization and Rx1
functioning demonstrated that when the RanGAP2 WPP domain
itself is targeted to the nucleus by an NLS fusion, thereby pulling
Rx1 into the nucleus as well, it still does not allow Rx1 activation
in the nuclear compartment. However, it might be the full-length
RanGAP2 that is required for elicitor recognition.

If R proteins recognize pathogen-derived elicitors directly or
indirectly via guarded host proteins, then the proximity in the
same compartment of all components involved in the recogni-
tion is a prerequisite (Martin et al., 2003). The small size of PVX
CP allows it to move freely between the nuclear and cytoplasmic

compartment (Figure 3A). Thus, the CP localization by itself does
not exclude the nucleus as the compartment where recognition
could take place. It is tempting to speculate that the roles the
CP fulfills in PVX replication and cell-cell movement of viral RNA
(Oparka et al., 1996; Fedorkin et al., 2001; Karpova et al., 2006;
Bamunusinghe et al., 2009), which have been associated with
the endomembrane system and plasmodesmata, form the ground
for its recognition in the cytoplasm.

Several recent examples demonstrate how closely subcellular
localization and R protein-mediated recognition mechanisms
can be linked. The Tobacco mosaic virus helicase p50 effects a
change in the localization of the host protein NRIP1, as it releases
it from the chloroplast stromules to the cytoplasm and nucleus.
Only then can the tobacco R protein N interact with NRIP1 via its
TIR domain (Caplan et al., 2008b). The effector PopP2 is se-
creted by R. solanacearum into the host cells, where it is
transported into the nucleus via its NLS. A host protein, the
Cys protease RD19, directly interacts with PopP2. In the pres-
ence of PopP2, the RD19 protein changes its localization from
the putative prevacuolar vesicles to the nucleus (Bernoux et al.,
2008). A GFP-fused version of the Arabidopsis resistance protein
RRS1-R could not be detected in the absence of PopP2 (its
cognate elicitor), but when RRS1-R was coexpressed with
PopP2, both colocalized in the nucleus (Deslandes et al., 2003).

Recently, the Arabidopsis immune regulator protein EDS1 was
shown to be balanced between the nucleus and the cytoplasm
(Garcia et al., 2010). EDS1 plays an important role in signaling of
basal defense and TIR-NB-LRR R protein-induced defense
(Aarts et al., 1998). It forms complexes with the defense signaling
proteins PAD4 and SAG101 in the cytoplasm and nucleus (Feys
etal., 2001, 2005). The nuclear pool of EDS1 increases during the
RPS4-triggered immune response and is associated with tran-
scriptional reprogramming (Garcia et al., 2010). However, even
during defense a cytoplasmic pool is retained. Redirecting EDS1
to a more cytoplasmic localization via an NES reduced RPS4
triggered resistance and basal defense responses. It was con-
cluded that both the cytoplasmic and nuclear pools of EDS1
have specific functions in the immune response.

The CC and LRR Domains Play Distinct Roles in the
Nucleocytoplasmic Distribution of Rx1

If the presence of Rx1 in both compartments is needed for full
resistance, then the mechanisms determining this distribution
are of interest. We demonstrated that preventing nucleotide
binding to the NB-ARC by mutating the conserved Lys (K176R) in
the P-loop abolishes the nuclear localization of full-length Rx1.
The bound nucleotide (ADP or ATP) determines the overall
structure of an NB-LRR R protein by interacting with motifs in
the NB, ARC1, and ARC2 domains (Takken et al., 2006). It was
shown earlier that this P-loop mutation disrupts the intramolec-
ular interaction between the CC and the NB-ARC-LRR of Rx1 but
not the interaction between the LRR and the CC-NB-ARC
(Moffett et al., 2002; Leister et al., 2005). The effects of the CC
deletion, the P-loop mutation, and the effect of silencing of SGT71
on the localization of Rx1 indicate that the structure and confor-
mation of the various Rx1 domains play a role in balancing Rx1
between the nuclear and cytoplasmic protein pools. As an



additional control, GFP-Rx1 was coexpressed with an NLS-
tagged version of the interacting RanGAP2 WPP domain in
SGT1-silenced plants (see Supplemental Figure 4 online). The
induced relocation of Rx1 to the nucleus indicates that in SGT1-
silenced plants, Rx1 is still able to take part in the RanGAP2
interaction and can enter the nucleus if directed there via the
nuclear import system.

