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(Ahstmt- Background: Radgpholus simifis {Cobb) Thome is a migratory endoparasiic nematode infesting severs! opical and sub-ropical plant species. Compulaiimai\
stresning and conserved domein annotation of assembled EST sequences from the burrowing nematode {R. simifis) revealed seven contigs similar to gutathione S-ransferases
{GSTs) and four contigs for carboxylesterases / cholinesterases {CESs). One of the contigs corresponding to each gene were doned from R, simifis cDNA (KMB70018, KPO27005)
and chavaclerized by phylogeny and stucturat motif comparison. Glitatiione SHransferase is a wificat antioxidant and detoification enzyme and carboxylesterase is responsible
for comtraliing the nerve impulse, detoxification and various developmental functions. Detoxifying ability of these profeins makes them as major targets of pesticides used for plant
parasiic nematode {PPN) management, B

Methodology: b the prasent work, both molecular bislogy and bicinfomatics approaches have been used to study two potential target genes of R simills. The study presents 3D-
structural models for Re-GST and Rs-CES proteins using conventional metecular modeling techniques and struciural molifs have heen charatlerized with mofif elucidation and
sequence analysis methods. Subssquently, consense based phylogenetic analysis approach was ollowed to define the evoluionary relationships for sach Yanget proteins.
Resukts: We report for the first ime the presence and ampification of two novel target genes (GSTs and CESs) from R, simifls: The struchial mefif cheracterization of the two
genes with coresponding nematode genes indicated the functional diversity of the conserved mofifs present in Rs-GST and Rs-CES. The search for protein signature mol#s
through InterProSean anelysis confimed the presence of thioredoxin-ike fold (PRO12336), gulaiione S-ransferase, N-terminal (PRO04045), glutathione S-dransferase, G-
termingl (PROT0987) and giutathione S-ransforase domain (PFO0G43) for Re-GST and caboxylesterase, fype B (PRO02018), alphaibeta hydrolase fold (PR02805E) and
carboxylesterase domain (PFO0135) for Rs-CES. The 3D protein models of each protein were developed through homelogy madefing and the aclive-site residues weie pradicled,
Phylogenetic analysis reveated the evolutionary relationships of each target proteins.

Conclusions: identifying and cloning of genes involved in rematode sundval and determining their functions are vital to ehucidate the parasifism and host invasion progesses of
PPNs. The comparative strucitral analysis and mofif characterization of studied targets will probadly offer 2 novel approach for confreling plant nematodes,
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Introduction

The burrowing nematode Radopholus simfis {Cobb, 1893) Thome, 1949 is a
migratory endoparasite infesting several tropical and sub-fropical plant species
and causing massive plant tissue necrosis because of thelr active migration
through roat tissues and destritctive feeding on plant cells {1-2). R. simifis is known
to invade and feed in the cortex of roots of more than 365 plant species [3-8] and
is distributed throughout mast fropical and sublropical areas, whers it severely
harms bananas, cirus crops, peppers and many other economically important
vops[1-4,7)

Today plant parasitic nematodes (PPNs) are managed with chemical pesticides
which are & short-term solution because of the soil inhabitance of nematodes and
the perennial nature of crops [8-9]. Presently, the research focus has fransferred
to molecular biplogy approaches [10-13] rather than tradilional approaches [14-15]
for management of nematodes. The esophageal gland secrefion profsins {16] and
pathogenic genes have been the focus of many studies [10,17-19). Another target
group is antioxidant snzymes thel help to defend themselves agalnst reactive
oxygen specias (ROS) which are produced by the incomplate reduction of oxygen
during respirafion in mitochondria and as side products of a varely of nommal
metabolic reactions or from the immune response of the host Secretory

antioxidan proteins praduced by PPNg play an important rale in diminishing plant
defense system and invading host plants [20] Cloning corresponding genes and
defermining their functions are imporant for elucidating the host invasion
processes of plant nematodas and will Fkely provide a naw approach to control
PPNs{21}.

Glutathione S-ransferases (GSTs) are widely distributed among afl living cells and
are a major cellular detoxification system via eatalyzing foxin conjugation with
reduced glutathione (GSH) or passively binding to varloUs exogenous
fendogencus toxic molssules. They comprise a large family of muitifunctional
dimeric enzymes -that are encoded by mulfigene families involved in the
metabolization of a broad variety of xenobiotics and reactive endogenols
compounds. GSTs have been ewploited as pofeniial larget for many
chemotherapeutic agents [22-26]. Defoxifying enzyme, GSTs belongs to a protein
family invoived in critical antioxidant and dsloxification of xenohiotics, profection
fram oxidative damage and infracellular transport of hormones, endogencus
metabolites and exogenous chemicals [27-28). Funetions of GSTs have been
investigated in helminth parasites, not lsast because they have been identified as
potential vaceine candidates in digeneans [28], '
Carboxylesterases {CESs) is a cyloplasmic enzyme which plays a criical role in
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nevfralizing xencbictics and plays an important role in the mstabelism of
organophosphates {30-31). Carhoxylesterases detoxify organophosphate (OF)
and carbamates (CB) pesticides and synthefic pyrethroid {SPs) by two main ways,
hydralysis of the ester bond and binding of the pesticide {OF) to the active site of
CESs{32L

