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Abstract

Rice (Oryza sativa L.), a model plant belonging to the family Poaceae, is a staple food for a majority of the people
worldwide. Grown in the tropical and subtropical regions of the world, this important cereal crop is under
constant and serious threat from both biotic and abiotic stresses. Among the biotic threats, Xanthomonas oryzae
pv. oryzae, causing the damaging bacterial blight disease in rice, is a prominent pathogen. The xa5 gene in the
host plant rice confers race-specific resistance to this pathogen. This recessive gene belongs to the Xa gene family
of rice and encodes a gamma subunit of transcription factor IIA (TFIIAy). In view of the importance of this gene
in conferring resistance to the devastating disease, we reconstructed the phylogenetic relationship of this gene,
developed a three-dimensional protein model, followed by long-term molecular dynamics simulation studies to
gain a better understanding of the evolution, structure, and function of xa5. The modeled structure was found to
fit well with the small subunit of TFIIA from human, suggesting that it may also act as a small subunit of TFIIA
in rice. The model had a stable conformation in response to the atomic flexibility and interaction, when subjected
to MD simulation at 20 nano second in aqueous solution. Further structural analysis of xa5 indicated that the
protein retained its basic transcription factor function, suggesting that it might govern a novel pathway re-
sponsible for bacterial blight resistance. Future molecular docking studies of xa5 underway with its corre-
sponding avirulence gene is expected to shed more direct light into plant-pathogen interactions at the molecular
level and thus pave the way for richer agriproteomic insights.

Introduction

RICE (Oryza sativa L.) 1s ONE OF MODEL PLANTS belonging to
the family Poaceae and is considered as one of the staple
foods grown in tropical and subtropical regions for a majority
of the people worldwide. Unfortunately, such an important
cereal crop is under serious threat from biotic and abiotic
stresses. Among the biotic threats, Xanthomonas oryzae is one
of the prominent and notorious pathogens that is the sole
cause for bacterial blight (BB) disease of rice.

Development of resistant cultivars is considered to be the
most effective way to control BB of rice. The exploitation of host
resistance is considered as the only reliable method to control
the disease (Gnanamanickam et al., 1999). Plants possess highly
sophisticated and multifaceted defense mechanisms against
pathogens. The defense response includes a number of strate-

gies, including hypersensitive response (HR), production of
antimicrobial compounds, lignin formation, and increased
production of pathogenesis-related (PR) proteins (Baker et al.,
1997; Cutt and Klessig, 1992; Goodman and Novacky, 1994;
Levine et al., 1994; Mehdy, 1994). Disease resistance genes are
single, dominant resistance (R) genes that either directly or
indirectly recognize products of pathogen effector (Avr) genes
commonly used in breeding programs (Flor, 1971; Keen, 1990).
The R/Avr interactions are concisely described as gene-for-
gene interaction. This initiates a signal transduction pathway
that often, but not always, leads to a rapid and localized plant
cell death (Greenberg, 1997). In plant-pathogen interaction
systems, resistance is often achieved by plant R proteins that
recognize corresponding effector proteins from the invading
pathogen; whereas lack of recognition results in disease. The
effectiveness of R-gene mediated resistance in restricting
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bacterial colonization and host phenotypic responses varies
considerably, depending upon several factors such as the
specificity of R gene, the mode of interaction/recognition, and
other factors such as environmental conditions (Iyer and
McCouch, 2004). The R genes known so far mostly fall into five
classes (Martin et al., 2003). The majority of them result in re-
sistance only to specific races of pathogens expressing the
corresponding Avr or race-specific resistance.

In rice, resistance to a range of X. oryzae pv. oryzae (Xoo)
strain is mediated by Xa genes. Genetics of host resistance to
Xoo has been studied extensively and revealed two different
types of host resistances [i.e., complete resistance (CR), and
partial resistance (PR)]. Until now, more than 35 BB resis-
tance genes (Xa) have been identified and categorized into
dominant and recessive genes. Out of them, xa5 (Iyer and
McCouch, 2004; Jiang et al., 2006), xa8 (Iyer-Pascuzzi and
McCouch, 2007), xal3 (Yuan et al., 2009), xa24 (Wu et al,,
2008), xa26 (Cao et al., 2007), and xa28 occur naturally and
confer race-specific resistance. Although several resistance
genes from crop plants and their corresponding avirulence
genes from pathogens have been identified and cloned, only
the interaction between Xa27 and avrXa27 (Tian and Yin,
2009) has been fully characterized till date.

Although resistance is conferred by dominant resistance
genes, there are certain recessive resistance genes that also
confer resistance, of which very few have been characterized.
Among the members of the recessive resistance gene family,
xab is a race-specific resistance gene that provides immunity
to races of Xoo expressing avirulence gene avrxa5 (lyer-
Pascuzzi et al., 2008). It is an allele of a gene on chromosome
5 that encodes the gamma subunit of the general transcription
factor (TFIIAy) (Jiang et al. 2006; Iyer and McCouch, 2004).
Among the members of recessive genes, xal3 of rice (Yuan
etal., 2009), mlo of barley (Buschges et al., 1997) and RRS1-R of
Arabidopsis (Deslandes et al., 2005) provide a wide spectrum
of immunity to their respective pathogens in contrast to the
xa5 gene. Though mlo, RRS1-R, and xal3 provide wide spec-
trum of immunity against their respective pathogens, they are
structurally unlike to xab.