SGT1 forms a chaperone complex with RAR1 and HSP90,
which is essential for NB-LRR protein folding and stability
(Takahashi et al., 2003; Holt et al., 2005; Botér et al., 2007;
Shirasu, 2009). The chaperone function of SGT1 and RAR1 for
NB-LRR proteins has earlier been associated with the LRR
domain; for example, the RAR1 dependence of barley MLA
variants is determined by their LRR (Bieri et al., 2004). SGT1 has
been shown to localize in both the cytoplasm and the nucleus
(Noél et al., 2007). For the nuclear localization, it requires a
complete SGS domain, which functions as interaction domain for
HSC70. The chaperone HSC70 can actively be transported to
the nucleus via an NLS and has been shown to play a role in
nucleocytoplasmic shuttling in several eukaryotic systems (Kose
et al., 2005; Cazalé et al., 2009). Similarly, HSP90 plays a role in
nucleocytoplasmic shuttling of, among others, metazoan nuclear
receptors like the glucocorticoid receptor (Kang et al., 1994;
Tago et al., 2004; Echeverria et al., 2009). Further experiments
are needed to elucidate the role that the SGT1-RAR1-HSP90
chaperone complex plays in Rx1 nucleocytoplasmic balancing.

RanGAPs, like the Rx1 interactor RanGAP2, have a well-
described role in the main nucleocytoplasmic shuttling machin-
ery (Merkle, 2003; Stewart, 2006; Cook et al., 2007). The GTPase
Ran travels to the nucleus in its GDP-bound form and from the
nucleus to the cytoplasm in its GTP-bound form (Gorlich et al.,
1996). The interaction of RanGTPase with RanGAP in the cyto-
plasm strongly stimulates its GTPase activity, which helps it to
return to the GDP-bound state. However, no evidence exists that
RanGAPs themselves can shuttle proteins from the cytoplasm to
the nucleus; therefore, it is not likely that RanGAP2 has a direct
role in the transport of Rx1 to the nucleus. On the other hand, a
detailed study on the effect RanGAP2 has on the subcellular
localization and activation of Rx1 (Tameling et al., 2010) showed
that RanGAP2 affects the nucleocytoplasmic partitioning of Rx1
but does not require GAP (GTPase activating protein) activity to
produce this effect.

Still, Rx1 has a mass well above the passive nuclear import
threshold (~110 kD without and ~140 kD with GFP fusion).
Proteins with a molecular mass higher than 40 kD (or a Stokes
radius over 2.7 nm, as dimensions are more important than
molecular mass) are limited in their passive passage through the
nuclear pore complex (Paine et al., 1975; Merkle, 2003; Mohr
et al., 2009). Therefore, it is likely that the transport of NB-LRR
resistance proteins in and out of the nucleus needs to be actively
facilitated. A number of NB-LRR proteins do indeed contain
classical NLS sequences, as was noticed in the analysis of the R
proteins encoded in the poplar genome (Tuskan et al., 2006;
Kohler et al., 2008). A large fraction of the CC-NB-LRR and TIR-
NB-LRR proteins encoded in the Arabidopsis genome contain
predicted mono- and bipartite NLS sequences (Shen and
Schulze-Lefert, 2007). The requirement of a bipartite NLS for nu-
clear targeting and resistance signaling has been demonstrated
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for Arabidopsis TIR-NB-LRR RPS4 and SNC1 (Wirthmueller
et al., 2007; Cheng et al., 2009). The RPS4 NLS does not direct
the complete pool of RPS4 to the nucleus; a substantial cyto-
plasmic subpool (90%) is still present in association with the
endomembrane system. The localization of the autoactive TIR-
NB-LRR mutant snc1 was shown to shift to the cytoplasm in
Arabidopsis carrying a mutation in Nucleoporin88, which was
associated with a reduced snc1 activity (Cheng et al., 2009).

Most classical NLSs are linear Arg- and Lys-rich sequence
motifs, mediating the interaction with variants of the nuclear
transport receptor importin-a. NLSs can also be formed by a
combination of residues that lie further apart in the primary
sequence but are brought close to each other in the three-
dimensional structure. Even signals based on residues from two
separate, interacting, polypeptides have been reported, like in
the STAT1 dimer (Fagerlund et al., 2002). Such a complex NLS
based on a discontinuous stretch of residues cannot easily be
detected without detailed information on the three-dimensional
structure of the protein and an extensive screen for interactions
with the various importins.

Like Rx1, tobacco N and barley MLA are present in the nucleus
but do not contain recognizable classical NLSs (Burch-Smith
et al., 2007; Shen et al., 2007). We found that although the CC
domain is required for the nuclear localization of Rx1, it does not
contain an autonomous import signal that can actively transport
a GFP-GUS fusion product into the nucleus (Figure 7A). It should
be noted that in yeast, only 57% of the nuclear proteins contains
a classical NLS (Lange et al., 2007). The remaining 43% of
nuclear proteins is thought to pass the nuclear pore complex via
alternative mechanisms, like direct interactions with importin 3 or
nucleoporins, nonclassical nuclear targeting signals, or cotrans-
port via interactions with proteins that do contain NLSs, the so-
called piggyback mechanism (Ursula Stochaj, 1999; Christophe
et al., 2000; Dostie et al., 2000; Cingolani et al., 2002; Xu and
Massagué, 2004; Lee et al., 2006; Chuderland et al., 2008; Lange
et al., 2008).