OP and CB pesticides obtain toxicity from their ahility to inhib many metabulic
ang physiological enzymes like acelylcholinesterase {AchE), cytochrome P450,
protein kinase €, CESs and GSTs, causing foxicity [33]. Both the enzymes (GSTs
and CESs) are potentially involved in the pesticide detoxification }34-35]. Various
sludies reporis that, these enzymes (CESs and GSTs) are commonly used as
biomarkers in ecological risk assessment of pesticide contaminated environment
[36-38]. Kale and Krishnamoorthy {1982) showed up to 80% inhibition of CESs by
carbaryl in the earfhworm [38]. Hans ef al, {1993) reparled the induction of GSTs
activity in worms by other pesticides, which showed a maximum induction of 250%
by endosulphan [40], Muthusamy ef af, (2011) studied the activity of GSTs and
CESs in treated samples at lower and higher pesficide concentration and showed
that an increased acivity in lower dose for CESs and the activity were decrsased
in high dose [27]. These studies indicate that xenobiotics can elicit changes in the
sacretory proteing and this makes both the proteins as maior targets for
posticides. Comparative sequences, structural and functional analysis of these
enzymes are thus important.

Despita the devasiating effects of R, simifis on crop yields, this nematode is still
poorly characterized at the molecular fevel. This paper reports the coning and
characterization of two genes encading detoxifying enzymes gltathione S-
transferase and carboxylesterase in R. simills. The 3D stuchiral and mofif
characterization of each protein have been done to understand the detoxification
systems, We present structural model for each proteins using conventional
molscufar modsling tachniques. The genetic relationships of each gene between
corasponding genes from nematoda, vertebrata and arthropoda have alse been
examined through phylogenetic analysis.

Materlals and methods

Radopholus similis culture and collection

The hurrowing nematode, R. similis was fsolatad from black pepper roots and was
maintained in carot disk cultures at ICAR-Indian Institute of Spices Resserch,
Kozhikade, Nematodes aseptically teased out of the carrot disks were rinsed
using sterile demineralized water; acfively maving nematodes from earrol disk
cultures were taken after surface sterilization [41] and transfemed to a sterile
DEPG treated eppendor tubs.

RNA extraction and ¢DNA synthesis

Total RNA was extracted from mixed stages of R. simiis (30,000 nos.) using
Qiagen RNeasy Lipid Tissue Mini Kit (QIAGEN GmbH, Germany) according fo the
manufaclurer’s instructions. Firsk-strand cNA synthesize was carried out with
2ug RNA as template extracted using ThermoScientific RevertAid Reverse
Transeriptase (Thermo Fisher Scientific Inc., MA USA) in the presence of an dligo
{dT) primer {Thenmo Fisher Scientific Inc., MA USA). The reaction mixture was
taken i sterile, nuclease free tube on ice; the mixiure contained 2 ug RNA as
femplate, 0.5 Yg oligo (dT)iz pimer, DEPC-reated water and incubated at 65°C
for & min and chifed on ice and centifuged. The mixture was then added to
another slerle, nuclease fres fube containing 5X reaction buffer, TharmaSeentific
RiboLack RNasgs inhibitor (Thermo Figher Scientific Inc, MA USA), 16 mM dNTP
mix and Reverthid reverse Fanscriptase. The mixture was then mixed gently and
incubated for 60 minutes at 42°C and then terminated the reaction by heating at
70°C for 10 minutes. Additionally for the preparation of DNA-fee RNA for
amplification, remaval of genornic DNA from iselated RNA preparation was done
using ThermoScientific DNasel, RNase-free according to manufagturer's profocol.

PCR amplification, cloning and sequencing of genes

Genes of R simifis coding for glutathione S-iransferase and carboxylesterase
were amplified from a mixed stage cDMNA poul under standard PCR conditions
using eorresponding primers designed fom asssmbled R. similis EST contigs,
The sequences of the primer sets far amplification of Rs-GST were forward primer:

S-CTCATCGCTACATTCATGGTG KN feverse pritmer;
5~ TGTGCTCAGAATITCTTCATGAG 3'. For ampiification of Rs-CES, the forward
primer5-  ATGAGCAGATTCACTCGTICG 3%  reverse  pimer B~
CTGACTGCATCCGGCTATC 3. POR anmpliication reactions were performed in 25 pt
feaction mixiure containing 1X buffer, 1.5 M MgCl 2, 4 uM dNTPs, 0.5 pM forward
and reverse primers, 1 U Tag DNA polymerase, and 1 pl cDNA, The PCR cycling
paramelers were 34°C initial denaturation for B minutes, followed by 35 cydles of
amyiification, denaturation at 84°C for 1 min; anneafing at 63°C (Rs-GET) and 62°C
(Rs-CES) for 1 min; and extension at 72°C for t min; and addiional polymerization at
12°C for 19 min and hold at 4°C. Amplified fragments were purified fom agarose
gels using ThermoBcientific GeneJET Gel Exfraction Kit (Themmo Fisher Scientific
inc, MA USA) and cloned into pGEM-T vector {Promega, Madison USA} with
standard protocol, Freshly prepared competent cells of Fscherichia coff DHEa were
ransformed with recombinant plasrids and posiive clones were selecied for
plasmid isolation. They were sequenced at Eurofins Genomics india Put. Lid.,
Bangalore, India and the sequences were then assembled using GAP3 [42].