TFIIA is one of a set of general transcription factors re-
quired for transcription by RNA polymerase II, where it is
composed of two subunits in yeast and three in higher eu-
karyotes like humans and plants (Orphanides et al., 1996;
DeJong and Roeder, 1993; Ranish and Hahn, 1991). TFIIA acts
as a basal transcription factor in eukaryotes to initiate the
mRNA synthesis, generally forming an assembled complex
of transcriptionally competent pre-initiation complex with
TFIIB, TFIID, TFIE, TFIIF, and TFIIH (Orphanides et al.,
1996). Besides playing a key role in cell growth, it has the
abundance in transcription, including stimulation and stabi-
lization of the interaction between the TATA-box binding
protein and the general transcription factor TFIID, promoter
selection, gene-specific regulation, and activator-dependent
transcription (Hampsey et al., 1998). Like Drosophila (Aoyagi
and Wassarman, 2000), rice also contains two copies of TFIIAy
in its genome where one copy corresponds to xa5 on chro-
mosome 5 (TFIIAy5) and the other to chromosome 1
(TFIIAy1), in contrast to Arabidopsis, which has only one of
the genes. The TFIIAy5 shares 85.8% sequence identity with
TFIIAy1 and lack of three amino acid residues from TFIIAy1.
TFIIAy1 has the susceptible haplotype and is expressed at
lower levels than xa5 in adult plant leaves.
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At the amino acid level, the TFIIA from yeast, Drosophila,
and man show a remarkable conservation in their small
subunits of TFIIAc (Li et al., 1999). Sequence analysis has re-
vealed that xa5 protein of rice is 50% identical to the Droso-
phila and human TFIIAy subunits, and shares 85%-93%
identity with Arabidopsis, maize, wheat, barley, and sugarcane
genes. Most of the plant species bears the TFIIAy subunit
which conforms to the susceptible allele model in rice, with a
valine or leucine at position 39. In contrast, yeast contains only
single copy of TFIIAy, which encodes a functional protein
with a glutamic acid residue at the position corresponding to
the resistant xa5 protein. While the yeast TFIIAy is only 39%
identical to xa5, it thereby suggests that the singe mutation in
this type of TFIIAy subunits does not affect the essential
function of TFIIAy (Iyer-Pascuzzi et al., 2008).

The scarcity of experimental 3-D structures of rice xa5 pro-
tein is a constraint for understanding the molecular mecha-
nisms of action against the corresponding avirulence protein.
The homology modeling approach is a novel way for obtaining
structural information about x25 when no crystal structure of
the protein is available. Unlike other classes of R genes, the xa5
gene encodes a eukaryotic transcription factor TFIIAy. Under-
standing of the evolutionary relationship through molecular
phylogeny with other eukaryotic transcription factors from
different plant species will better facilitate the origin of evolu-
tion of xa5 protein. A detailed analysis of molecular phylogeny,
comparative modeling, and molecular dynamics (MD) simu-
lation at 20 ns of the recessive xa5 disease resistance (R) gene,
which encodes the gamma subunit of TFIIA ubiquitous protein
that confirms resistance against bacterial blight of rice protein,
were performed to explore the evolution, structure-function,
and dynamics of xa5 protein. Further study of the refined 3-
dimensional model of rice xa5 protein, which is stable through
out the simulation process, will be useful for gaining insight in
to the protein—protein interaction with the corresponding
avirulence protein from Xoo and will aid in novel understand-
ing of the plant-pathogen interaction at the molecular level.

Materials and Methods
Sequence retrieval and domain analysis

The reviewed amino acid sequence encoded by the rice xa5
resistance gene (GenBank Accession no: AAV53715) confer-
ring resistance against bacterial blight disease caused by
Xanthomonas oryzae was retrieved from the GenBank database
of NCBI (http://www.ncbi.nlm.nih.gov/). The InterProScan
tool (http://www .ebi.ac.uk/Tools/pfa/iprscan/) (Zdobnov
and Apweiler, 2001) was used to deduce the protein family,
super family, and domain arrangement within the protein.
Conserved domains of the xa5 protein were explored by using
the following databases: Pfam (http: //pfam janelia.org/) (Fin
et al, 2010), SMART (http://smart.embl-heidelberg.de/)
(Letunic et al., 2012; Schultz et al., 1998), and CDD (http://
www .ncbinlm.nih.gov/Structure/cdd/cdd.shtml) (Marchler-
Bauer et al., 2011). The signal peptide was predicted by
SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP/)
(Petersen et al., 2011).

Molecular evolutionary analysis

To search for homologue sequence of rice xa5, BLASTP
(Altschul et al., 1990) was carried out against the nonredundant
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FIG. 1. Multiple sequence alignment of xa5 with other transcription factors from different plant species. Image was gen-
erated in ClustalX and image was displayed using ESPript. Conserved residues are highlighted and shaded in boxes.

(nr) database of NCBI. Sequences selected from sequence
similarity search (cut-off 90% identity), including the query
sequence, were aligned using ClustalX (Larkin et al., 2007). The
molecular evolutionary genetic tree through Neighbor-Joining
(N]) method (Saitou and Nei, 1987) was constructed in
MEGAD5.0 (Tamura et al., 2011). Poisson correction was used to
calculate protein distances using gap opening penalty of 10,
gap extension penalty of 0.1, and gap separation distance of 4,
employing Blossum weight matrix with no residue specific or
hydrophilic penalties (Thompson et al., 1994). The robustness
of the constructed phylogenetic tree was tested by bootstrap
analysis using 1000 iterations.

