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Abstract

Following leaf infection with the tobacco mosaic virus (TMV), Nicotiana species that carry the disease resistance N gene develop a
hypersensitive response (HR) that blocks the systemic movement of the virus. TMV-sensitive tobacco plants that lack the N gene develop classical
disease symptoms following infection with most of the tobamoviruses. However, upon infection with TMV-Cg, these plants display a HR-like
response that is unable to limit viral spread. We previously identified the NH gene in sensitive plants; this gene is homologous to the resistance N
gene and both belong to the TIR/NBS/LRR family. Isolation and analysis of the NH transcript enabled the prediction of the amino acid sequence in
which we detected a leucine-rich repeat domain, proposed to be involved in pathogen recognition. This domain is found in four of five classes of
pathogen resistant proteins, in which sequence and structural changes may generate different specificities. In order to study the possible functional
role of the LRR domain in the HR-like response, we developed a comparative three-dimensional model for the NH and N gene products, by means
of functional and structural domains recognition, secondary structure prediction, domain assignment through profile Hidden Markov Models
(HMM) and molecular dynamics (MD) simulations. Based on our results we postulate that the NH protein could adopt a LRR fold with a functional
role in the HR-like response. Our two reliable LRR three-dimensional models (N-LRR, NH-LRR) can be used as structural frameworks for future
experiments in which the structure—function relationships regarding the protein—protein interaction process may be revealed. Evolutionary aspects
of the N and NH genes in Nicotiana species are also discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction processes responsible for antagonist co-evolution and the

diversity of organisms [1]. Plant resistance reactions evolve in

Plants continuously develop different defence mechanisms in
order to challenge pathogen attacks, as they are enforced to adjust
this machinery into an adaptive response. This direct relationship
between plants and their natural enemies is one of the key

Abbreviations: HR, hypersensitive response; SHR, systemic HR; NH,
homologous to N; N-LRR, leucine-rich repeat domain on N gene product;
NH-LRR, leucine-rich repeat domain on NH gene product; NBS, nucleotide-
binding site; TIR, Toll-interleukin-1 (IL-1) receptor domain; TMYV, tobacco
mosaic virus
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order to generate new ranges of pathogen resistance by producing
broad spectra of specific disease receptors for cognate gene
products of pathogenic virus, bacteria, fungi, and nematodes
[2,3]. The structures of these receptor proteins, and consequently
their specificity, have been modified during the course of
evolution, thereby conferring new defence mechanisms in
response to the appearance of new pathogenic races [4-6].

In the last 10 years, more than 20 resistance genes (R genes)
have been identified and classified in several plant species
[2,3,7]. On the basis of their structure and functional domains,
these have been grouped into five families. With the exception
of the tomato Pfo gene, almost all R genes possess a leucine-
rich repeat (LRR) motif domain [8]. Proteins containing LRR
domains are widespread and functionally diverse, with over
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2000 1identified to date in viruses, bacteria, archaea and
eukaryotes. They are especially prevalent in certain plant
genomes, including the plant model Arabidopsis thaliana,
which contains over 150 identified nucleotide-binding site
(NBS)-LRR encoding genes [9]. In tobacco, one of the
most studied pathogen receptors is the N gene, a member of the
Toll-interleukin-1 receptor domain (TIR)/NBS/LRR class of
plant disease resistance genes [8,10]. Plants bearing this gene
are resistant to the viral pathogen tobacco mosaic virus (TMV).
Once pathogens are recognized by the N receptor, a
hypersensitive response (HR) occurs [11], characterized by
localized cell death around the site of infection to limit
pathogen spread [59]. In contrast, plants that lack the N gene are
susceptible to infection by the majority of tobamoviruses
and develop systemic mosaic symptoms with apical leaf
deformation.

