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1.  Introduction

Indian mustard (Brassica juncea (L.) Czern.) belonging to family 
brassicaceae is an important oilseed crop that  plays a major role in 
shaping the edible oil economy of India by contributing 30% of its total 
edible oilseed production as well as the world by accounting for the 
second most source of vegetable oil and serving as the   third most traded 
commodity across the globe (Anupriya et al., 2020; Kumar et al., 2009). 
White rust disease   of  Indian mustard caused by  oomycete fungus Albugo 
candida (Pers.) Kuntze accounts for 60% yield loss in the globe (Saharan 
and Verma, 1992; Kamoun et al., 2015). Both “white pustules” (Heller 
and Thines, 2009) and “stag head” (Meena et al., 2014; Saharan et al., 
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In this investigation,  a three-dimensional model of a R-gene  encoded product 
BjuWRR1 which is known to play a role in white rust resistance in Brassica juncea  
was developed to synthesize innovative ways for evolving white rust resistant 
cultivars. The model was built from the amino acid sequence of BjuWRR1  using 
structural template information of a disease resistance protein (RPP13-like protein 
4 of Arabidopsis thaliana) with the help of homology-based modelling approach. 
Built models were validated for their stereochemical parameters and structural 
descriptors using Ramachandran plot analysis, protein structure analysis and 
ERRAT analysis. Structural analysis of BjuWRR1 model revealed that it is composed 
of three distinct domains namely a coiled-coil domain, a central NB-ARC nucleotide 
binding domain and a hypervariable leucine-rich repeat domain. Further, canonical 
conserved motifs such as P-loop, Kinase2-motif and HD-motif were found in the 
NB-ARC domain. The built model would help in understanding the molecular basis 
of plant-immunity against white rust pathogen by understanding the significance 
of inter-domain interactions in BuWRR1 in triggering the activation of downstream 
defense response against the white rust pathogen by promoting oligomerization 
of coiled-coil domains  through stabilized hydrophobic interactions and interaction 
with NB-ARC domain. Presence of patches of charged residues in each domain of 
BjuWRR1 indicated their possible role in intra-molecular interaction with other 
domains. Therefore, this model can help in designing functional genomic studies 
to understand the role of intra-molecular interaction in BjuWRR1 to mediate 
resistance against white rust pathogen.
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2014) are the characteristic symptoms seen in the host plant 
due to infection by white rust pathogen (Links et al., 2011). 
White rust pathogen cause significant yield losses in most of 
the commercially grown mustard cultivars in India. Therefore, 
development of genetic resistance against this pathogen can 
help in minimizing yield losses in Indian mustard (Kumar et 
al., 2021a; Kumar et al., 2021b). Both expressions of disease 
resistance genes or R-genes and loss or mutation in disease 
susceptibility genes or S-genes are involved in mediating 
genetic resistance (Anupriya et al., 2020). The majority of 
the plant disease resistance genes or R-genes encode for  
nucleotide-binding-site leucine rich repeat receptors or NLR 
proteins (Jones and Dangl, 2006; Maekawa et al., 2011). 
Plant NLR proteins play a direct or indirect role in  immune 
sensing of typical isolate-specific pathogen effector proteins 
delivered into plant cells (Duxbury et al., 2016; Dodds and 
Rathjen, 2010). Activation of plant  NLRs causes termination 
of pathogen proliferation by inducing an array of immune 
responses coupled with a form of localized cell death called 
hypersensitive response (HR) (Chisholm et al., 2006 ; Cui et al., 
2015). NLR proteins are composed of a conserved tripartite 
domain structure with a nonconserved N-terminal domain, 
a central nucleotide-binding (NB) domain, and a C-terminal 
LRR domain (Lukasik and Takken, 2009). Plant NLRs can be 
classified into three monophyletic classes based upon the 
variations in N-terminal domains namely toll/interleukin1 
receptor (TIR) NLRs (TNLs), Coiled-coil (CC) NLRs (CNLs) and 
NLRs containing an N terminal RPW8 domain (RNLs) (Shao et 
al., 2016). The central conserved NB region of plant NLRs is 
also known as the NB-ARC domain due to its presence in the 
founding members Apaf-1, resistance (R) proteins, and CED-4 
(Jones and Dangl, 2006; Maekawa et al., 2011; Duxbury et al., 
2016). The C-terminal LRR region of NLRs is highly variable 
(Takken and Goverse, 2012) which helps in the recognition 
of various effector structures of pathogen (Cui et al., 2015; 
Petit-Houdenot and Fudal, 2017). 