Primary structure analysis

To have a broader chemistry on xa5, the primary structure
of the protein was studied using ProtParam tool (http://
expasy.org/cgi-bin/protparam) (Gasteiger et al., 2005) of
Expasy Proteomic Server. Various physico-chemical parame-
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ters such as molecular weight, isoelectric point, instability in-
dex, aliphatic index, and grand average hydropathy (GRAVY)
were computed. PSIPRED server (Buchan et al., 2010) was used
for the prediction of secondary structure of xa5 protein.

Homology modeling of xa5

Template search and target-template alignment. The 106
amino acids residue long xa5 protein of rice was subjected to
BLASTP analysis against PDB (http://www.rcsb.org/) to
identify suitable template for comparative protein structure
modeling and furthermore functional prediction. In addition
to BLASTP search, I-TASSER (http://zhanglab.ccmb.med.u-
mich.edu/I-TASSER/) (Roy etal., 2010) was also employed to
search for the best template for modeling of xa5 protein. To
ensure the sensitivity and accuracy for the selection of tem-
plate for xa5, GeneSilico MetaServer (https:// genesilico.pl/
meta?2) (Kurowski and Bujnicki, 2003) was used, which uses a
consensus approach to predict the template for model building
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FIG. 2. Neighbor-Joining tree inferred from xa5 and its related transcription factor sequences in MEGAS5.0. The numbers of
nodes represent the percentage of boot strap value obtained from 1000 sampling. Bar, 0.01 shows the substitutions per

nucleotide position.
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TABLE 1. TEMPLATES SELECTED FOR COMPARATIVE MODEL
BUILDING OF x45 FROM BLAST SEArRcH AcaINsT PDB

DEHURY ET AL.

TABLE 2. SECONDARY STRUCTURE COMPARISON
OF xA5 AND TEMPLATE

Templates Query

(PDB with ~ Total  coverage E % of  Resolution
their chain)  score (%) value  identity (A°)
INVP-D 118 93 9e-35 52 2.1
1RM1-B 98.2 93 9e-27 42 2.5
1YTE-D 97.8 93 le-26 42 2.5

of protein. All the above prediction methods suggested INVP
(D-chain) is the most appropriate template for xa5 protein
model building, having the highest sequence identity, query
coverage, and less E-value. As comparative modeling relies on
a sequence alignment between target sequence and the tem-
plate sequence whose structure has been experimentally de-
termined, a target-template alignment was performed using
ClustalX. The Easy Sequencing in Postscript 2.2 (ESPript)
(http://espript.ibcp.fr/ESPript/ESPript/) (Gouet et al., 2003)
server was used to render the target-template alignment result.
Based on the target-template alignment, 20 different 3D models
of xa5 were generated by MODELLERO.11 (Sali et al., 1995) that
employs extraction of spatial restraints from two sources (i.e.,
homology derived and CHARMM force field derived) (Brooks
et al. 1983). These theoretical structural models of xa5 were
ranked based on their normalized discrete optimized protein
energy (DOPE) scores. The model with the lowest DOPE score
was considered as the best model and was subjected for further
refinement in Discovery Studio (DS) 3.5 (Accelrys Software
Inc., Discovery Studio Modeling Environment, Release 3.5, San
Diego: Accelrys Software Inc., 2012). The model was refined by
CHARMM force field in DS, which provides powerful me-
chanics and dynamics protocols for studying the energetics and
motion of molecules. In the present analysis, CHARMm force
field was used throughout the simulation.

Model quality assessment. The quality of xa5 model was
evaluated by a number of tools to test the internal consistency
and reliability of the model. PROCEHCK (Laskowski et al.,
1993) analysis, which quantifies the residues in available
zones of Ramachandran plot, was used to assess the stereo
chemical quality of the model. ERRAT (Colovos and Yeates,
1993) tool, which finds the overall quality factor of the protein,
was used to check the statistics of nonbonded interactions
between different atom types. Similarly to determine the

Number of amino acid residues (%)

Target/ Total number

Template Turn Helix Strand  of amino acids

xa5 (target) 31 (29.25) 41 (38.67) 34 (32.08) 106

INVP-D 36 (33.33) 38 (35.19) 34 (31.48) 108
(template)

compatibility of the atomic model (3D) with its own amino
acid sequence (1D), the VERIFY-3D (Luthy et al., 1992) pro-
gram was used. All the above analysis was carried out using
Structural Analysis and Verification Server (SAVES) (http://
nihserver.mbi.ucla.edu/SAVES/). Furthermore, standard
bond lengths and bond angles of the xa5 model was deter-
mined using WHAT IF (http://swift.cmbi.ru.nl/whatif/)
(Hekkelman et al., 2010) web server. The MolProbity web
server (http://molprobity.biochem.duke.edu.) (Chen et al.,
2010) was used in the quality validation of the 3D model,
which provides details of atomic contact analysis of any steric
problems within the molecules, as well as updated dihedral-
angle diagnostics. Subsequently, the ProSA (Wiederstein and
Sippl, 2007) tool was employed in the refinement and vali-
dation of the modeled structure to check the native protein
folding energy of the model by comparing the energy of
the model with the potential mean force derived from a large
set of known protein structures. The pairwise 3-D structural
superimposition of the proposed model of xa5 protein with
its closest structural homologue was carried out using a iPBA
web server that computes the root mean square devia-
tion (RMSD) between the Ca-atoms and all atoms of the ho-
mology model and template. Finally, to have a better
knowledge on the conservedness in the secondary structural
topology of the refined model and the template INVP-D,
the pair-wise structural alignment was performed using
MATRAS web server (http://strcomp.protein.osaka-u.ac.jp/
matras/) (Kawabata, 2003).