Nuclear Accumulation of the CC Can Be Attributed to a
Small Functional and Structural Subdomain

To study the role of the CC in the nuclear accumulation of Rx1, a
structural analysis was conducted. Surprisingly little has been
reported on the structure of the R protein CC domain (or non-TIR
domain). In the CC domain of proteins encoded by some of the
first R genes to be cloned, an amphipathic heptad repeat was
recognized (Bent et al., 1994; Grant et al., 1995; Bendahmane
et al., 1999). Such heptad repeats consist of regularly spaced
hydrophobic residues that, if present in an «-helix, will form a
hydrophobic surface along one side of the structure. In combi-
nation with bordering polar/hydrophilic residues, these hydro-
phobic areas form the interaction surface between helices in a
CC structure (Cohen and Parry, 1986; Lupas, 1997). Computa-
tional analysis of the primary amino acid sequence shows that
the Rx1 CC domain indeed mainly consists of a-helices inter-
spersed by loop regions and likely a B-turn around amino acid
45. The in trans functionality of the CC fragments split at this
predicted B-turn indicates that both CC fragments reconsti-
tute a functional CC and thus likely interact. A similar in trans
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functionality has been shown before for Rx1 split between the
CC and NB and between the ARC2 and LRR region and cor-
responded with an interaction in these cases (Moffett et al.,
2002). Further experiments will be needed to determine if this is a
direct interaction and to determine the role of the amphipathic
heptad repeat in this interaction. The CC domain of Rx1 is in-
volved in at least two known interactions: an intramolecular
interaction with the NB-ARC-LRR domains (Moffett et al., 2002;
Rairdan et al., 2008) and an intermolecular interaction with the
N-terminal WPP domain of RanGAP2 (Sacco et al., 2007;
Tameling and Baulcombe, 2007). By mutagenesis, it was shown
that the interaction with the NB-ARC-LRR was mainly deter-
mined by the conserved EDMVD motif and the interaction with
the RanGAP2 by the region surrounding this motif (Rairdan et al.,
2008). In our secondary structure model, the EDMVD motif falls
within the 3rd a-helix, and it is interesting to note that the regions
essential for the NB-ARC-LRR and RanGAP2 interactions are both
situated within the minimal CC fragment that displays the strong
nuclear accumulation and slow nuclear diffusion phenotype.

FRAP has been applied extensively in the study of nuclear
protein dynamics (Carrero et al., 2003; Houtsmuller, 2005;
McNally and Kevin, 2008). The recovery kinetics reflect the
mobility of the fluorescent protein, which itself is influenced by
several factors like the dimensions of the protein, the viscosity of
the solution, and the interaction kinetics of the protein. The
difference in the effective diffusion coefficient observed for the
CC-GFP and Rx1(45-116)-GFP products in comparison with free
GFP cannot be explained only by the difference in their molecular
mass. Molecules of up to 500 kD are not hindered by nuclear
structures and have been shown to diffuse unrestrictedly in the
nucleus (Seksek et al., 1997; Gorisch et al., 2005). Furthermore,
the size dependency of the diffusion coefficient is small; for
globular proteins, the diffusion coefficient is proportional to the
inverse of the cube root of the molecular mass (D~M~173) (Reits
and Neefjes, 2001; Mueller et al., 2010). This implies that to be
able to explain the difference in the observed diffusion coefficient
between free GFP (32.7 = 10.3 um? s~1, 27 kD) and Rx1 (45-
116)-GFP (10.0 = 2.7 um? s~', 34 kD) (Figure 7D), the latter
should have a mass of ~30 times higher than free GFP.

The most plausible explanation for the diffusional behavior of
the CC-GFP and Rx1(45-116)-GFP constructs appears to be
transient binding to a less mobile component in the nucleus.
Similar diffusional behavior has been found for many chromatin-
associated proteins, which led to the idea that most proteins
recruited to the chromatin are only binding transiently and show
rapid turnover kinetics (Phair et al., 2004; Gorski et al., 2006;
Launholt et al., 2006; Hager et al., 2009). A more extensive FRAP
analysis than performed here could even provide information
about binding kinetics, like the “on” and “off” rates and the rel-
ative number of binding sites (Sprague et al., 2004; Sprague and
McNally, 2005; Beaudouin et al., 2006). The fact that, like the
histone 3 control, the CC fragment Rx1(45-116)-4HA is only
released from purified nuclei after sonication in a buffer contain-
ing SDS supports the hypothesis that it takes part in an interac-
tion in the nucleus. To what protein or structure the Rx1 CC
binds, assuming that the nuclear full-length Rx1 takes part in the
same interaction, and what the role of this in Rx1 mediated
signaling is will be the focus of further studies.