Seguence analysls and motif characterization

Putafive protein sequencss were pbtained by ranslating the cDNA sequences using
the EMBOSS program TRANSEQ [43). Protein struclure analysis was done with
Expasy-Profparam tool [44] o analyze the variaus physical and chemical parameters
of these profein sequences. The computed parameters were theoretical isoeleciic
point {P1), extinction coefficient, molecukar weight, amino acid composifion, atomie
composifion, estimated halfife, instabifity index, aliphatic index and grand average of
hydropathicity {GRAVY). Signal peptides were predicled using SIGNALP 3.0 [45]
and S|P-Local (Subesllular Location Predictor based on local features of amino acid
sequence) was used fo predict the subcellular location proteins [46]. Conserved
demains were predicled by NCBI Conserved Domaln Database and InferProScan
[47]. Sequence alignment of identifed Rs-GST and Rs-CES vith corresponding
known nematade genes was created with MUSCLE program [48], Conserved motifs
and their relative positions of both the proteins were predisted using MEME Yersion
48.1[49).

Motif charactenization of Re-GST {KM670018) have been studied using afignment
with related ghutathione S-ransferase protein sequences from ofher nematodes such
a5 Cacnorhabifs elegans {NP_H06983), Ancylosfoma dindenale (KIHB5339),
Necafor americanus (ACXB3261), Haemonchus contorfus  (CDJR4821),
Caenorhabdlls brenner {EGT52683), Caenorhabiilis remanei {XP_0031069033),
Gaenorhabdifis briggsae {XP_002630606) and Meloidogyne incognita {ABNG4198),
Motif characterization of Rs-CES {KP027005} have heen studied using aligniment
with related carboylesterase protein sequences from ofher nemalodes such as
Necalor americanys  (ETNB1995), Cacnorhabdis  elegans  (CAAG89D;
NP_503441), Caenorhabditis briggsae (XP_002647363), Caenorhabdilis remanei
(XP_00311D383), Ascars swum (ERGB3158, ERGB3160), Strongyloides raff}
{CEF63325).

Evelutionary analysis

A final alignment of 199 amino acids for glufathione S-transferases and 308 for
carboxylesterases were used in the analyses. The evolufionary hstory was
inferred using the Bayesian, minimum evolufionary and maximum fikelhead
analysis, Bayesian analysis was performed in MrBayes version 3.1 [50] with two
saarches run simultanecusly for at least two million ganarations. Flat Dirichlet
priors were used for the gamma shapa parameter and the proportion of invariable
sites. Three heated chains (temperature 0.2) and one cold chain were used in
each search. The parameter was then ficed for a bootstrap analysis with 10,000
teplicates, Maximum Fkelhood and minimum evolulionary analyses were
performed using MEGAS [51]. The analysis involved 25 protein sequences for Rs-
68T and 23 for Rs-CES. Out-group was sclected for both the genes as G.
alegans peroXidase gene with accession no. Q85003.1 ‘
The consensus tree was identified using consense package of Phylip 3,69 [52],
The majority-rule consensus of the boolsirap replicate ress was calcutated using
consense and seghoof package in the Phylip; which generates a majorily rule -
sansenstis free that retains the relafionships found in majority of the rees.

Intemational Journal of Parasifology Research :
iS8N; 0475-37028E-1S8N; 0975-5162, Violume 8, (ssue 1, 2016

{|BisinfoPublications]

174



Rosana 0.8., Eapen 5.4, Krishna P.B,

Homology modeling and sfructural analysis

As there were no experimental structures for Rs-GST and Rs-CES, the 3D
protein struciure of Rs-GST and Rs-CES were generated and model optimization
was performed using Modeller 9.10 package [53}, Model assessment was done
with PDBsum generate [54f for both As-GST and Rs-CES 3D protein
ghruchires, It includes images of the shuchire, annotated plots of each protein
chain's sscondary sruchwe, detalled structural analysss generated by the
PROMOTIF program {55), summary PROCHECK results [56]. The protein
secondary  stuctre molifs were computed by PROMOTIF  and
the PROCHECK analyses provide an idea of the stersochemical quality of all
profein chains in a given PDB stichre using Ramachandran plot [57].
Ramachantran Z-soore was defermined through Structure validation server of
WHAT IF web interface [58]. The modeled structures of Rs-GST and Rs-CES
were comparad with other known structures using Dali server [59] fo analyze the
structurat similarities of proteins further,

The template protein for homafogy modeling was idenfified using PHYRE2 Protein
Fold Recognifion Server [60], The atfive-sites of each protein were ideniified
ysing CASTp Server [81} and the 3D molecular stuchures and active-sites of
proteins were visualized with UGSF Ghimera [62).

Results

RNA extraction, cloning and amplification

Total RNA isolation could obtain a yield of 644.9 ngfut total concentration of RNA
fom R. similis. First-strand cDNA was synthesized and species confirmations
were done by amplifying cONA with R, similis specific ITS primer. The cloned Rs-
GST had an amplicon size of 823 bp, while it was 1223 bp in the case of Rs-CES.