Molecular dynamics (MD) simulations of xa5

To investigate the stability and dynamics of the modeled
protein MD simulations were conducted using GROMOS96
43A1 force field (Walter et al., 1999) and the flexible SPC water
model in GROMACS 4.5.4 (Groningen Machine for Chemical
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FIG. 3. Pair-wise sequence alignment of the target protein xa5 and D-chain of INVP. The secondary structural elements
were identified from the INVP structure using ESPript. The a-helices, n-helices, f-sheets and strict f-turns are denoted a, 1, 3,
and TT, respectively. Similar amino acids are highlighted in boxes, and completely conserved residues are indicated by white
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FIG. 4. Ramachandran plot of the xa5 model. The plot was generated with the PROCHECK program.

Simulations) (Van et al., 2005) package running on a high
performance CentOS6.0 cluster computer. The protonation
states of all the ionizable residues in the modeled protein were
set to their normal states at pH 7.0. During the MD simula-
tions, all atoms of the xab protein was surrounded by a oc-
tahedron water box of SPC3 water molecules that extended
9 A° from the protein, and periodic boundary conditions were
applied in all directions. The system was solvated with the
simple point charge (SPC) of 25416 water molecules. After
solvating, the system was neutralized with four Na* counter
ions. The solvated system was further subjected to energy

minimization through 2000 steps of the steepest descent
minimization to remove bad van der Waals contacts, which
generates a good starting structure for MD simulation. All
bonds were constrained using a LINCS algorithm (Hess
et al., 1997), whereas the electrostatic interactions were cal-
culated by the particle meshEwald (PME) algorithm (Darden
et al., 1999). A cut-off value was set for long-range interac-
tions including 0.9nm for van der Waals and 1.4nm for
electrostatic interactions using the PME method. The energy-
minimized model was subjected to position-restrained MD
under isothermal-isobaric condition. Equilibration was carried

TABLE 3. COMPARISON OF RAMACHANDRAN PLOT STATISTICS OF XxA5 MODEL WITH ITS TEMPLATE INVP

Ramachandran plot statistics

Homology model
structure of xa5

X-ray crystallographic Structure
of template (D-Chain of INVP)

Residues Percentage Residues Percentage
Residues in most favored regions 94 94.9 79 85.9
Residues in additionally allowed regions 5 51 12 13.0
Residues in generously allowed regions 0 0 1 1.1%
Residues in disallowed regions 0 0 0 0
Number of non-glycine and non-proline 99 100.0 92 100.0%
Number of end residues (excluding Gly and Pro) 2 2
Number of glycine residues 4 2
Number of proline residues 1 1
Overall G factor 0.01 0.30
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FIG.5. Protein Structure Analysis (ProSA) of model xa5. (a) Overall quality of xa5 model showing a z-score of —2.42 (Native
conformation to its template). (b) Overall quality of template (INVP-D) model showing a z-score of —2.65.

out at 300 K and a pressure of 1 bar for 1, 00, 000 steps of 200 ps.
Finally, the system was simulated for 100, 00,000 steps of 20
nano second (ns), maintaining the same temperature and
pressure using PME method. Snapshots of the trajectory were
taken on every 1 pico second and stored for further analyses.

The system stability and differences in the trajectories were
analyzed using XMGRACE software. The simulated model
was subjected to validation process in SAVES server. Finally
the secondary structure of the MD simulated protein model
was predicted by STRIDE (http://webclu.bio.wzw.tum.de/
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stride/) (Heinig and Frishman, 2004) and DSSP (http://
swift.cmbi.runl/gv/dssp/) (Kabsch and Sander, 1983) pro-
gram which assigns secondary structure elements from atomic
coordinates of proteins.

Results and Discussion
Sequence analysis and domain prediction

The published primary complete amino acid sequence of
the target protein, xa5 (106 amino acids) from Oryza sativa L.,
which is thought to provide a complete protection against BB
disease of rice, was downloaded from NCBI. SMART search
revealed that xa5 possesses two domains viz, N-terminal
transcription factor ITA (TFIIA) gamma domain (Ala2-Glu50)
and C- terminal transcription factor ITA (TFIIA) gamma do-
main (GIn52-Ser101). Domain prediction in CDD and Pfam
also suggested the same domains and fortify our domain
predictions for further analysis. The two discrete domains
were linked through a polar hydrophilic residue Asparagine

a
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(Asn51). The transcription factor IIA (TFIIA) is one of the
factor that forms part of a transcription pre-initiation complex
along with RNA polymerase II, the TATA-box-binding pro-
tein (TBP) and TBP-associated factors, on the TATA-box se-
quence upstream of the initiation start site. After initiation,
some components of the pre-initiation complex (including
TFIIA) remain attached and re-initiate a subsequent round of
transcription, after which TFIIA binds to TBP to stabilize TBP
binding to the TATA element. The CDD search also revealed
that the C-terminal end of the TFIIA gamma subunit, which
interacts with the TBP interface (polypeptide binding site) to
support TFIIA function in the core promoter, is also conserved
in the set of aligned transcription factors from different spe-
cies. The N-terminal domain contained the alpha-helical do-
main of the gamma subunit of transcription factor TFIIA,
whereas the C-terminal domain possessed the beta-barrel do-
main (Tan et al. 1996). The results from the above search tools
perfectly correlated with that of the result (data not shown)
from InterProscan, which showed that N-terminal was helical