A relatively small, but consistent, suppressive effect on the
functioning of Rx1 was observed after artificially shifting Rx1 out
of the nucleus through fusion to an NES. Therefore, we can
assume that some part of Rx1 signaling does take place in the
nucleus, and it is tempting to speculate that this might be linked
to the CC domain. The discovery of the R protein RRS1-R
suggested that R proteins could be directly involved in tran-
scriptional regulation via transcription factors (Lahaye, 2002). It
consists of TIR, NB-ARC, and LRR domains with a C-terminal
fusion to a WRKY domain, characteristic of the WRKY class of
transcription factors (Deslandes et al., 2002). The Arabidopsis R
protein RPS4 has recently been shown to operate only in
combination with RRS1-R. The RPS4/RRS1-R pair confers re-
sistance against strains of Pseudomonas syringae, R. solana-
cearum, and the fungus Colletotrichum higginsianum (Narusaka
et al., 2009). Maybe RPS4 indirectly uses the WRKY domain of
RRS1-R for its functioning. In addition, the CC domain of MLA
has been shown to interact with a WRKY transcription factor in a
yeast two-hybrid screen. The interaction between full-length
MLA and this WRKY protein was enhanced in the presence of a
Blumeria-derived elicitor (Shen et al., 2007). The WRKY factor
interacting with MLA functions as a suppressor of basal resis-
tance. It was hypothesized that the interaction with MLA leads to
derepression of basal resistance signaling. Finally, even N-ter-
minal domains of the plasma membrane-associated CC-NB-
LRR protein RPM1 were shown to interact with TIP49a, a nuclear
factor involved in the transcriptional machinery and chromatin
remodeling (Holt et al., 2002; Gallant, 2007). Hence, it is tempting
to infer from these examples that the nuclear localization of Rx1
might be similarly linked to transcriptional regulation of down-
stream signaling pathways, of which the mechanism has not
been elucidated yet.

METHODS

Sequence and Secondary Structure Characterization

Similarity searches were performed with BLAST using Blosum62. Pat-
terns, profiles, and domain recognition were scanned with InterPro
(Quevillon et al., 2005) and CDART (Geer et al., 2002), which integrates
Pfam, Prints, Prodom, SMART, TIGR, and Prosite databases. Secondary
structure predictions were performed with methods best ranked in
CASP4:SOPMA (Geourjon and Déleage, 1995), GOR IV (Garnier et al.,
1996), PsiPred (Jones, 1999), Jpred (Cole et al., 2008), HNN (Guermeur,
1997), and PROF (Ouali and King, 2000). Specialized B-turn prediction
was performed with BETATURNS (Chou, 2000). Domain linker prediction
was performed using the Domain Linker Predictor (Miyazaki et al., 2002).
Intrinsic disorder prediction was performed with DisEMBL (Linding et al.,
2003).

Expression Cassette Construction

The sequences of all applied oligonucleotides are listed in Supplemental
Table 1 online.

35S Promoter Constructs

The Rx1 encoding sequences, including introns, were inserted in the plant
expression vector pRAP (Schouten et al., 1997). Rx1 was amplified using
the primers 5GpRxbn and Rxrev and transferred to Ncol-Sall-digested



pRAP, resulting in pRAP:Rx1. To create the leaky scan (35SLS) Rx1
construct, the Rx1 sequence was amplified using the RxLSFor and Rxrev
and cloned to pRAP via Ncol and Sall.

Endogenous Promoter Constructs

Comparison of the genomic sequence of Rx1 (GenBank AJ011801) and
the homologous Gpa2 (GenBank AF195939) showed extensive similar-
ity in the promoter and transcription terminator regions. These regions
of similarity were taken as the basis for creation of vectors carrying
endogenous transcription cassettes in a pUC19 background. The Rx1
3'-untranslated region (UTR) (transcription termination) region (274 bp)
was amplified from pBIN:BAC-Rx1 (pBIN+:RGC4; van der Vossen et al.,
2000) template using the primers SUTRkp and 3UTRrev and cloned as a
Kpnl-Pacl fragment into pRAP:YFP, replacing the Tnos. The Rx1 pro-
moter region (2804 bp between Xbal and ATG start codon) was con-
structed in two steps. First, the region between the Dralll site (nucleotide
1429) and the start codon was amplified from pBIN:BAC-Rx1 (pBIN+:
RGC4) using the primers bRxAdelf and RxbnREV. This 1396-bp Dralll-
Ncol fragment was cloned alongside the 1431-bp Ascl-Dralll fragment of
pBIN:BAC-Rx1 into pRAP:YFP with Rx1 3’-UTR, from which the 35S
region was removed by Ascl-Ncol digestion. The resulting vector pRXI:
YFP drives expression of a reporter gene. R gene constructs were ex-
changed between pRAP and pRXI using the unique Ncol and Pstl sites.