Nicotiana tabacum Xanthi™ is a tobamovirus-susceptible
cultivar. Nevertheless, Xanthi™" plants infected with TMV-Cg, a
tobamovirus isolated from cruciferous plants [12], display an
unexpected local and systemic response [13]. The local
response, termed the HR-like response (based on its
resemblance to the HR), is characterized by the appearance
of local necrotic lesions but not by the subsequent arrest of virus
spread. In a previous study, we isolated and characterized a
novel N homologous gene (NH) from Xanthi™-susceptible
plants (GenBank accession AY535010). NH has a coding
sequence of 5028 bp and possesses the TIR, NBS and LRR
domains, and shares more than 80% nucleotide identity with the
N gene. Our experimental evidence [13,14] led us to presume
that the LRR domain of the NH gene may be associated with the
HR-like response, as it has been postulated that these domains
in plants are involved in pathogen avirulence (avr) ligand
recognition [2,5,6,15,16].

From the structural point of view, all LRR domains are
composed of a beta—alpha unit connected by a loop, adopting an
arc-shaped structure termed a “‘horseshoe’. Arrangements of
parallel [-sheets are present at the concave face of the
“horseshoe’’, while on the convex side a variety of secondary
structures co-exist, such as a-helix, 3;¢-helix, B-turn and pII
[17]. The number of LRR repeats can range from 2 to 45, and
the length of each repeat can vary from 20 to 30 residues. Each
LRR repeat can be separated into a variable and a highly
conserved segment described by a LxxLxLxxN/CxL pattern
[18], which represents the inside and surrounding regions of the
[3-strand.

The elongated and curved shape of the LRR structure creates
an extended and concave surface that is topographically suited
for molecular docking and provides an interface for protein—
protein interactions [19-21]. This structural framework is
assumed to be responsible for a variety of biological processes
including: hormone-receptor interactions, enzyme inhibition,
cell adhesion, cellular trafficking and the immune response
[21].

In order to understand the role of the NH gene in the HR-like
response, we correlated the presence of the N and NH genes in
Nicotiana species with HR markers. To study the appropriate-
ness of the LRR fold as a structure—function framework in the

HR-like response, we developed comparative three-dimen-
sional models for the LRR domains of both gene products (N-
LRR and NH-LRR, respectively), by means of cross-matched
bioinformatics evidence arising from secondary structure
prediction, functional and structural domain recognition,
domain assignment through profile Hidden Markov Models
(HMM) and molecular dynamics (MD) simulations.

2. Materials and methods
2.1. Plant materials and TMV strains

The TMV-Ul-susceptible species N. tabacum L. cv.
Xanthi™, N. tabacum L. cv. Petite Havana SR1, N. sylvestris
Speg and Comes, N. benthamiana Domin, and the TMV-U1-
resistant species N. tabacum L. cv. Xanthi™, N. rustica L., N.
tabacum L. cv. Samsun, N. glauca Graham and N. glutinosa L.
were used in this study. All plants were grown in a virus-
free greenhouse under a 16/8 h (light/dark) photoperiod at
25-27 °C. Both virus strains, TMV-Ul and TMV-Cg, were
propagated in TMV-Ul-susceptible tobacco Xanthi™ plants,
purified as described by Bruening et al. [22] and stored at 4 °C
at a concentration of 3 pg pl ™.

2.2. TMV infection symptoms, callose deposition and cell
death evaluation

Nicotiana plants (8-week old) were inoculated with 100 wl
of TMV-Ul or TMV-Cg (10ngul™' in 20mM sodium
phosphate buffer, pH 7). Local and apical leaf symptoms were
evaluated from the second day of infection onwards.

The degree of callose deposition in the localized sites of
infection (lesions), was determined using the method of
Dietrich et al. [23]. At 2-3 days post-infection (dpi), leaf discs
(2 cm in diameter) were removed from local sites of infection in
the leaves, and after 10—12 dpi, discs were removed from apical
leaves. These were first clarified in lactophenol (phenol:lactic
acid:glicerol, 1:1:1) and then boiled for 2 min, followed by a
wash in 50% ethanol and water. The bleached discs were then
left for 1 h in 0.01% aniline blue dissolved in 0.15 M K,HPO,4
with shaking and finally washed twice in water. The discs were
then observed under an epifluorescence microscope (Olympus
MO81) at 365 nm. Aniline blue stain reacts with callose to
generate a yellow compound, which under a 365 nm UV filter
emits a blue fluorescence.