H1l H2 El
SecA : GGGGGSHHHHHHHHHHHHHHHHTSS HHHHHHHHHHHHHHHHHHHHHH EEEEEE
4 :FELYRRSTIGMCLTETLDEMVSSGTLSPELAIQVLEQFDKSMTEALENQVKSKVSIKGHL: 63
*k*k * * * % k%% * * k% *k*x *hkkk * % * * * *
3 :YQLYRNTTLGNSLQESLDELIQSQQITPQLALQVLLQFDKAINAALAQRVRNRVNFRGSL: 62
SecB : GGGGSSHHHHHHHHHHHHHHHTTSS HHHHHHHHHHHHHHHHHHHHHT EEEEEE
H1l H2 E1l
4 EZ2 E3
SecA :EEEEEETTEEEEEEEEEEEE SS EEEEEEEEEEEE
64 :HTYRFCDNVWTFILTEASFENEETTEQVGKVKIVACD: 100
*hkdtdtdtdErrhe * * * H4ddkdtdEd
63 :NTYRFCDNVWTEFVLNDVEFREVTELIKVDKVKIVACD: 99
SecB

E2 E3

:EEEEEETTEEEEEEEEEEEE SS EEEEEEEEEEEE

FIG. 6. Three-dimensional structural superimposition of x25 model with template INVP. (a) A residue-based pairwise
alignment where the lines with “SecA” and “SecB” are secondary structures of the modeled protein xa5 and template INVP,
respectively. These secondary structures are determined by the DSSP program. The DSSP codes for secondary structures are
H=alpha helix, B=residue in isolated beta-bridge, E=extended strand, participates in beta ladder, G=3-helix (3/10 helix),
I=5 helix (pi helix), T=hydrogen bonded turn, S=bend. (b) Pair-wise secondary structure alignment of xa5 with template D-
chain of INVP by iPBA web server. The homology modeled protein xa5 is colored in red and D-chain of the template INVP is

colored in green.
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whereas C-terminal formed a beta barrel. SignalP’4.0 predicted
xa5 without any signal peptide cleavage sites.

Primary structure analysis of xa5

The ProtParam tool computed a molecular weight of 11.9
KDa for rice xa5 protein. The isoelectric point (pI) is the pH at
which the surface of protein is covered with charge but net
charge of protein is zero. At pl, proteins are stable and com-
pact. The protein xa5 had a plI of 5.12, indicating its acidic
nature (pI<7.0). The aliphatic index (Al) is defined as the rel-
ative volume of a protein occupied by aliphatic side chains such
as alanine, valine, isoleucine, and leucine. It is considered as a
positive factor for the increase of thermal stability of globular
proteins (Ikai, 1980). Aliphatic index of rice xa5 protein was
very high (i.e., 85.47), indicating that xa5 protein may be stable
for a wide range of temperature. The instability index provides
an estimate of the stability of protein in a test tube. A protein
whose instability index is smaller than 40 is predicted as stable,
a value above 40 predicts that the protein may be unstable
(Guruprasad et al., 1990). It was calculated that the instability
index of the protein is about 40.82, which indicated the unstable
nature of the protein. The GRAVY indices of xa5 was very low
(-0.170), indicating its high affinity for water.

Molecular evolutionary analysis of xa5

Comparative sequence analysis using BLAST search of xa5
against the nr database revealed that the xa5 is closely related
to members of the small subunit of transcription factors
(TFIIA) from various plant species with the maximum evo-
lutionary relation to monocot and dicot plant species. Se-
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quences producing significant alignment with the query
protein xa5 were selected based on their query coverage
(90%), percentage (cut off >95%) of identity, and E-value (cut
off 0). A total of 12 sequences from different organisms (in-
cluding xa5) were considered for multiple sequence alignment
in ClustalX. It is evident from Figure 1 that the transcription
factors from different plant species along with xa5 have been
highly conserved throughout the evolutionary process.
Phylogenetic analysis of xa5 using the Neighbor-Joining
method in MEGA 5.0 with the other transcription factors from
different plant species revealed a clear demarcation of TFIIAs
into two large clusters representing species-specific diver-
gence with strong bootstrap values within their nodes. The
final rooted phylogenetic tree forms dichotomy comprising of
two clusters viz, Cluster I and Cluster II. TFIIA sequences
from monocot plants (Oryza sativa subsp. indica, Oryza sativa
subsp. japonica, Brachypodium distachyon, Zea mays, Oryza
officianalis, Oryza australiensis, and Oryza punctata) formed
Cluster I, whereas Cluster II included sequences from dicot
plant species (Ricinus communis, Vitis vinifera, Glycine max,
Medicago truncatula, and Arabidopsis thaliana) (Fig. 2). Though
all TFIIA sequences from monocots formed a single cluster
within one group (Cluster I), TFIIA from O. sativa subsp. ja-
ponica was clustered together with O. sativa subsp. Indica, in-
dicating that indica and japonica are highly similar in contrast
to other members of the class. Cluster II consisted of the
members from the dicot species in which Arabidopsis TFIIA
clustered with Ricinus communis, whereas TFIIA from Vitis
vinifera, Glycine max, and Medicago truncatula generated a
monophyletic clade. The tree showed a distinct crop-specific
clustering of sequences, representing clear crop-specific
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represent the values for the model xa5.
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sequence differences. Although TFIIA subunits from mono-
cots and dicots share a high percentage of sequence similarity
with xa5 of rice, they form a clear distinct crop-specific clus-
tering within the phylogenetic tree, reflecting that they are still
evolving and evolved differentially.