Cloning R Gene Fusion Partners

The YFP (enhanced YFP; Clontech), CFP (enhanced CFP; Clontech), and
GFP (enhanced GFP; Clontech) (Yang et al., 1996) reporter genes were
amplified by PCR using the primers 5CFPsbn and 3CFPsrk. PCR prod-
ucts were cloned as a Ncol-Kpnl fragment in the vector pRAP between
the 35S promoter and Tnos termination regions.

C-Terminal Fusions

In the plant expression vector pRAP:cbp (cbp is a stuffer fragment), the
Sphl-Pacl segment is replaced by the annealed oligos CBPY1+2 with
Sphl-Ncol overhang and the YFP-Tnos Ncol-Pacl fragment. In the
resulting pRAP:cbp-YFP, the fluorescent protein is preceded by Notl
and Sall. The Sall-Sstl GFP fragment, derived from pCR2.1:GFP, is
cloned into pRAP:cbp-YFP. In the resulting vector, an extra BamHlI site is
available for fusions. To create the GFP-GUS constructs, GUS was
isolated from pGEM-T:GUS via Ncol-Spel and ligated to pRAP:GFP,
pRAP:CC-GFP, and pRAP:Rx1(45-116)-GFP via BspHI-Xbal.

Targeting Signals

The SV40 NLS (Lanford and Butel, 1984; Haasen et al., 1999) was
generated as an annealed oligo (SV1 + SV2) with Ncol-Nhel overhang. It
was cloned into pRAP:YFP-HA8 (Ncol-Nhel), resulting in pRAP:NLS-
HA8. In the mutated control version pRAP:nis*-HA8, the oligo pair
SVmut1 and SVmut2 was used. The vectors pRAP:GFP-NLS-HA8 and
pRAP:GFP-nis*-HA8 were created by introduction into pRAP:NLS-HA8
and pRAP:nIs*-HA8 (Ascl-Ncol) of the 35S:GFP (Ascl-BspHI fragment).
As an NES, the sequence from PKI (Wen et al., 1995) was used. The
annealed oligo pair PK1 + PK2 with Sstl-Nhel overhang was cloned in
between the same sites in pRAP:GFP-HA8. The mutated version was
inserted in a similar way. The resulting plasmids are pRAP:GFP-NES-HA8
and pRAP:GFP-nes*-HAS.

R Gene-Derived Segments

In pRAP:Rx1, digested with Ascl-Ncol, the 35S:YFP (Ascl-Sstl) fragment
is ligated alongside the annealed oligo linker12 (linker 12for +, linker12rev)
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(amino acid sequence 5'-GGGSGGGSGGGS-3’). From the resulting
pRAP:YFP-Rx1, an N-terminal GFP version is prepared by exchange of
YFP for GFP via Ncol-Sstl. Via Ncol-Pstl, pRXI:GFP-Rx1 was prepared.
To allow C-terminal fusions, Rx1 cDNA was prepared. The primer
combination 5RxexFor and 3Rxnot amplified the Rx1 C-terminal end,
which was then cloned into pCR2.1Topo and recloned as BspEl-Kpnl
fragment in pRAP Ncol-Kpnl and the Rx1 Ncol-BspEl fragment. Finally, in
the cDNA version of pRAP:Rx1, digested with Notl-Pacl, the GFP-Tnos
from pRAP:cbp-GFP was inserted, leading to pRAP:Rx1-GFP. 35S g:
Rx1-GFP was created following the same strategy. To create the GFP-
NLS/nls*-Rx1 constructs, pPRAP:GFP-Rx1 was opened with Ncol-BamHl,
and the GFP-NLS or GFP-nis* segment from pRAP:GFP-NLS or -nis*
(Ncol-BamHI) was ligated. For introduction of the NES, the Ascl-BamHI
fragment from pRAP:GFP-NES or -nes* was introduced in Ascl-BamHI-
digested pRAP:GFP-Rx1. The GFP-NLS/nls*-Rx1 insert from the pRAP
versions was introduced into pRXI using Ncol-Pstl. For the GFP-NES/
nes*-Rx1in pRXI:GFP-Rx1, the Sstl-Clal fragment was exchanged for the
Sstl-Clal fragments from pRAP:GFP-NES-Rx1 and GFP-nes*-Rx1. The
35S, 5:Rx1-GFP-NES/nes*-8HA and 35S, s:Rx1-GFP-NLS/nls*-8HA con-
structs were created by exchanging the GFP in 35SLS:Rx1-GFP via Sstl-
Pacl for the GFP-NES/nes*/NLS/nls*-8HA fragments from the pRAP:
GFP-NES/nes*/NLS/nls*-8HA constructs. The P-loop mutant Rx1 K176R
was generated by splicing by overlap extension of CC-NB-ARC frag-
ments amplified with the primer combinations 5GpRxbn + 3LysRrev and
5LysRfor and 3NBSeRev on Rx1 template. This CC-NB-ARC K176R
segment was introduced into full-length Rx1 constructs.