To evaluate cell death at localized sites of infection, we used
a modified version of Baker and Mock [24] Evans blue staining
method. Leaf discs were shaken for 30 min at 80 rpm in 1 ml of
0.25% Evans blue solution, followed by two washes with water.
Blue staining associated with cell death in local and systemic
lesions were observed in the treated discs under an optical
microscope.

2.3. RT-PCR amplification of the NH cDNA

We amplified NH-specific cDNA by stepwise-RT-PCR to
predict an amino acid sequence of the NH protein. This
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sequence was subsequently used to develop the comparative
models of the LRR domains of the N and NH gene products.
Poly-adenylated RNA from Nicotiana Xanthi™ was extracted
using the PolyAtract™ mRNA Isolation Systems kit (Promega,
Madison, WI) based on biotin—streptavidine system. Com-
plementary DNA (cDNA) was obtained using the Improm-11™"
Reverse Transcriptase kit (Promega). PCR amplification was
carried out using specific NH gene primers. Samples were
analyzed on agarose gels, and the amplified products were
cloned in pGEMT (Promega). The clones were sequenced with
universal M 13 forward, universal M 13 reverse and NH-specific
primers using the Fluorescence ABN Automated Laser
Sequencer (Applied Biosystems, Foster City, CA). The mRNA
sequence was translated into an amino acid sequence.

2.4. Comparative modelling of the N- and NH-LRR domain

LRR domains were annotated over the N and NH amino acid
sequences by searching the PFAM database [25], and selecting
hits with lower values than the default gathering threshold (E-
value = 1.0). The N-LRR and NH-LRR amino acid sequences
share 76.5% identical residues and 81% positive residues as
aligned by ClustalW 1.8 [26] and using the weight matrix
BLOSUMS62.

In order to choose an appropriate protein template to develop
a three-dimensional model for the LRR domains, we carried out
a BLASTp search [27] against proteins whose known tertiary
structures have been deposited in the Protein Data Bank (PDB)
[28]. The first hit of BLASTp resulted in the plant defence
polygalacturonase inhibiting protein (Pgip, PDB code:
10GQ_A) [29]. This protein of 313 residues contains 10
LRRs with 19.7% and 18% sequence identity with N and NH,
respectively. Due to the small sequence coverage of this hit in
comparison with the N-LRR and NH-LRR sequence lengths,
we decided to search for a more appropriate template by
submitting target sequences to the 3D-PSSM [30] fold
recognition server (threading). The best-scored structure
protein corresponded to Internalin from Listeria monocyto-
genes (PDB code: 106S_A) [31]. An E-value of 7.7 x 1073
resulted in more than 95% certainty [30] as a measure of
confidence for threading prediction. Despite this confidence,
and due to the low sequence similarity between N-LRR, NH-
LRR and the threading template (16% and 18%, respectively), a
closer inspection of the alignment was performed on each LRR
tandem — on both gene products — for which the PFAM database
search did not detected a canonical LRR pattern. These PFAM-
unrecognized LRR tandems were multiple-aligned using
ClustalW 1.8 in order to create a Hidden Markov Model
profile (HMM) applying HMMER?2.3 [32]. We identified this
HMM as a LRR-like pattern. LRR tandems identified on the N
and NH sequences were annotated (Fig. 2A), using the
boundaries defined as the LRR signature (Fig. 2B). The
proposed alignment resulting from the threading prediction
(3D-PSSM) was manually fine-tuned using as assignment rule
the localization of the LRR pattern (LxxLxLxxN/CxL) in
accordance to the secondary structure predicted by NPS@
server [33]. The evidence used for this structural constraints