The sequences were submitfed in NCBI with accessfon numbers KM670018,
KP027605 for Rs-GST and Rs-CES, respectively,

Sequence analysis

fn-siico BLAST homology searches of the amplified genes from R. simills
revealed similarity with GSTs and CESs of several olher nemalodes, Rs-GST
contains an ORF of 618 bp, coding for a polypeptide of 205 amino acid residues
with a predicted molecular mass of 23.702 kDa {residues 1-205} and an isoeleckic
puint of 6.21 {Table-1], Whereas Rs-CES, contains an open reading frame of 852
bp encoding for a precursor protein of 407 amino acid residues with a predicted
molecular mass of 58.445 kDa ({-467) and isoslectric point of 4.37. The instabifity
index of proteins was found to be well within the range of less than 40, which
indicates both the proteins are stable. Rs-GST and Rs-CES had GRAVY values
less than zero, indicafing their hydrophilic nature. The aliphatic index of a globutar
protein is related %o ifs thermostability and is determined by the volume ocoupied
by the aliphatiz amino acids such as feucine, isoleucine, valine and alanine, The
aliphatic indax valuss of the given proteins were found to be 68.5% and 78.87,
tespectively [Table-1], In-viva halHife is a prediction of the fime it takes for half of
the amount of protein in a cell o disappear after is synthesis in the cell. The
extinction coefficient of the mature glutathione S-transferase protein at 280 nm
was 23,170 M4 om, The signaling peplide and largeting peplide prediction
{NVISTGRMRR THFACCSTTRISRSRTTATSCLPKDWPES) suggested that the
sequenced Rs-GST is a mitochondrial profein; and in case of Rs-CES, the signal
peplide (GEIHSSE FRAAESGSDILMSQLKMSOLKRAL TPFGG) suggested
that it is focated in nucleus or cyfosdl, The average GC content of all Rs-GST was
51.15% and Rs-CES was 50.78%.

_Table- Profein properiias of Rs-GST and Rs-CES

. lotfning Mol kadsity bally.  lpiuic  GRAVL - flegaite - Postie iUl
L T s WeightiRDal v Peint el o dndex s bdex: aoe - o Regiduss T Rbsides 0 s
, 1 ReGST 205 28702 £ 211 6858 0,405 % 7 '
>20 hours
Re-CES 407 55449 437 12.38 7887 168 40 5 (yeast, in vivo)

BLAST search revealed that the putafive sequence shared the highest identity with
glutathione S-transferass of Mekidogyne icognifa (ABNGA198) which is a plant-
parasific nemaiods. The conserved domain search for Rs-GST shaws similarity
to GST_N_Sigma ke (CDD accession No: cd03039) and GST_C_Sigma_
ike {CDD acoassion No.: ¢d03192) domains, which indicate Rs-GST belonging to
class Sigma. The search for protain signature motifs through InferProSean analysis
canfirmed the presence of glutathione S-ransferase, N-ferminal (IPROD4045), N-
terminal thioredoxindike fold {PR012336), glutathione S-fransferase, C-terminal
(IPR010987) and glitathione S-ransferase domain (PFO0043) for Rs-GST.

BLAST search for Re-CES revealed that the sequence shared highest identity with
gut esterase-1 of Ascanis suum (ERGB83158) which is a parastic nematode, The
conserved domain search for Rs-CES shows similarity to carboxylesterase family
(pfarmd0135), esterase_lipase {cd00312) and esterase_lipase superfamily (cl21494),
which includes fipases, cholinesterases and carboxylesterases, These enzymes act
on carboxylic esters (EC. 3.1.1.1). The catalviic apparatus involves three rasiduss
{catalytic tiad): a serine, & ghitamate or aspartate and a histidine. The search far
proteln signature motifs through IntarProBean analysis confimed the presence of
alphaleta hydrolase fold {PRO29058), cathoxylestsrase, type B serine aclive
sitefoatalylic tiad (Ser, Glu and His) (IPRUA2018), carboxylesterase domain
(PFO0135), esterase-ipase domain {ci21494) for Re-CES,

Homology modeling and structural analysis :

Re-GST showad highest similarity (40%) with PDB id: 2FNQ, which is the Xeray
orystat structure of a ghutathione s-fransferage {atub508) from Agrobacterium
lumefaciens at 2,00 a tesolulion [63). Rs-CES showed highest homology (4475
with 4FG5 {64] which is a crystal siructure of alpha-esterase-7 carboxyleslerass
fromt Luclia cuprina at 219 A® resolutions. Cavily (active-site) prediction was
carried out for two proteins, [Fig-1] and {Fig-2] shows the 3D-structure of both the

proteins along with active-site {surface representation and residues labefted). The
Z-stere of the modeled strugture of Rs-GST, calculated using the Dafl setver were
44.5 with 2FNO (giutathioneS-ransferass from A. fumefaciens) [63), and 37.5 with
5G5S {glutathione S-ransferase from human) [65]. The Z-score of the modeled
structurs of Rs-CES, calculated using the Dali sarver was 61.8 with 4FG5 {alpha-
esterase-T carbowyiesterase from Lucifiz cuprina) [64] and 30.8 with 1F8U
{human acelylcholinesterase). The Z-score of Rs-G8T and Rs-CES with other
proteing in PDB indicated that the structure of modeled proteins is highly similar to
fmown countesparts.