LRR Constructs

The sequence encoding the Rx1 LRR domain from amino acid 473 was
amplified from cDNA using the primers For-LRRrx-1 and Rev-LRRrx-1
and then cloned into pBAD-topo (Invitrogen). In this vector, the LRR is
preceded by the extra amino acids MGSGSGDDDDKLAL. Full-size
pBAD:Rx1 was obtained by insertion of the Ncol-Clal fragment from
pRAP:Rx1. From pBAD:LRR, the Ncol-Clal fragment was cloned into
pRAP:Rx1 (Ncol-Clal), resulting in pRAP:LRR. In this vector, the
GFP sequence was introduced as a Ncol-BamHI fragment taken
from pRAP:GFP-Rx1. GFP and the LRR are connected by the linker
GGGSGGGSGDDDDKLAL.

CC-NB-ARC Constructs

The Rx1 CC-NB-ARC (amino acids 1 to 474) encoding sequence was
amplified from Rx1 template using the primer set 5GpRxbn and NBSerev
and then cloned into pRAP via Ncol-Kpnl restriction sites. A C-terminal
fusion of YFP was accomplished by inserting into the Ascl-Ncol cut
pRAP:YFP the Ascl-EcoRl fragment of pRAP:CC-NB-ARC and a linker
peptide encoding EcoRI-Ncol fragment annealed from Ctyfp1 and
Ctyfp2. In the resulting plasmid, pRAP:CC-NB-ARC-YFP, the linker
SGGSGGGGSGGGGS connects CC-NB-ARC and YFP. pRAP:CC-NB-
ARC-GFP was created by exchanging YFP for GFP from pRAP:NB-ARC-
GFP via Apall-Pacl. The vector pRAP:YFP-CC-NB-ARC is created by
introducing the Stul-Pacl fragment from pRAP:CC-NB-ARC into pRAP:
YFP-Rx1. The GFP-CC-NB-ARC K176R Ascl-Apall fragment and the
Apall-Pacl fragment from pRAP:NB-ARC-GFP were inserted into Ascl-
Pacl-digested pRAP, resulting in pRAP:GFP-CC-NB-ARC-GFP K176R.
Then, the Ascl-Hpal fragment was replaced by Ascl-Hpal from pRAP:
Rx1, leading to pRAP:CC-NB-ARC-GFP K176R. To amplify the NB-ARC
region of Rx1, the primer pair 5SNBSf and ApalLRev was used. The
amplified product was cloned as a Ncol-Kpnl fragment into pRAP. To
enable C-terminal fusions, the annealed oligo AN1 +AN2 was introduced
via ApaLl-Kpnl. The resulting pRAP:NB-ARC-an carries a Notl site and
allowed cloning of the GFP-Tnos Notl-Pacl fragment to yield pRAP:
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NB-ARC-GFP. In this construct, the Rx1 segment extends from amino
acid 142 to 489.

CC Deletion Construct

To create the CC deletion of Rx1-GFP, the Ascl-Apall fragment from
pRAP:NB-ARC-an was joined alongside the Apall-Pacl fragment from
pRAP:Rx1 in Ascl-Pacl-digested pRAP, resulting in pRAP:NB-ARC-
LRR-GFP.

CC-GFP and CC Fragments

The CC domain of Rx1 was amplified from Rx1 template using the primer
combination 5GpRxsbn and 3CCnot. The fragment was cloned via Ncol-
Kpnl and into pRAP. Then, after Notl-Pacl digestion, the GFP-Tnos
fragment from pRAP:cbp-GFP was introduced, leading to pRAP:CC-
GFP. To create pRAP:CC-3GFP, the Ascl-BspHI CC-GFP fragment was
fused to the Ncol-Pacl GFP2-Tnos segment from pRAP:cbp-GFP2 in the
vector pRAP (Ascl-Pacl). CC fragment constructs were prepared by
amplification of Rx1 template with the following primer combinations: Rx1
(1-45), 5GpRxsbn and Rev-BamHI-AC; Rx1(1-20), 5GpRxsbn and Rev-
BamHI-B; Rx1(16-45), For-nco-CD and Rev-BamHI-AC; Rx1(45-89),
For-nco-EG and Rev-BamHI-ED1; Rx1(79-116), For-nco-F and Rev-
BamHI-GF; Rx1(45-116), For-nco-EG and Rev-BamHI-GF. All these
PCR fragments were ligated as a Ncol-BamHI fragment with the pRAP
Ascl-Ncol fragment into the Ascl-BamHI-digested pRAP:cbp-GFP, re-
sulting in CC fragments with a C-terminal GFP fusion. The pRAP:Rx1(45-
116)-GFP3 was constructed by inserting into Ascl-Ncol-digested
pRAPcbp-GFP2 the Ascl-BspHI fragment from pRAP:Rx1(45-116)-
GFP. Rx1(45-116)-4HA was created by exchanging the GFP in pRAP:
Rx1(45-116)-GFP by a 4HA tag via the BamHI-Pacl restriction sites.