was the broadly reported agreement of the LRR pattern and the
3 backbone conformation mainly located in the first six
residues of the LRR pattern [17,34], where the “L” positions
are buried into the protein core structure and the alternate polar
and charged residues are solvent exposed. The adjusted
alignment was used as a starting point for the development
of 15 comparative molecular models resulting from MOD-
ELLER [35]. Those models that did not score at least 64.3 and
69.4 for N and NH gene products, respectively, were rejected
according to the performed PROFILES-3D evaluation [36].
Accepted models were ranked by the PDF values (probability
density function, computed by MODELLER), selecting one top
scored model for both N-LRR and NH-LRR, in order to
conduct further analysis.

2.5. Molecular dynamics (MD) simulations

To verify the stability of the selected models, we conducted
molecular dynamics (MD) simulations using GROMACS 3.1
with the GROMACS forcefield [37,60]. The leap-frog
algorithm was applied for integrating Newton’s motion
equations under a water-solvated periodic boundary condition
(PBC). Every model structure was refined by means of 1000
cycles of steepest descent energy minimization to a conver-
gence criterion of 100 kJ mol™' nm™'. The system was then
equilibrated for 100 ps at 300 K and 1 atm, and a Berendsen
temperature—pressure coupling (NPT ensemble) was applied. A
full MD simulation of 1.0ns was performed, collecting
trajectories every 1 ps. The backbone Co atom displacement
from the average structure was calculated for each residue
throughout the simulation by means of the standard deviation of
RMS (root mean square fluctuation RMSF). In order to evaluate
the conformation of the @ and v angles of the backbone atoms
following simulation, we used the Ramachandran plot server
for RAMPAGE [38]. Further physicochemical evaluations for
each model were performed using PROFILES-3D [36].

2.6. Electrostatic potential distribution

To observe and compare the charge distribution on the
surface of each protein model, we used DELPHI within Insight
II (Accelrys Inc., San Diego, CA), which implements the finite-
difference Poisson—-Boltzmann method [39,40]. We used
standard protein atomic charges, an ionic strength of 50 mM
and internal and external dielectric constants of 2 and 80,
respectively.

3. Results

3.1. The HR-like response develops in TMV-susceptible
tobacco species infected with TMV-Cg

When Nicotiana TMV-resistant plants (carrying the N gene)
were infected with TMV-U1, the HR was induced in the leaf at
the site of inoculation (Fig. 1A). TMV-susceptible species do
not carry the N gene [14] and are unable to develop the HR
against TMV-U1 or most of the other tobamoviruses. When
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Fig. 1. Analysis of local and apical symptoms, callose deposition and cell death, in Nicotiana species infected with TMV-U1 or TMV-Cg at 25-27 °C. The presence
of N and NH genes in these plants is indicated, according to Stange et al. [14]. A basal leaf (local) was inoculated with 10 ng wl~' of TMV-U1 or TMV-Cg. Local
symptoms were evaluated at 3 days post-inoculation (dpi), and apical symptoms were evaluated at 15 dpi. Callose deposition analysis in necrotic lesions was
evaluated using aniline blue followed by UV light microscope analysis. Cell death at infection sites was analyzed using Evans blue staining method. (A) TMV-
resistant Nicotiana plants (N. tabacum Xanthi™N, N. rustica, N. tabacum Samsun, and N. glauca). (B) TMV-sensitive Nicotiana plants (N. tabacum Xanthi™, N.
tabacum cv. Petite Havana SR1, N. sylvestris). (C) Whole plant symptoms (all leaves) in N. benthamiana.