In literature, most of the studies related to mapping of loci 
conferring resistance to white rust pathogen Albugo candida 
is reported in Arabidopsis thaliana (Borhan et al., 2001; Cevik 
et al., 2019) and in Brassica rapa (AA) (Kole et al., 1996; Kole 
et al., 2002), B. juncea (AABB) (Prabhu et al., 1998; Panjabi-
Massand et al., 2010) and Brassica napus (AACC) (Ferreira et 
al., 1995). Further, identification and cloning of two R-genes 
namely  RAC1 and WRR4 in Arabidopsis thaliana is reported  
(Borhan et al., 2004, 2008). Similarly, a candidate gene 
BjuWRR1 encoding for a CC-NB-LRR protein conferring genetic 
resistance against white rust disease in Brassica juncea has 
been reported (Arora et al., 2019). Unfortunately, no three 
dimensional structural information on BjuWRR1 is available 
till date. In this investigation, molecular modeling based 
approach is attempted to construct the three-dimensional 
model of BjuWRR1 protein to understand the genetic basis 
of resistance at a molecular level.

2.  Materials and Methods

2.1. Sequence retrieval
Amino acid sequence of a candidate R-gene BjuWRR1 
encoding for a CC-NB-LRR type  intracellular receptor in 
Brassica juncea [QEM22687.1] and its orthologues from 
other plant species in Brassica rapa [XP_033147307.1], 
Brassica napus [XP_013748433.1], Brassica oleracea 
[XP_013633813.1] ,  S inapsis  alba [KAF8105614.1] ,  
Arabidopsis thaliana[NP_001319213.1], Arabidopsis lyrata 
[XP_002891747.1] and Capsella rubella [XP_023632900.1]
were retrieved from the protein database of NCBI (https://
www.ncbi.nlm.nih.gov/protein) (Pruitt et al., 2005) for 3D 
model construction of BjuWRR1 and multiple sequence 
alignment.

2.2.  Molecular modelling
Three dimensional model of BjuWRR1 was constructed using 
its amino acid sequence as “target” from the structural 
information of  C-chain of disease resistance RPP13-like 
protein4 in Arabidopsis thaliana (6J5T.1.C.pdb). Molecular 
modelling was carried out using  homology modelling based 
approach with the help of SWISS-Model (https://swissmodel.
expasy.org/) (Waterhouse et al., 2018) webserver. 

2.3.  Evaluation of models
Built models were evaluated for their structural descriptors 
and stereochemical parameters, and only robust models 
were selected for further analysis. All the built models were 
subjected to protein structure analysis (ProSA analysis) and 
Ramachandran plot analysis for validation of the models.

2.3.1.  ProSA analysis
Protein structure analysis was conducted using ProSA-web 
server (https://prosa.services.came.sbg.ac.at/prosa.php) 
(Wiederstein and Sippl, 2007 )to evaluate the accuracy of the 
built models by computing potential of Cα coordinates and 
energy of structures to produce Z-scores and residues energy 
plots. Z-score reflects the overall quality of the model while 
the energy plot of the model evaluates the local quality of the 
model (Sippl, 1993; Wiederstein and Sippl, 2007).

2.3.2.  Ramachandran plot analysis
Accuracy of stereochemical parameters of built model was 
analyzed with the help of Ramachandran plot analysis using 
PROCHECK tools which inspects the accuracy of dihedral 
angles (φ and ψ)  for residue by residue geometry and overall 
structural geometry (Laskowski et al., 1993).

2.3.3.  ERRAT analysis
ERRAT analysis plays a role in determining the overall 
quality of the model by examining the non-bonded atomic 
interactions.  A higher ERRAT score is an  indicator of a more 
native-like model (Colovos  and Yeates, 1993).

2.4.  Visualization of the molecular architecture of model
Molecular architecture of the built 3D-model of BjuWRR1 was 
visualized using UCSF Chimera (Pettersen et al., 2004) and with 
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the help of an open-source graphic tool PyMol (DeLano, 2002).