PVX CP Constructs

The PVX CP sequence was amplified from the PVX amplicons pgR106
(Jones et al., 1999) containing cDNA of the Rx1-avirulent PVX strain UK3
and pgR105 containing cDNA of the Rx1 resistance breaking strain HB
(Goulden et al., 1993) using the primers 5UK3cp and 3UK3cp for cp106
and 5HBcp and 3HBcp for cp105. The products were cloned as BspHI-
Kpnl fragments into the Ncol-Kpnl sites of pRAP. The N-terminal CFP
fusions were constructed by inserting into pRAP Ascl-Kpnl the Ascl-
BspHI 35S:CFP and the Ncol-Kpnl CP105 or CP106, resulting in pRAP:
CFP-CP105 and pRAP:CFP-CP106. To provide the CP106 with NLSs ina
first step, the BspHI-Kpnl CP fragments were cloned into pRAP:N-GFP,
yielding pRAP:N-cp106. Then, this vector was opened with Ascl-Spel
followed by introduction of the Ascl-Nhel fragment from pRAP:GFP-NLS/
nis*/NES and -nes*, thereby creating pRAP:GFP-NLS-CP106, pRAP:
GFP-nls-CP106, pRAP:GFP-NES-cp106, and pRAP:GFP-nes-cp106.

Rg2-AC-WPP-NLS

mCherry (mC) was PCR amplified from the plasmid pRSET-B mCherry
(Shaner et al., 2004) with oligonucleotides mCh1 and mCh2, introducing a
5’ BamHI and a 3’ Xmal site and subcloned in the pGEM T-easy vector,
resulting in pGEM T-mCherry. For the introduction of the SV40 NLS
(Haasen et al., 1999), an oligonucleotide linker was created by annealing
oligonucleotides NLST1 and NLST2. The linker was ligated in Xhol/Xmal-
digested pGEM T-mCherry, resulting in pPGEM T-mCherry-NLS. Amplifi-
cation of the RanGAP2-AC fragment (encoding amino acids 1 to 112 of
Nicotiana benthamiana RanGAP2) has been described previously
(Tameling and Baulcombe, 2007). This fragment was subcloned in the
PCR Il blunt Topo vector (Invitrogen). The fragment was cloned via Sall/
BamHl in the binary pC/SBPc vector, of which the multiple cloning site

was adapted by first ligating an oligonucleotide linker (created by
annealing oligos T1 and T2) in Xbal/Sall-digested pC/SBPc (Tameling
and Baulcombe, 2007). This resulted in the Rg2-AC-csBP construct, in
which the csBP-tag was replaced with mCherry-NLS from pGEM
T-mCherry-NLS via BamHI/Xmal to create pBIN61-Rg2-AC-mC-NLS.

Transient Expression

For transient expression, the expression cassettes from the pRAP con-
structs were cloned via Ascl-Pacl into the binary vector pBIN+ (van
Engelen et al., 1995). Agrobacterium tumefaciens MOG101 (Hood et al.,
1993) harboring the individual binary vectors was grown at 28°C in YEB
medium (per liter: 5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g
sucrose, and 2 mL 1 M MgSQ,) with 50 mg/L kanamycin and 20 mg/L
rifampicin. The bacteria were spun down and resuspended in MMAI
infiltration medium (per liter: 5 g Murashige and Skoog salts, 1.95 g MES,
20 g sucrose, and 1 mL 200 mM acetosyringone; Sigma-Aldrich). The
bacterial solution was diluted to an ODgqg of 0.5 in MMAI and incubated
at room temperature for 2 h before infiltration in N. benthamiana leaves.
Infiltrated leaves were harvested 2 or 3 d after infiltration (depending on
the expressed construct) for microscopy or protein extraction.