these plants were infected with TMV-U1, no necrotic lesions or
other HR symptoms of resistance appeared. Instead, the virus
spread systemically through the plant, resulting in the
appearance of mosaic disease symptoms accompanied by
apical leaf deformation (Fig. 1B) [41]. When susceptible plants,
for which the presence of the NH gene had been detected, were
infected with TMV-Cg, they showed HR-like and SHR
responses, which were accompanied by callose deposition
surrounding each lesion (Fig. 1B). Localized cell death, which
is indicative of the HR response, was also correlated with the
onset of the HR-like and SHR responses in Nicotiana-
susceptible plants (Fig. 1B). N. benthamiana was the only
susceptible plant that did not develop HR-like and SHR
responses following infection with TMV-Cg and TMV-UL.
Instead of these symptoms they developed chlorosis in the
infected leaves (Fig. 1C). This lack of HR-like and SHR
responses and the appearance of chlorosis in N. benthamiana,
correlated with the absence of both N and NH genes [14] and
with the absence of callose deposit and cell death in the
inoculated and apical leaves (Fig. 1C).

3.2. Three-dimensional modelling of the N-LRR and NH-
LRR domains

The cDNA sequence of the NH gene was obtained by reverse
transcription (RT)-PCR. Our results confirm those obtained
from previous genomic sequencing, northern blot and RT-PCR

semi-quantitative assays [14], indicating that the NH gene does
not produce alternative transcripts. Our sequence comparison
of the NH gene, carried out with ClustalW 1.8, revealed that the
cDNA of the NH gene shares 82.8% nucleotide identity with the
N gene. Exon 4, which is the primary determinant of the LRR
domain, is shorter in the NH gene than in the N gene, and exon 5
is absent in NH (data not shown) in accordance with our
previous results [14].

Beyond the limits of the PFAM search, we discovered a
LRR-like pattern represented by a HMM built from the aligned
segments that were not identified by the PFAM available LRR
pattern (black boxes in Fig. 2A). Although these segments
showed apparent sequence divergence, our HMM was also able
to include the canonical PFAM pattern on the transition
probability matrix of both gene products.

The alignment of N-LRR and NH-LRR against the protein
template (106S_A) is shown, by the extent of the blocks of its
respective LRR modules according to PFAM and the LRR-like
HMM (Fig. 2B). Compatibility between the amino acid
sequences and the amino acid side chains environment was
evaluated using PROFILES-3D. The overall self-compatibility
scores of N-LRR and NH-LRR models must be higher than the
threshold of 64.3 and 69.4, respectively. Selected models
scored 125.0 and 132.4 for N-LRR and NH-LRR, respectively.
Those models produced from other alignment sources were
rejected since their self-compatibility scores did not reach the
above-suggested threshold.
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Fig. 2. Multiple alignment for comparative modelling of LRR domain amino acid sequences of the N and NH proteins. (A) Each LRR pattern is determined for the N
(top) and NH (bottom) sequences by means of a PFAM database query (gray boxes) and a HMM of LRR-like structures (black boxes). (B) The selected alignment for
N and NH modelling is shown by LRR blocks defined on template (106S_A), N and NH proteins. Alignment positions are highlighted according to secondary
structure prediction: 3-strand, gray background and black characters; alpha/helical region, black background and white character. The conserved xLxxLxLxxC/NxL

pattern is shown below each LRR block.

3.3. Model assessment and molecular dynamics simulation

Developed models remained stable over the entire MD
simulation time range. Data were collected each 1 ps, and the
Ca RMSF was computed along each trajectory (Supplementary
Figure A and B). The N-LRR model reached a maximum value
of approximately 1.6 A, with an average value of 0.7 A. The
NH model never exceeded the unique extreme values of 2.5 A,
with an average value of 1.1 A. Although the Ca displacement
along the MD trajectory was maintained close to the average
value of 1 A we observed certain maximum RMSF values
corresponding to residues located in the LRR wvariable
segments. These results are in accordance with the spatial
distribution of misplaced residues detected by the Ramachan-
dran’s plot analysis.

Ramachandran’s plot analysis (Fig. 3B) shows that the
overall backbone conformation, in comparison with the protein
template, was reliable for our developed models. Nevertheless,
we detected some residues in conflict with their acceptable
backbone conformations; 21 residues (6.2%) for the N-LRR
model and 16 residues (5.1%) for the NH-LRR. All of these
residues appear located in the connecting loops and within the

variable helical structural segments and none appear located in
the conserved segments in the concave surface of the
“horseshoe” structure.