2.5.  Multiple Sequence alignment and visualization
Multiple sequence alignment of BjuWRR1  and its orthologues 
in different plant species was carried out using ClustalX 
(Jeanmougin et al., 1998) and were visualized using a multiple 
sequence alignment editor Jalview (Waterhouse et al., 2009).

3.  Results and Discussion

Different stresses including abiotic and biotic stresses adversely 
affect the growth, development and yield performance of crop 
plants. Biotic stresses are primarily caused by plant pathogens 
and insect pests causing significant loss in crop production 
(Das et al., 2018a and 2018b; Das et al., 2021; Kumar et al., 
2021a; Kumar et al., 2021b). Plants have evolved two different 
kinds of molecular circuits against invading pathogens namely 
PAMP (Pathogen associated molecular patterns)-triggered 
immunity (PTI) and effector-triggered immunity (ETI) in 
addition to physical and chemical barriers. PTI  is considered as 
the first layer of defense response in plants in which conserved 
PAMPs of the invading pathogens are recognized using cell 
surface PRRs (Pattern recognition receptors). ETI is the second 
layer of defense response in plants in which pathogen secreted 
effectors are recognized by intracellular receptors mainly 
nucleotide-binding leucine rich receptors(NB-LRRs) encoded 
by resistance genes or R-genes (Jones and Dangl, 2006; Dodds 
and Rathjen, 2010).  There are two different types of NB-LRR 
receptors namely TIR-NB-LRR (TNL) and CNL (CC-NB-LRR)  
depending upon the presence of a TIR (similar to animal  Toll-
like/interleukin-1 receptors) domain or CC (coiled-coil) domain 
in their N-terminal domain, respectively (Michelmore et al., 
2013; Lee and Yeom, 2015). Recently, one candidate R-gene 
BjuWRR1 encoding for a CC-NB-LRR type  intracellualr receptor 
conferring complete resistance against white rust disease 
caused by an oomycetes fungal pathogen Albugo candida 
in Brassica juncea line Donskaja-IV is reported (Arora et al., 
2019). However, three dimensional structural information 
on BjuWRR1 protein is not available which is important for 
understanding the mechanism of action for genetic resistance 
mediated by such protein and also for developing functional 
haplotype-based markers to differentiate susceptible and 
resistant genotypes. In this study, an attempt has been made 
to decipher the molecular anatomy of BjuWRR1 protein using 
molecular modeling based approach using their amino acid 
sequence information  and visualization of different conserved 
domains in  the BjuWRR1 model using computational tools.

3.1.  Structural modeling of BjuWRR1
Three-dimensional model of BjuWRR1 was constructed from 
its amino acid sequence information as “target” (QEM22687.1 
WRR1) retrieved from the protein database of NCBI with 
the help of structural template information of C-chain of 
disease resistance RPP13-like protein4 in Arabidopsis thaliana 
(6J5T.1.C.pdb). The template had a 27.25% sequence identity 
and 33% sequence similarity with the target and covering 89% 

region of the target. The 3D-model of target BjuWRR1 using 
structural coordinates of the template was carried out using  
the SWISS-Modeller server (https://swissmodel.expasy.org/) 
(Waterhouse et al., 2018). The built 3D model of BjuWRR1 
was evaluated  for different stereochemical and structural 
quality parameters using a set of structural validation tools 
namely PROCHECK (Laskowski et al., 1993), ProSA (Sippl, 1993; 
Wiederstein and Sippl, 2007), and  ERRAT (Colovos  and Yeates, 
1993). Such analysis reflected BjuWRR1 model had a sufficient 
score for accuracy and reliability. PROCHECK analysis of the 
BjuWRR1 model revealed the presence of  99% residues in 
the allowed region (81.5% in the most favoured core region, 
16.2% in additional allowed region and 1.4% in generously 
allowed region) and only 0.9% residues in the disallowed 
region of Ramachandran plot indicating moderate reliability 
of stereochemical parameters  (Figure 1d). Similarly, ERRAT 
analysis revealed an overall quality factor of 86.4 was obtained 
for BjuWRR1 indicating the model to be a more native like 
model. ProSA analysis of the BjuWRR1 model indicated that 
a  z-score of -9.19 for overall quality is within the range of the 
native protein structures (Figure 1a). Further, the  local quality 
of the BjuWRR1 model reflected a negative energy-rich region 
for the most region of the protein except few regions of the 
C-terminal in the energy plot (Figure 1b and 1c). Therefore, 
protein structure analysis using ProSA confirmed the reliability 
of our model.