Homology modeling of xa5 protein

Comparative modeling of protein is considered as one of
the most accurate methods for 3D structure prediction,
yielding suitable models for a wide spectrum of applications
(Bodade et al., 2010). It is usually a method of choice when
a clear relationship of homology between the sequence of

a -3.65e+05
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target protein and at least one known structure is found. This
approach would give reasonable results based on the as-
sumption that the tertiary structure of two proteins will be
similar if their sequences are related. A high level of sequence
identity promises a more reliable alignment between the tar-
get sequence and the template structure. BLAST search re-
vealed three putative templates (PDB id: INVP, 1RM1, and
1YTF) of high-level identity with the target sequence, as
shown in Table 1. These templates are the crystal structures of
TFIIA from human and yeast (Bleichenbacher et al., 2003; Tan
et al., 1996; Geiger et al., 1996), respectively.

BothI-Tasser and GeneSilico MetaServer suggested that the
D-chain of human transcription initiation factor IIA gamma
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FIG. 8. Calculated energy versus time plot for MD simulations of xa5 using GROMACS software. (a) Potential energy (kJ/
mol) during 20.0 ns trajectory. (b) Total energy (kJ/mol) during 20.0 ns trajectory.
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subunit (PDB ID: 1INVP), with a resolution of 2.1 A, as the best
template for comparative modeling. The pair-wise sequence
alignment of rice xa5 and template was generated using
ClustalX, and the alignment was displayed in ESPript 2.2 (Fig.
3). Based on the target-template alignment, Modeller 9.11
generated 20 rough models of xa5. Out of these 20 different
models, the model with the lowest DOPE score was considered
to be thermodynamically stable and chosen for further refine-
ment and validation. To assess the conservedness among the
secondary structure elements, the secondary structure of the
xa5 and the template was predicted and compared from their
primary sequence. The secondary structure comparison be-
tween the target and template showed N-terminal domain was
comprised of helices, whereas the C-terminal domain was
comprised of beta sheets that shared strong homology across
the entire length. The identity of each alpha and beta sheets
between target and template is shown in Table 2. The conser-
vation of the secondary structure revealed the reliability of our
proposed model predicted by Modeller based on the target—
template alignment.

Model assessment and validation

PROCHECK was used first to check the reliability of the
backbone of torsion angles ¢ and ¥ of the model, which
quantifies the residues fall in the available zones of Ra-
machandran plot, as shown in Figure 4. Ramachandran plot
analysis for the modeled protein of xa5 showed that 94.9%
residues fell in the most favored regions, 5.1% residues were
in additional allowed regions, and no residue was in the
generously allowed and disallowed regions. Comparing with
the template, the built 3-D model had a similar Ramachan-
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dran plot, which signifies the predicted model is reliable in
terms of its backbone conformation, as reported in Table 3.
The high quality of the structure is further evident by the
G-factor of 0.07 computed in PROCHECK. The quality of our
model xa5 was further supported by a high ERRAT score
of 81.522 (a value of ~95% shows high resolution), which
indicates acceptable protein environment (Colovos et al.,
1993). The VERIFY-3D results of the xa5 model showed
64.15% of the amino acids had an average 3D-1D score of
>0.2, and 72.64% of the residues showed positive scores (cut-
off score was >0), indicating the reliability of the proposed
model. The PROVE program was used to measure the av-
erage magnitude of the volume irregularities in terms of the
Z-score root mean square deviation of the model. The
Z-score RMS values of the model and template were 1.594
and 1.866, respectively (a Z-score RMS value of ~1.0 indicates
good resolution of structures). WHAT IF server analyzed the
coarse packing quality, anomalous bond length, planarity,
packing quality, and the collision with symmetry axis, distri-
bution of omega angles, proline puckering, and anomalous
bond angles of the model protein, reflecting its acceptance of
good quality. The results from MolProbity server revealed 0%
of the residues had bad bonds (goal 0%), 0.94% of the residues
had bad angles (goal <0.1%), and that 0% of the Cf deviations
were >0.25 A (goal 0%). This further confirmed the reliability of
the xa5 model.