Fig- 1 Shows the 3D-structure of Rs-G5T along with active-site {surface
representation and residues labeled).
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Fig-2 Shows the 3D-structure of Rs-CES along with aﬁlve-slte {surface
represeniation and residues fabsled).

The secondary structure and Ramachandran plot for Rs-GST is displayed in [Fig-
3a-3b], which consisted of 10 sirands, 123 alpha hefices, five helices and the
following promofifs: two antiparallel beta sheets, two bata hairpins between strand
1 {Leub2- llab4) and strand 2 (Glub8- Leus0) and the secand between strand 3
{le101- Tyr102) and strand 4 {Aa107- Asn108), one anfiparallel classic bets
bulye, four strands, 13 helices (Thro-Cys15, Sert/-He2t, Arg23- Thr26, Cysd!-
Lys34, Serb3- Phe7d, AspBi- Asnt0d, Pro103- Lewt05, Leut09- Valt11, Asn118-
Gln140, Tyr1b4- Seri67, Asp172- G177, Pre178- Thri90, Sert92- GRi203), 21
helix-helix interactions, aight beta-turns and two inverse gamma tirns (Val2- Serd
and Thr26- Ala28), Ramachandran plot based on an analysls of 118 stuchires of
resolution of at least 2.0 Angstroms and R-factor no greater than 20.0, % geod
quality model. would be expacted to have over 90% in the most favored regions [A,
B, L). Ramachandran plot statisiics for Rs-GST with 204 total residues showed
mat there were 167 residues (31,3%) in most favored regions [A, B, L] Addifional
allowed regions [a, b, I, p] consist of 14 residues (7.7%), There was only one
residue falling in generously allowed regions [~a,~b,,~p] constituting 0.5%, and
ofe residue in disaliowed regions [XX}. There were nine giycine residues and 10
proline residues and 183 non-glycine and non-profine residues.

Secondary strueture:

mmmmmmmmzsmmmmkmmm
TR 10 E 20 2800 R 35 40 AE s'o'.' §5 o 60

AT R AP A R T VNS EFLOS FS ETETNIY EFLOANICU T BV HIR .
EL 65 fa 7S '.‘Bﬁ: ‘35 ‘9a' "gs-'fmg-gos-_ 110 115 120

R fr f:

mwmmnmmmmmpmmmmmz
1217125 - 430 135 130145 - 150 1567160 165 C1v0° 175 80

svmmnmnmwmpsm R S
181185 190 495 - 200 -

Key:

Sem st WAEENAR. sceties Gbeled I, HE: .. 200 SUTNES by ther shaRL A D,
et Bhravd

Kotife:  {f betp tum. Y gemms. tum TR et Faipi

Fig-3a Shows the secondary structure of Rs-BST with tex strands, ane
hundred twenty three alpha helix and five helix

Radopholus similis GST

Pl (Eeprecsy

Phi (degrees]

Fig-3b Ramachandran plot for modeled Rs-GST showing 81.3% residues in
most favored region.

The secondary structure and Ramachandran plot for Rs-CES is displayed in [Fig-
4a-4h), which consists of 18 shands, 143 alpha helices and 19 halices and the
following promotifs: one parallel beta sheet, three beta alpha beta motifs between
strand 1 (Thrd5- lls47} and strand 2 (Ser?{- Mel75), strand 2 (Ser71- Maf75} and
strand 3 (Vah76- Thri81), strand 3 (Vali76- Thr181) and strand 4 {Leu202-
Met286); four strands as mentionad. Besides, thers are 20 helices, 23 helix-helix
interactions, 41 beta turns and six gamma fums {Ala13- Ser1d, Hed7- Leudd,
Ip103-Glui0d, Tw2bi- Asp253, Ser2bd- Arg256, and Lys?85- Arg287).
Ramachandran plot for R5-CES (373 total residues), revealed that thers were 287
residues {90.5%) in most favored regions [A, B, L. In addifional allowed regions
[abp) 26 residues {7.9%) and five 5 residue falling in generously allowed regions
[~a,~b~,~pl constituting 1.6%, while none in disallowsd regions [XX). There
were 30 giycine residues, 24 proline residees and 317 non-glycine and non-
profine residues,

Secondary structure:

S AR DT INEOL RSO RHA L LT PRSP TV LEACGANASHAL S BT
60100 3B 200 250 %036 40 4B S6. 856D 65

6. 70 75. BG BS. 5o - G5 00105 110 St 120. 125
RS AP S L S g ey ST
mmmmmmmmnrmrmmmm :
126 - 1an 1351407345 150 185 169 185 A0 175 189" 1%