Electrostatic potential calculations for the concave faces of
the N-LRR and NH-LRR models showed remarkable changes
in electrostatic potential distribution over the key region for
protein—protein interaction (Fig. 4). Specifically, the NH-LRR
model contains a negative cluster in the region of Aspl52,
whereas this region corresponds to Leul53 in the N-LRR
model.

4. Discussion

The HR-like response, displayed in susceptible tobacco
plants following TMV-Cg infection, is associated with callose
deposition, cellular death (Fig. 1) and PRI expression [14], all
of which are typical markers of HR. Despite the deposition of
callose, which is a glucose polymer (1 — 33-p-glucan chains)
synthesized during HR as a physical barrier that restricts virus
systemic movement [23], the HR-like response was unable to
restrict systemic virus spread. This HR-like response was
previously correlated with the presence of the NH gene [14].
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Fig. 3. Model evaluation of the LRR domain of the N and NH proteins. (A) Results of PROFILE-3D for N and NH after 1 ns of MD simulation. The colour scale
specifies quality evaluation of the protein models NH (I) and N (IIT), with the more positive colour (blue) indicating better quality. The graphs for NH (I) and N (IV)
model structures show values of S < 0, which indicate probable misfolded regions, and S > 0, which indicate putative valid regions. (B) Ramachandran plots for
template and modelled structures. The main-chain dihedral angles (@, ¥) for model structures NH and N in which the red sign represents residues in the outlier
regions. The residues outside of acceptable regions are from variable regions.

Given the high sequence similarity between N-LRR and
NH-LRR (76.5%) we expected good structural and functional
correlation a priori. However, the models of N-LRR and NH-
LRR suggest differential ligand recognition properties. Most
importantly, we found several differences in the exposed
residues in the area corresponding to the LxxLxL sequence of
the LRR consensus motif (Fig. 5), a region shown to be
involved in ligand recognition in other protein—protein
complexes, including the ribonuclease inhibitor with RNAase
A [19], internalin A with mE-caderin [31], and in the complex
of RanGap with Ran [42].

There are five non-conservative substitutions in the N-LRR
to NH-LRR sequence (Fig. 5B): Gly81 — Arg80; Leul53 —
Aspl152; Argl98 — Glul97; Val199 — Glul98 and Ile221 —
Lys220, and these changes result in exposure of two contiguous
negatively charged residues in NH-LRR: Glu197 and Glu198.
Furthermore, the electrostatic potential distribution for the
concave surface of NH-LRR showed a cluster of negative
charges located in the middle of the surface around Aspl52.

Since this negative cluster was absent in the N-LRR surface,
this region could have a key role in the divergence in ligand
recognition properties between the N and NH receptors. This is
in agreement with previous reports in plant systems regarding
properties such as polygalacturonase recognition specificity,
which is driven by negatively charged residues located in the
concave surface of the LRR domain of the polygalacturonase-
inhibiting protein [29].

The development of a HMM, using aligned segments that
were not identified in the PFAM search allowed definition of an
LRR-like pattern in both the N and NH gene products. In this
LRR-like pattern, in accordance with the canonical PFAM LRR
pattern, isoleucine (I) residues are over-represented relative to
leucine (L) (data not shown). This is consistent with amino acid
substitution in the LxxLxLxxN/CxL profiles, where “L”
indicates Leu, Ile or Val, “N” represents Asn, Thr, Ser or Cys,
and “C” indicates Cys or Ser [43]. Based on this HMM LRR-
like pattern, we were able to define an extra C-terminal LRR
domain in N-LRR (N-LRR14) compared to NH-LRR (Fig. 5B).
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Fig. 4. Electrostatic potential for the N-LRR and NH-LRR models rendered at the concave surface. Surface residues appear coloured according to the electrostatics
potential spectrum, being blue for positive potential and red for negative. Intermediate values are scaled from blue to red. As can be noted, a remarkable cluster of
negatively charged residues can be distinguished (right panel, black arrow) at the inner concave surface of NH-LRR, region that has been previously implicated in

ligand recognition specificity.