Confocal Microscopy and FRAP

Images of the fluorescent protein constructs in N. benthamiana epidermal
cells were obtained using a Zeiss LSM 510 confocal microscope (Carl
Zeiss) with a X40 1.2-numerical aperture water-corrected objective. For
GFP imaging, the 488-nm line from an argon laser was used for excitation,
and a 505- to 550-nm band-pass filter for detection of emission. The
458-nm line of a HeNe laser and a 470- to 500-nm band-pass filter were
used for CFP excitation and emission, respectively. The red fluorescent
mCherry was imaged using a 543-nm HeNe laser for excitation and a
600- to 650-nm band-pass filter for emission detection. Chlorophyll
emission was detected through a 650-nm long-pass filter. Fluorescence
intensities were quantified using the Java application ImagedJ (Abramoff
et al., 2004). FRAP experiments were performed with the Zeiss LSM 510
confocal microscope. A square 12-um? region in the nucleus was
bleached with the 488-nm laser line at 75% power and fluorescence
recovery monitored with 60-ms intervals for 5 s. Per construct, 20 to 35
recovery curves were acquired with LSM 510 software. Half-times (74,,)
were determined by fitting bleaching corrected and normalized curves
against a model for two-dimensional diffusion. Effective diffusion coef-
ficients (Desr, wm~2 s~ 1) were derived from 7,5 via Degt = A/(4 71/2), in which
A represents the bleached surface. Statistical analyses were performed
with the software package SPSS (SPSS for Windows 12.01).

Protein Extraction and Immunodetection

To extract protein from leaf samples, 0.5 g of leaf material was ground in
extraction buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA,
10% glycerol, 10 mM DTT, 2% polyvinylpolpyrrolidone, and 0.5 mg/mL
pefabloc SC protease inhibitor [Roche]). After spinning down the cell
debris (5 min, 16,000 rpm) the supernatant was combined with 4X
Laemmli buffer, and the proteins were loaded on SDS-PAGE Tris-glycine
or 3 to 8% Tris-Acetate gels (NuPage Novex; Invitrogen) for electropho-
retic separation. SDS-PAGE separated protein was either detected with
Coomassie Brilliant Blue staining or dry blotted on a nitrocellulose
membrane (Immobilon-p; Millipore). GFP-fused proteins were detected
on immunoblots by polyclonal rabbit anti-GFP (Abcam; 290-50) as
primary antibody and peroxidase-conjugated Goat anti-Rabbit I1gG
(Jackson; 111-035-045) as secondary antibody. HA-tagged constructs
were detected using a peroxidase-conjugated rat anti-HA antibody (Roche
10836800). The peroxidase activity was visualized with SuperSignal West



Femto and Dura luminescent substrates (Thermo Scientific, Pierce) and
detected with a Syngene G:Box gel documentation system .

Plant Transformation and Virus Resistance Assay

The susceptible potato (Solanum tuberosum) line V was used for Agro-
bacterium-mediated plant transformation (van Engelen et al., 1994).
Genomic DNA was extracted using the DNeasy plant mini kit (Qiagen)
and used for PCR analysis to check the incorporation of the transgenes in
the plant genome. Primary transformants were used in the virus resis-
tance assay. To obtain infectious virus particles, leaves of N. benthamiana
were agroinfiltrated with the PVX amplicons pGR106 and pGR105.
Systemically infected leaf material was homogenized in 10 mL of 50
mM sodium phosphate buffer, pH 7, including 1 mM Pefabloc. Twenty
microliters was used for sap inoculation of the four lower leaves of
4-week-old transgenic potato plants dusted with carborundum powder.
Inoculations were done in triplo. Infected plants were grown in the
greenhouse at 20°C and 16 h of light. Three weeks after infection, leaf
discs sampled from compound leaves of the apex were homogenized as
described above, and the virus concentration was determined using
DAS-ELISA (Méaki-Valkama et al., 2000). Plates were coated with a 1:1000
dilution of a polyclonal antibody against PVX to bind the antigen, and
a second polyclonal antibody against PVX conjugated with alkaline
phosphatase was used for detection via the phosphatase substrate
p-nitrophenyl phosphate.

Virus-Induced Gene Silencing

Three-week-old N. benthamiana plants were coinfiltrated with Agro-
bacterium GV3101 containing TRV1 and TRV2 vectors (Hellens et al.,
2000; Ratcliff et al., 2001). The TRV silencing vector TRV2:SGT1 was
kindly provided by M. Joosten (Gabrié€ls et al., 2006, 2007). The empty
TRV2 vector was used as negative control, and TRV2:PDS (phytoene
desaturase; Ratcliff et al., 2001) was used to visualize the silencing
progression. Three or four weeks after inoculation, the upper leaves of the
plants were used for transient expression of the fluorescent Rx1 proteins.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: S. tuberosum Rx1,
AJ011801; pgR106 (PVX UK3 based vector), AY297843.1; PVX HB,
X72214.1; and N. benthamiana RanGAP2, EF396237.
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Supplemental Figure 1. Activation of Endogenous Promoter Ex-
pressed Rx1 (pRXI:Rx1) by the Avirulent PVX CP (CP106) and a
Fluorescent Protein Fusion Thereof (CFP-CP106).

Supplemental Figure 2. Rx1-Mediated Cell Death Is Suppressed in
SGT1-Silenced Nicotiana benthamiana.

Supplemental Figure 3. Anti-GFP Immunoblot of the GFP-Fused CC
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