The energy profile of the model and the Z-score value (a
measure of model quality as it measures the total energy of the
structures) were obtained using ProSA program that calcu-
lates the interaction energy per residue using a distance-based
pair potential. The ProSA analysis of the model xa5 (Fig. 5a)
achieved a Z score of —2.42 and that of template was —2.65
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FIG. 10. Homology models of xa5 of rice. (a) Solid ribbon representation of the model colored by their secondary structure
elements. The helices (Hland H2) and the strands (A, B, and C) are labeled. (b) Amino acid residues of gamma turn forming
hydrogen bond are labeled.
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(Fig. 5b), (where the negative PROSA energy reflects reli-
ability of the model) reflecting the good quality of the model.

The quality of the model was also assessed by comparing the
predicted structures to the experimentally determined struc-
ture by superimposition and atoms RMSD assessment. Con-
sequently, superimposition of the D chain of the template with
the homology model was executed by combinatorial extension
of polypeptides. The RMS deviation of Co trace between the
modeled structure and template was 0.90 A°, which indicates
the generated model is reasonably good and quite similar to
template (Fig. 6a). The 3-D alignment of the model and tem-
plate predicted by MATRAS server showed the key elements of
secondary structure are strongly conserved (secondary struc-
ture elements identity of 97.9%) in the alignment where there
exists a sequence similarity of mere 50.5% (Fig. 6b).

MD simulation

The predicted model of xa5 from Oryza sativa pv. indica was
subjected to molecular dynamics simulation to determine the
stability and MD properties of the model using GRO-
MACS4.5.4 simulation suite. To explore the stability and
dynamics properties of the model, a molecular dynamic sim-
ulation study for 20 ns was performed for the modeled xa5
protein in explicit water. The energy minimization for the sol-
vated protein model showed that maximum force dropped
below the defined value of 2000 k] mol ™ 'nm ™" after 479 steps.
Positioned restrained molecular dynamics running for 200 ps
was fixed for all bond lengths in the system. To understand the
stability of the system, the root mean square deviation (RMSD)
of Co backbone atoms of xa5 model was calculated after the
final MD simulation. The calculated RMSD was found to be
~0.9 at 20 ns, which indicates that the system was equilibrated
after, at most, 19794 ps with respect to the initial structure. It is
evident from Figure 7 that RMSD value of the model increased
slowly up to 18911 ps, then slowly decreased up to 19303 ps,
then slightly increased up to 19500 ps, and finally the protein
remained in the plateau state till the end of equilibration.

Based on intrinsic dynamics, structural stability, and the
improved relaxation of the modeled protein, the potential
energy and total energy (Fig. 8a and 8b) of the structure was
calculated, and the radius of gyrations graph was also gen-
erated. The energy and RMSD calculations for xa5 protein
demonstrated that the protein is not very flexible over the
timescale of the MD simulations. The RMS8F of xa5 protein
backbone is shown in Figure 9. Extensive study was made on
the structural evolution of the xa5 protein over the different
time scale by comparing four snapshots at 5 ns, 10 ns, 15 ns,
and 20 ns. The MD simulated 3-D structure of xa5 comprises
of two domains viz, N-terminal TFIIA subunit and C-terminal
TFIIA subunit. The N-terminal subunit of the protein is com-
prised of two a-helices (H1 and H2) linked to the C-terminal
subunit, which is composed of three antiparallel -strands (A,
B, and C) as shown in Figure 10a. The protein also contains
2 gamma turns and 11 beta turns in which two f-turns are
stabilized by hydrogen bonding (Leu6-Arg9 and Asn84-
Thr87) (Fig. 10b). The presence of f-turns in xab protein sig-
nifies that they might be playing an important role in protein
folding, protein stability, and molecular recognition process.
We found that the N-terminal of the protein showed a minute
fluctuation at 5 ns where the initial 3;9-helix involve the res-
idues: Tyr7, Arg8, and Arg9 disappeared and formed a turn.
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During 5 to 10 ns interval, the turn transit to 3;o-Helix and
remained there until 15 ns. After 20 ns, MD simulation these
residues (Tyr7, Arg8, and Arg9) transit back to a turn in place
of the 3;p-helix and remained stable (Fig. 11). The 34 helix is
the most common variant of the «-helix motif that contains 10
atoms within the hydrogen bond. These kind of secondary
topologies of protein are typically not stable in solvent and
very rarely play a part in overall structure of protein. The 34
helix typically possesses three residues per turn, with {¢, ¥/}
angles around {-50°, —25°}. In our study, three residues (i.e.,
Tyr7, Arg8, and Arg9) form a 31 helix at different time-scales
during the molecular dynamics process involving bonds be-
tween residues i and i+ 3 instead of i and i+4 as in o-helix.
The root mean square fluctuations (RMSF) of the xa5 protein
backbone atom was studied to characterize the atomic fluc-
tuation during the 20 ns MD simulation; and the most flexible
regions (flopping regions) has been highlighted in Figure 9. A
detailed comparison of the secondary structure elements us-
ing DSSP and STRIDE result revealed that the conformations
of xa5 remained stable after 20 ns MD simulations. Prior to
simulation, the N-terminal of the xa5 protein was made up
of three helices (one 3;p-helix and two o-helices) and the C-
terminal end comprised of three f-strands, which were con-
nected by a turn. Although the 3;( helix forms a turn during
MD, the other secondary structure elements remained stable
throughout the simulation process (Fig. 11), which highlights
the stability and reliability of the model.