Further, structural analysis of N-LRR14 supports its inclusion
as an LRR structural fold. This extra LRR increases the total
available area for protein—protein interaction at the concave
face of the LRR domain, as has been reported by Schubert et al.
[31], and also could be a feasible explanation for the defence
phenotype differences between NH and N genes in tobacco
species.

There is no actual evidence for intracellular plant-specific
subfamily NBS-LRR structures, or for variation in secondary
structure architecture in each subfamily. Moreover, the N-LRR
and NH-LRR tandems lengths are mostly longer than their
template (106S_A). This produced open sequence gaps
(Fig. 2B), increasing the number of misfolded residues. As
seen in the Ramachandran plot in Fig. 3B, some residues are
located out of the optimal conformational regions; however,
these residues are located in the variable segment of the LRR
pattern (data not shown), outside the first six conserved residues
(LxxLxL) of the B-strands. The localization of these six
conserved residues, despite the low global sequence similarity
between targets and template, suggests that some residues are in
inviolable positions, leading to the adoption of a “horseshoe”
fold in the LRR domain [17]. These residues also had low
RMSF values in MD simulations, which support the structural

integrity of the models; whereas higher RMSF values were
obtained for residues located in the variable helical segments
(Supplementary Figure).

As TMV-susceptible tobacco species have the transduction
machinery to display the HR-like response, we propose that
these plants are able to synthesize a disease receptor; the NH
protein, which can recognize a TMV-Cg elicitor but not TM V-
Ul. This incomplete defence response could be associated with
an inefficient recognition of the TMV-Cg elicitor by the LRR
domain of the NH receptor. Experiments carried out in our
group have demonstrated that the TMV-Cg coat protein (CP-
Cg) is the elicitor (avr-ligand) of the HR-like response [44] and
not the helicase region from the 126 kDa replicase protein as
was determined for TMV-U1 [45,46]. Several tobamovirus coat
proteins have been identified as effectors of HR. As an example,
Tomato Mosaic Virus (ToMV) coat protein has been identified
as the elicitor of N’ (N prime) resistance gene in N. sylvestris
plants [47]. TMV-Cg coat proteins are continuously forming
polymerized structures in order to assemble a complete virion.
Therefore, in the HR-like response, this event, associated with a
weak interaction between NH and TMV-Cg coat protein, would
imply that the interaction between the two proteins is not strong
enough to restrict the virus to the localized site of inoculation in
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comparative models. At the concave ligand recognition interface we detected different polar and charged exposed residues between N-LRR (I and IIT: GIn13, Tyr83,
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Ser249, Tyr274, Glu297), these are labelled in black characters and displayed as sticks. The additional LRR of N (N-LRR 14) with respect to the NH structure can be

seen in panel B(III).

the leaf. As a consequence, TMV-Cg spreads systemically
resulting in the subsequent secondary recognition response in
the apical leaves.

A more complex situation is presented when we consider the
alternative splicing of the N gene. This event generates a
truncated N protein (Ntr) without an LRR domain. This Ntr
protein is generated by the alternative splicing of the third
intron of the N gene, a process which is induced by the presence
of TMV [48,49]. The third intron from the NH gene has a 36.8%
nucleotide identity with respect to the same region of the N
gene, and there are no consensus alternative splicing motifs in
the NH gene. In addition, RT-PCR semi-quantitative analyses
of the NH transcript carried out in presence of dCTP [o?P]
demonstrated that no alternative transcript is generated [14].
The importance of the Ntr spliced variant in the HR response is
that it is necessary for homo-dimerization with the TIR domain
of the N protein and for hetero-dimerization with factors
involved in the signal transduction, as has been reported for
animal TIR domains which associate with MyD88 [50,51]. The
HR-like response of sensitive plants resembles the incomplete
resistance event that occurs in transgenic plants that are unable
to synthesize the Ntr protein [49]. Ten days following infection,
these plants develop severe infection symptoms characterized
by the appearance of discontinuous necrotic stripes in the
middle and upper leaves (SHR). In addition, Peart et al. [52]
recently described a novel N-resistance component (NRGI1)