3.2.  Molecular anatomy of R-protein BjuWRR1
BjuWRR1 is a candidate R-protein involved in mediating 
white rust resistance in Brassica juncea (Arora et al., 2019). In 
general, nucleotide-binding leucine-rich repeat(LRR) receptors 
(NLR) play a role in mediating plant-immunity by detecting 
the effector proteins of pathogens (Wang et al., 2019). In 
order to understand the molecular anatomy  of BjuWRR1, we 
built the model of BjuWRR1 using homology-based modelling 
approach. The three dimensional model of BjuWRR1 was 
found to be composed of three distinct conserved canonical 
domains namely a coiled-coil domain, NB-ARC domain and 
an LRR domain which are typically found in nucleotide-
binding leucine-rich repeat receptor proteins involved in the 
modulation of plant immunity. The details of each domain 
are described in the following sections.

3.2.1.  Coiled-coil domain
Visualization of molecular anatomy of BjuWRR1 model 
revealed that it contains a coiled-coil (CC) domain in its 
N-terminal which is typically found in different NLR type 
R-protein members.  N-terminal coiled-coil domain is known 
to act as a likely signaling module in plant NLR which play a 
role in the induction of hypersensitive response (HR)  induced 
cell death and disease resistance response (Swiderski et al., 
2009; Collier et al., 2011; Maekawa et al., 2011; Bernoux et 
al., 2011 and Cesari et al., 2016). In BjuWRR1,  the N-terminal 
coiled-coil region spans from Val5 residue to His133 residue 
consisting of three alpha-helices. CC-region is mainly rich in 
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Figure 1: Evaluation of 3D-model of BjuWRR1 using ProSA tools and Ramachandran plot analysis: (a).Protein structural analysis 
(ProSA) of theBjuWRR1 model showing overall model quality in terms of  Z-score is depicted.(b). Energy plot as a function of 
amino acid sequence position in the model reflecting the local quality of BjuWRR1 is shown. (c) The lowest energy rich regions 
of the model are shown in blue color while the highest energy rich regions of the model reflecting problematic regions are 
shown .(d) Stereochemical parameters of the model is represented in a Ramachandran plot.
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hydrophobic amino acid residues and a number of polar amino 
acid residues. Oligomerization of the  CC-domain is reported to 
play a role in the induction of defense response signaling such 
as hypersensitive response (Collier et al., 2011; Maekawa et 
al., 2011;  Cesari et al., 2016). Hydrophobic and polar residues 
in CC-domain of BjuWRR1 as visualized in multiple sequence 

alignment (Figure 3) is an  indicator of the potential role 
of these residues in the activation of downstream defense 
response signaling in response to white rust effector protein 
by promoting oligomerization between  CC-domains through 
stabilized hydrophobic interactions and interacting with NB-
ARC domain.
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3.2.2.  NB-ARC domain

In NLR proteins, a central NB-ARC (Nucleotide-binding 
adaptor shared by Apaf-1, Resistance proteins, and CED4) 
(van der Biezen and Jones, 1998) domain is present next to 
the N-terminal CC-domain. Interestingly, the NB-ARC domain 
is a member of signal transduction ATPases and plays an 
important role as a molecular switch to modulate many 
biological processes including immunity and apoptosis (Danot 
et al., 2009; Inohara et al., 2005). Analysis of our built model 
of BjuWRR1 revealed that it harbors a central NB-ARC domain 
in between N-terminal CC-domain and C-terminal LRR domain. 
NB-ARC is composed of three sub-domains namely nucleotide 
binding domain (NBD), HD1-domain and a winged helix 
domain (WHD). NBD spans from Ser134 residue to Leu316 
residue and is composed of a four-stranded parallel beta-sheet 
surrounded by a  total of six alpha-helices on either side of the 

beta-sheet. Similarly, the HD1 sub-domain is composed of four 
alpha-helices spanning from Thr317 to Asp383 residues. In 
the BjuWRR1 model, the Winged-helix sub-domain is present 
in between Asn384 to Arg 529 residues and is composed of 
six alpha-helices and was found to harbor many disordered 
loops. Further inspection of the NB-ARC domain of BjuWRR1 
revealed the presence of canonical conserved motifs such as 
Kinase-1a or P-loop, Kinase-2 motif, HD-motif. The presence of 
patches of charged residues in the NB-ARC domain may play 
a role in an intramolecular interaction with N-terminal CC-
domain to trigger a conformational change in the CC-domain 
for activating defense signaling response upon detection of 
pathogen-derived effector proteins (Figure 2 and Figure 3).