The effector proteins (avirulence proteins), which are
translocated directly in to the plant cell, are specifically rec-
ognized by the resistant plants having corresponding resis-
tance genes. This recognition triggers plant defense reaction
which in turn aid in HR response, localized cell death, and
restricts the proliferation plant pathogens. In the process of
conserved type III secretion by the pathogenic Xanthomonas
spp., 25 numbers of effector proteins injected directly into the
plant cell. Effector proteins with specific enzymatic functions
play a vital role in plant pathogen interaction (Kim et al,,
2006), whereas unique type III effectors mimic plant tran-
scriptional activators and manipulate the host (plant) tran-
scriptome (Kay and Bonas, 2009).

Studies have confirmed that activities of various type III
effectors result in a change in the plant gene expression. For
example, Xanthomonas campestris pv. vesicatoria AvrBs3,
which is also known as TAL (transcription activator-like)
effector, acts as a transcription factor and induces plant gene
expression (Kay et al., 2007; Romer et al., 2007). Nissan and
co-workers (Nissan et al., 2006) reported that AvrBs3 family
type III effectors with TAL activity in Xanthomonas spp. mi-
mic the eukaryotic transcription factors. The subunit of basal
transcription machinery, which acts as an indispensable
component of TAL effector recognition, is another important
aspect of plant resistance mechanism. In this scenario, the
gamma subunit of eukaryotic transcription factor TFIIA en-
coded by the rice resistance gene (xa5) differs from protein
encoded by the susceptible allele (Xa5) by only one amino
acid (E39V). This gamma subunit is involved in the recruit-
ment of the basal transcription machinery by eukaryotic
transcription factors. The cloning and sequencing of the
corresponding Aovr gene (avrxa5) of xa5 from the rice patho-
gen Xanthomonas oryzae pv. oryzae has shown that avrxa5 is
highly similar to the members of AvrBs3 /pthA family (Zou
et al., 2010).
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FIG. 11. Structural changes in the xa5 model after 20 nano second MD simulation. The change in one 3 helix in to a turn
after MD has been highlighted which was there in the initial model and changed to a turn during simulation. The helices of
the N-terminal region are numbered with (H1, H2, and H3). The purple color shows the secondary structure elements of xa5
model before MD simulation, and the green color reflects the secondary structure of xa5 after MD simulation.

Furthermore, sequence-structural analysis of avrxa5 re-
vealed that it is a structural homologue (sequence identity of
80%) of TAL effector PthXo1 (PDB ID: 3UGM). Since the TAL
effector of AvrBs3 family, from Xanthomonas spp. mimics eu-
karyotic transcription factors and induces plant gene expres-
sion, as such recognition of avrxa5 (a member of AvrBs3
family) by the host resistance gene (xa5) might be the probable
basis of xa5-avrxa5 (R-Avr) interaction and which may be
missing in susceptible genes in Xa5 rice lines to promote
transcriptional gene regulation. In addition, domain swap-
ping experiment conducted by Zou et al., (2010) confirmed
that aurxa5 gene possesses avirulence specificity towards xa5
gene in rice lines. As the action of xa5 depends on the delicate
equilibrium between the conformational stability and protein
stability, more structural study along with the specificity of
avrxa5 effector protein toward recessive xa5 through molec-
ular docking will provide a deeper insight in to the direct—
direct (R-Avr) interaction of plant-pathogen at molecular
levels. The coordinates of the model is deposited in the Protein
Model DataBase (PMDB) (http://mi.caspur.it/PMDB/) and
can be accessed using the PMDB ID: PM0077993.

Conclusion

Xab, a recessive gene belonging to the rice Xa gene family,
encodes the gamma subunit of TFIIA that provides complete
resistance against race-specific pathogen Xanthomonas oryzae

pv. oryzae. Although xa5 protein represents a small subunit
transcription initiation factor of rice, it shares significant se-
quence similarity with the gamma subunit of TFIIA of human
and is also a structurally homolog. Despite both the tran-
scription factors of rice and human being structurally ho-
mologous, the mode of behavior in terms of their molecular
function is totally different from each other, where the former
provides complete resistance against bacterial blight disease,
and the latter is responsible for accurate transcription by RNA
polymerase II in human. The molecular evolutionary analysis
revealed that the transcription factors of monocot and dicot
plant species evolved differentially, and xa5 most probably
has evolved due to gene duplication as the functional diver-
gence is reflected by conferring resistance to rice BB. The
theoretical 3-D structure of rice xa5 protein was built using
TFIIA protein (INVP-D) to compare the structural variations
between them. The modeled structure of xa5 fits well with the
structure of TFIIA small subunit from human, suggesting that
it may also act as a small subunit of TFIIA in rice. The mo-
lecular dynamics study confirmed the structural stability of
the modelled xa5 protein supported by RMSD and energy
graphs. However, a minute change in the arrangement of
secondary structure elements was observed during the sim-
ulation process. The structural analysis of xa5 indicates that
this protein potentially retains the basic transcription factor
function, which in turn may govern the novel pathway re-
sponsible for bacterial blight resistance and susceptibility.
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Since the corresponding effector avrxa5 from XOO, a member
of AvrBs3 family, shares significant structural similarity with
TAL effector, it is supposed that the avrxa5 gene might imitate
the eukaryotic transcription factor and induce host plant gene
expression of xa5. Further studies involving protein—-protein
(xa5—avrxa5) docking will provide useful information to un-
derstand the gene-for-gene interaction theory of plant-path-
ogens at the molecular level.
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