that encodes a coiled coil-NBS-LRR type R protein. NRG1
could be recruited and function in downstream signalling
pathways directed by the N receptor, together with the diverse
disease resistance cofactors such as EDS1 [53] and SGT1 [54].
The early event of elicitor-induced oligomerization and
stabilization of the N protein, mediated by the TIR domain
and possibly the NBS domain has also being associated with an
effective resistance against TMV [55]. Taken together, a model
that explains the appearance of the HR-like response in TM V-
sensitive tobacco plants is shown in Fig. 6, based on the reduced
affinity of the NH-LRR domain for the TMV-Cg coat protein,
and the absence of a spliced variant necessary for a rapid and
intense response.

The repetitive structure of the LRR motif may favour disease
and defence co-evolution, since it can change more rapidly,
thereby generating new variants with few changes in its
residues [34]. This kind of positive selection includes changes
both inside and outside the LRR region as well as changes in the
length of the LRR. For extracellular-plant LRR it has been
reported that at least one single amino acid mutation can change
recognition specificities, for instance, PvPGIP1 mutated at
position 224 with GIn224 of PvPGIP2, acquiring the ability to
recognize polygalacturonase from F. moniliforme [56]. In other
plant disease systems, small differences in the LRR domain
induce species-specific recognition. For example, the L6 and
L11 proteins, which are identical with respect to their TIR and
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Fig. 6. A model for recognition functions of the LRR domain from N and NH putative proteins. (A) During a pre-infected stage, the N receptor is inactive. Once
infection takes place, the viral replicase is synthesized in the cell. This elicitor interacts with the LRR domain from the N receptor, triggering an initial defence
response, which allows the induction of the alternative splicing with the consequent synthesis of the Ntr protein. This factor could homo-dimerize with N and hetero-
dimerize with adapter proteins (e.g. NRG1 or MyD88-like) or other cofactors (described in the text), through the TIR domain to induce a complete defence response
(HR). (B) In the case of tobacco-sensitive plants carrying the NH gene, the elicitor is the TMV-Cg coat protein, with a much less stable interaction with the NH-LRR
domain. In addition, no spliced variant is produced within the NH gene, so a retarded and diminished transduction signalling occurs. Neither positive nor negative host
regulators of HR and HR-like are included. CW: cell wall; PM: plasmatic membrane; Cyt: cytoplasm.

NBS regions, differ by 33 amino acid substitutions in the LRR
[57], indicating that the differences between L6 and L11
resistance specificities are caused by differences in their LRR
regions [57]. In vitro exchanges between alleles and analyses of
transgenic plants into which the resulting hybrid L genes have
been introduced also indicate the importance of LRR variation
in specificity differences. Thus, length modification of the LRR
domains appears to be an important contributor to R-gene
diversification [57].

As the N gene was introduced from only one Nicotiana
specie (N. glutinosa) into sensitive N. tabacum plants [58], and
that the complete NH gene is present not only in susceptible
tobaccos, but also in resistant ones [14], we also propose that

the NH gene is previous to the appearance of the N gene. Over
time, this gene may have generated a spliced variant and a more
efficient recognition LRR domain, obtaining a complete and
rapid response upon TMYV infection.

Despite the sequence variations and the structural differ-
ences that become apparent from the comparative analysis of
the N-LRR and NH-LRR, a common sequence and structure—
function framework is maintained throughout the evolution of
the plant defence resistance genes. The variations on the
sequence length and composition produce new ranges of
specificity, thus increasing the plant resistance gene repertoire
in an adaptive way that resembles the clonal expansion of the
MHC genes of the mammalian immune system.
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