RV EVPES DG PR A LI SA KE RV EN LT EM ST AR FRR AR TR PRG TY LRI,
26377 270 275 28000 2850 290 295 . WO . 305 30 3L 2

 FEGRRSRETA PR3 PPIONR F RaG LI PPRIVEK T FEST BS5 PEFFIAFOORRIIS TR,
323 03300335 CFL0. 345 AW 355 360, F65 RGO 3TE 60

Key:
Tee. struz o Hghons sshalled 11, H2, .. snd srands by e sheets A S, .
Helw Strand "

Mot¥s: 5 zets tum T gamms tomn

Fig-4a Shows the secondary structure Rs-CES with nineteen strand, one
hundred forty thres alpha helices and nineteen helices
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Radopholus similis CES

il g
Fig4b Ramachandran plot for modeled Rs-CES showing 90.5% residues in
most favored ragion.
Motif characterization

The comparison of struchiral features for both the protein sequence revealed that
the proteins retained most of the consensus sequence mofifs that are crucial in
their finctions. Distinct mokifs were identified to be conserved for both Rs-GST
and Rs-CES,

Comparison of Rs-GST {KM679018) with related glulathiong 8-transferase protein
seguences from other nematodes identified consarved mofifs for nematode G5Ts.
Five distingt mofifs were identified to be conserved for Rs-GST all along the

HaGST_KME700i8 58725

| I
MHGST_ABNBAISE 7.00227 -
e T Y “ - )
ThGsT Eetezess 15ieds -
TIGST_kP, W0 LG4l
LoGST_NP_EDEI82 9538 “
HedisT CojadEt ZaEeal
AGST_KiHGE328 1.04=28
HaGST_ACKSZZEL 155438

length, which are relatad to the function and specificity of GSTs. The canserved
mofifs of Rs-GST and their refative posifions are displayed in [Fig-5a} and [Fig.
5h). The InterProScan results showed that the N-terminal domain (G-site) lies
hatwaen 1-71 bp, so the mofif-1, moti:-2, motit-3 and mofif-4 constitute the G-site
and C-lerminal domaln (H-site) lies between 73-201 bp coniafning only motif-5.
Additionally, the conserved GSH binding site (G-site) {Tyr*, Arg™s, Prof2, Asp™,
Serse), and substrale binding pocket (H-site) {Asp™, Pro¥%2) residues in nemalnde
GSTs were identified in the sequence through rmulfiple saquence alignment (MSA)
shown in {Fig-6].

The motifs that are conserved among nematode carboxylesterase are identifiad by
aligning Rs-CES (KP027005) with related carboxylesterase profein sequences
from other nematodes. Four distinet motifs were identified fo be conserved for Rs-
CES all along the {ength, which are related to the function and spacificity of
carboxylesterases, The three catalylic residues {catulyic tiad) a serine, a
glitamate or aspartate and a histiding were contained in the motf regions, The
catalyfic fiad residues {Ser, Asp, His) viere contained in Motif 1, motif 3 and motf
4. The conserved motifs of Rs-CES and thair relative positions are dispfayed in
[Fig-7a] and [Fig-Th]. The three catlytic ¥iad residues of nematode
catboxylesterase: & sering, a glutamale of aspartate and a histidine in the motif
regions wete displayed i multiple ssquence alignment [Fig-8] Mapping
conservad mofifs of Rs-GST and Rs-CES onto the 3D structure is displayed in
{Fig-0a} and {Fig-90}; mapping revealed that most of the motif residues were
positioned near the catalytic centre of the protsing forming acfive-sites. Whereas
less conserved amine acids oncured more often in the alpha helices of two
proteins.

+

§ : . L * '
ki 5 Mt

Fig-5a Schematic diagram of conserved amine acid motifs within the nematode GSTs along with Rs-GST as analyzed through MEME 4.0 software tosl, The
. black solid line represents different glutathione S-transferase sequences and their [ength, while colored boxes represent conserved motifs along the length of
' each sequence,

GST totif 1
E-values: 1.32-034

GST Motif 3
E-value: 2.8e-
az7

GST Motif 2
i B-value: 1.8e-031

GST Moilf 4
E-valua: 3.0e-
(133

I

GST Mot 5
E-value: 1.4e-021

Fig-5b Sequence logo of five prominent conserved motifs in Rs-GST and other nematode GSTs,
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Fig-5 Protein alignment of Radopholus similis glutathione-s transferase (RsGST) with other nematodes is displayed according to percentage identity. GSH
binding sites (G-sites) {Tyr’, Arg'%, Pro®, Asp*, Ser’s), sre lndmled in pink box and substrate binding pocket (H-sites) {Asp*, Pro""2} are indicated in yellow
hox.

: MES KPD&’m

Flg—Ta Schematle diagram of eonsenred amino acid motlfs wnthm the nematode earboxylesterase sequences aiong with ﬁ's-CES as analyzed through MEME 4, 0
software tool. The black solid line represents different carboxylesterase sequences and their length, while colored boxes represent conserved motifs along the
length of each sequence.