3.2.3.  LRR domain
Leucine-rich repeat (LRR) domain of NLR proteins is highly 
variable and plays a vital role in the direct recognition of 

Figure 2: Molecular anatomy of CC-NBS-LRR type R-protein BjuWRR1 in Brassica juncea: The predicted three dimensional 
model of BjuWRR1 is shown in Figure 2a displaying different canonical domains namely a coiled-coil N-terminal domain 
(purple) followed by NBS domain (green) and a variable LRR domain (blue). Similarly, the entire model of  BjuWRR1 is presented 
showing N-terminal coiled domain and C-terminal LRR domain along with different subdomains of central NBS domain namely 
a nucleotide binding domain (cyan-red), helical domain1(HD1) (green) and a winged helix domain (WHD) (yellow) in Figure 
2b. Magnified view of N-terminal coiled coil domain in purple color and different subdomains of central NBS domain are 
shown respectively, in Figure 2c and Figure 2d. The typical horseshoe shaped leucine rich repeat (LRR) domain is presented 
in its magnified view in blue color in Figure 2e
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Figure 3: Multiple sequence alignment of BjuWRR1 orthologues in different plant species: Presence of three canonical conserved 
domains namely   a coiled-coil (CC) domain at N-terminal, central NB-ARC domain and a C-terminal  leucine rich repeat (LRR) 
domain are highlighted in red color fonts. Bjun: Brassica juncea, Brap: Brassica rapa, Bnap: Brassica napus, Bole: Brassica 
oleracea, Salb: Sinapsis alba, Athal: Arabidopsis thaliana, Alyr: Arabidopsis lyrata and Crub: Capsella rubella

pathogen-derived effector molecules. Further, the LRR 
domain also helps in keeping the NLR protein in OFF-state. 
Physical interaction between the LRR domain and NB-ARC 
is demonstrated  in studies of  Bs2, RPS5 and Rx in disease 
resistance-related cell death. (Moffett et al., 2002; Beck et al., 
2012; Rairdan and Moffett, 2006). LRR is reported to play a 
likely role in the inhibition of autoactivation of NLR proteins 
such as RPS5 (Qi et al., 2012) in Arabidopsis thaliana. BjuWRR1 
model was found to contain a carboxyl-terminal  LRR-domain 
spanning from residues Val531  to  Tyr862  is composed of a 
slender arc-shaped architecture forming a continuous beta-
sheet along the concave surface of the arc. Each beta strand 
is alternate with an alpha-helix. Mostly leucine residues are 
found in regular intervals and hydrophobic residues are rich 
in LRR-domain forming a stabilized hydrophobic core which is 
typical to LRR protein family members (Padmanabhan et al., 
2009; Kobe and Kajava, 2001). In our model, a set of conserved 
aspargine residues were seen in the LRR domain which may 
contribute to the curve-nature of LRR structures as reported 
by Kobe and Kajava (2001). Further, the conserved patch of 
lysine and other charged residues were found in the LRR-
domain which may play a role in intramolecular interaction 
in BjuWRR1 to prevent auto activation of defense response 

by keeping NB-ARC domain in the off-state which in turn 
does not cause any conformational change in N-terminal 
coiled-coil domain to initiate a downstream hypersensitive 
response in absence of pathogen effector molecules (Figure 
2 and Figure 3).

4.  Conclusion

A 3D-molecular model of a candidate R-gene encoded protein 
BjuWRR1 known to play a role in mediating white rust 
resistance in Indian mustard was developed using homology 
modelling. Structural analysis showed that it is composed 
of three canonical conserved domains (coiled-coil,  NB-ARC 
and  LRR domains). Further, presence of patches of charged 
residues in each domain in BjuWRR1 explains the possible role 
of inter-domain interaction in driving white rust resistance 
and can be helpful in designing of functional haplotype-based 
molecular markers.
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