LES Motif 3
E-vahlie: 1 9e-024

CES Motif 1
E-valua: 1 2e-029

' CES Matif 4

- CES MotiF 72 E-value: 1.2e-02%

. E-value: 2 8e026

Fig-7b Sequence Iogo of four prominent conserved motifs in Rs-CES and other nematode CESs,
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Fig-8 Protein alignment of Radepholus similis ca:‘ooxylesterase (RsCES) with other nematodes is displayed according to percentage identity. The three
catalytic residues {catafytic triad): a serine, a glutamate or aspartate and hisfidine residues were indicated in red color,

Fig-%a Three-dimensional mode] of Rs-GST, the conserved molifs are
indicated in cyans (Motif.1), blue Motif-2), red (Motif-3), magentas (Motif4)
and Yellow {Mofif-5} and non conserved in fight blue.

Fig-9h Thrae-dimensiohal madel of Rs-CES, the conserved matis are
indicated in cyans (Motif-1), hlue Motif-2), red {Motif-3), and Yellow Motif-4)
and hon conserved in light blue.

Evolutionary analysls

Multiple sequence alignment and motif characterization with other nematodes
reveafed that the Rs-GST and Rs-CES retained most of the cansensus sequance
matifs that are crucial for their function. The phylogenetic results indicated that the
GSTs of plant parasites are forming in to a single cdlade, ssparated from other
nematodes [Fig-10), indicating sauuence simifarity; Rs-GST showed higher
simitarity to plant-parasific nematode, Meloidogyne incognila, both are grouped
fogether in the phylogenetic tree. Phylogenetic analysis of Rs-CES {Fig-11]
revealed that it is related to CESs of ofher nematodes such as Caenorhabaifis
elegans, G. remanei, G. briggsae, Strongyloides rafii and Ascasis suum, indicating
their sequence similanity. Since carboxylesterase (CES) is sequanced for the first
fme in R. simifs and among plant parasitic nematodes, carboxylesterase
sequences of other plant parasific nematodes wera not avaitable for the study. Rs-
CES ara closely related fo gut esterase 1 (GES) protein of C. elegans, C. ramanei,
€. briggsae, S. raffiand A, sutm.

Discusston

The migratory plant-parasitic nematode, R. similis is a sericus problem in many
raps and ot options fo confrel this nematode are very meager. There is an
urgent need to devefop novel measures fo confrol them by identifying new
malecules and binagents fat act against specific target genes of the nematode. |n
the present study, an afterst was made o clone and characlerize the two
detoxification genes viz. glutathione S-tansferase and carboxylesterase from R,
simifis, Both the genes had signal peptide for secrefion and catalytic domains for
functional specificity.

The Rs-GST had a predicted molecular mass of 23.702 kDa and was wall within
the range of 21-29 kDa raported for other GSTs[66] and agreed with the previpus
findings that the: average molecular mass of sigma GS§7s in parasites is 22 kDa
167]). Further analyses revealed that Rs-GST possess all e specific structural
feattires of representatives of GSTs in the Sigma class: a coding domain for the
GST_N_Sigma_like (PSSM: cd03039) and another for the GST_C_Sigma_like
(PSSM: cd03182). GSTs that share greater tan 40% sequence idenfity are
generally included in the same class, and those that possess Jess than 20-30%
sequence identity are assigned to separate classes [68-70}. The signal peplide
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Fig-11 Consensus phylogenetic tree of the amino-acid sequence for inferring relationships among carhoxylesterase sequences, obtained by Bayesian analysis,

Maximum Likelihood and Maximum evoluticnary methods. The GenBank accesslon numbers of each gene are indicated in parentheses. Nodes with betfer than

60% hootstrap values are indicated with the aumber of frequency. The Rs-CES is indicated by black circle. Na- Nacator americanus, Rs- Radopholus similis, Ce-
Caenorhabditis elegans, Cr- Caenorhabiitis remanei, Cii- Cagnorhabgitls briggsae, Sr- Strongyloides ratt), As- Ascaris suum, Pr- Poecilia reticulate, Xm-

! Xinhophorus macufates, Sp- Stegastes partitus, Tsy- Tarsius syrichta, Rn- Rattus norvegicus, Tr- Takitugu rubripes, Nv- Nasonia vitripennis, Te- Tribolism

' castaneum, Ad- Apis dorsata, Dc- Diapharina citri, Cf- Camponotus floridanus, Dm- Drosophilz melanogaster.
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analysis has indicated Rs-GST to be a secretory profein. Therefore, the resulis
stiggest that Rs-GST characterized here should e a secrefory glutathione 8-
transferase and is afffiated with the Sigma class,

Al cytosofic GST5 have the same protein folding, which comprises two domains.
The N-terminal domain {domain () adopts ab topology and provides the GSH-
binding site (G-site). The C-terminal domain (domairt H} ie an all-a-hefical siruclure
and provides the stuchwal elsment for recognifion of a broad range of
hydrephobic co-substrates (H-site}. The H-sife lies adjacant to the G-site and
dafines the substrate specificity of the enzyme [/4-78]. The p-value of the different
motifs in Rs-GST suggests that glutathions S-fansferase motif-1 constituting G-
site has diverse amino-acid residues among different nematode species, since it
had a higher p-vaiue (1.3e-034) whan compared to the other motifs of Rs-GST.
The predicted molecular mass of Rs-CES, 59.449 kDa and isoelectric point of
4.37 were simifar fo those of intesfinal earboxylesterase of C, elegans [71] and A,
stum [12). Also, in BLAST search, Rs-CES shared highest identity with gut
esterase-1 of Ascaris suum (ERGB3158) which is a parasiiic nematode. Further
analysis revealed that the Rs-CES possess conserved domain specific fo
carboxylesterase family (pfamB0135) such as esterace lipase (pd00312) and
esterase_fipase superfamily (21494}, which indudes fipases, cholinesterases
and carboxylesterases. All the three residues-specific fo catalyic apparatus were
well conserved in catalytic fiad of Rs-CES: a serine, a glutamate or aspartate and
2 histidine [73], The presence of signal pepfide for Rs-CES suggested that the
characlerized Rs-CES is a secrelory protein and is affiated with class of
nematode esterase-1.

Al the signature mofifs of carbowylesterase such as alphahefa hydrolase fold
{IPRO29058), carboxylesterase, type B serine active site/catafytic friad (Ser, Glu
and His) {IPRO02018), carboxylesterase domain {PFO0135), esterase-lipase
domafn {21494} were present in characterized Rs-CES, The off hydrolase fold
of carboxylesterase i responsible for the hydrafysis of carboxyfesters and amides
of various sizes. Afl carboxylesterase contains an active acylation, site a serine, a
ghitamate or aspartate and & histiding catalylic Fad [79-80). The p-value of the
different motifs in Rs-LES suggests that carboxylesterase motif4 {1.2e-021)
cohstituting a part of catalytic triad is diverse than other maiifs.

Rs-GST grouped along with nematode-specific G8T= in phylogenstic analyses
and was distinct rom those of the vertebrates and insects In the Sigma class

-G8Ts [81-81]. It showed a doss relationship with hhat of Meloidogyne incognita,

Sinca both the genes are conserved acioss different species and genera, in spite
of evolutionary pressure for diversificalion. Consensus based phylogenetic
analysis revealed the genefic similarityfdiversity of these enzymes with
carresponding proteins of other nematodes, artirepoda and vertebrata, However,
nematods GSTs are more conserved bstwesn the parasiic nematodes
tAncylosioma duodenale, Necalor americanus, Haemonchus conforlus,
Melokdogyne incognifa and Radopholus similis) and diverged from Free-fiving
nematodes indicafing their possible rale for parasitism [Fig-10}. Also phylogenstic
analysis suggested that tha evolution of nemalode GSTs/Rs-GST from & commen
ancestor of Arfrropoda GSTs were 2 relatively recent event, Rs-GST together with
analyzed nematode G8Ts belonged io a clade containing arthropoda GSTs,
implying its functionad similarity fo arthropod GSTs. Whereas Rs-CES was closely
refated to gut esterase 1 (GES) proteln of . elegans, C. remansi, . hriggsas, §.
tatff and A. suum forming a single clade, while normal carboxylesterase of N,
ameticanirs and C. efegans formed an independent clade suggesting their
svolutionary distance [Fig-11]. Rs-CES was alse closely related to CESs of
parasilic nematades. The application of RNAj to the identified detoxificaion genes
In R. simfis cauld open the doar to unraveling the underlying biolagy of parasitism
in plent parasific nematndes, The Nematoda CES-GES genes, including Rs-CES
shared a common ancestor with the arthropodz group including Tithaliym
vaslanetm and Drosophila melanogaster.

Significantly, phylogenefic analyss is in excellent agresment with the multiple
sequence alignment result confiming the similarity, The muliple sequence
alignment could reveal that, the GSH hinding sites (G-sites) (Tyr4, Arg16, Pro52,
Aspd8, Ser58) and substrate binding pocket (Hesites) {Asp149, Proi72) were
conserved in Rs-GST [Fig-6l, as reported eatlier [T4-78), In case of Rs-CES, the

three catalylie residues (catalytic tiad): a serine, a ghiamate or asparlate and a
histidine residues were highly conserved [Fig-8] among CESs as reporled by
others [79-80}. The ohserved results of mofif characlerization and conservation
canfim the phrylegenstic relationship of these two genes determined by mulhple
sequence alignment thus, enhancing the confidence.

fn summary, two deloxifying proteins, glulathione s-ransferase and
cathoxylesterase were identified and characterized flom R. simifis that can form
the basis {owards pathogenicity of plant parasitic nematodes. The resuits of
phylogenetic and mofif characterizaion analysis suggested that the putative
proteins encoded by sequenced Rs-GST and As-CES are involved in parasifism
of nematede. The identified proteins can act as & valuable resource towards
development of targetbased nematicides, Along with the information on C.
elogans glutathione S-ransferase and carboxylesterase, the cument findings on
Rs-GST and Rs-CES from a burrowing nematode spacies should provide valuable
insights into the evolutionary pracess and various physiological functions of both
the detorifying genes, The 3D-slructures were constructad for both the proteins,
ag knowledge of the three-dimensional struclure is essenfial for a hetter
understanding of ke funetional mechanism, After comparative modeling and
struciural refinement, the general qualily of sfructures was assessed and
compared with known structures. We hope that our model will inspire new
experimertal effort in this area. Furthermore, a hetter understanding of the 3D-
structure and conserved sites compatison of both the enzyme will be pertinent for
developing organophosphate based synergists and afternative novel natural
nematicides against R. similis.
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