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ABSTRACT: Urease (EC 3.5.1.5) is an amidohydrolase. This nickel-dependent metalloenzyme
converts urea into NH; and CO,. Despite their vital role in plants, the structure and function of
watermelon (Citrullus lanatus) urease are unknown. We used third- and fourth-generation gene
prediction algorithms to annotate the C. lanatus urease sequence in this investigation. The solved
urease structure from Canavalia ensiformis (PDB ID: 4GY7) was utilized as a template model to
identify the target 3-D model structure of the unknown C. lanatus urease for the first time. Cluretox,
the C. lanatus urease intrinsic disordered area identical to Jaburetox, was also found. The C. lanatus
urease structure was docked with urea to study atom interaction, amino acid interactions, and
binding analyses in the urease—urea complex at 3.5 A. This study found that amino acids His"’,
Gly>*, Asp631, Ala®®* Thr'®, His*?, Met®®®, His*"7, His**, and Ala**® of C. lanatus urease bind urea.
To study the molecular basis and mode of action of C. lanatus urease, molecular dynamics
simulation was performed and RMSD, RMSF, Rg, SAS, and H-bond analyses were done. The
calculated binding free energy (AG) for the urea—urease complex at 100 ns using the MM/PBSA
method is —7.61 kJ/mol. Understanding its catalytic principles helps scientists construct more efficient enzymes, tailor fertilization to
boost agricultural output, and create sustainable waste management solutions.

1. INTRODUCTION In addition, seed-specific ureases from soybeans and other
Urea catabolized into NH; and CO, by urease (EC: 3.5.1.5), a legumes have been claimed to be involved in plant defense rather

than digestion.”” In addition to the effects of
nickel-dependent metalloenzyme.' Sumner crystallized jack an CigEstion. - il AGCITion o Hhe erecss of urease, frease ot

urease-like proteins have been shown to have toxic effects on a
bean urease, the first enzyme, and won the 1946 Nobel Prize . prot . 21,22 . o
) : ) k ) ’ variety of fungi and insects. The investigation of urease
in chemistry. He identified urease as a protein from its

5 neurotoxicity in rodents and insects led to the discovery of their
crystallized form.” In 1995, Hausinger and Karplus found the

i 3 ) nonenzymatic characteristics. Both proteins exhibit insecticidal
first bacterial crystal structure.” In 2010, Balasubramanian and and antifungal effects apart from their ureolytic activity because

Ponnllraj solved the first plant urease crystal structure from Jack they have structural similarities with the main urease of the
bean,” a nickel-using hydrolase with a bi-nickel center per active seed.”>”*° It has also been demonstrated that the urease from
site.” Basically, urease is a protein found in plants, bacteria, fungj, pigeonpea ( Caganus cajan) and soybean ( Glg}cine max) exhibited
and invertebrates. It decomposes urea to provide nitrogen for insecticidal'**?° and antifungal effects.' %728

growth.” Jack bean and pigeonpea ureases are the most studied The long-standing belief that biological function is a
plant ureases.” Pigeonpea urease was purified, characterized, characteristic of a particular structure has been challenged by
immobilized, and a prototype urea biosensor was built.*"? the discovery of intrinsically disordered proteins (IDPs) and
Urease from soybeans provides the best plant genetic intrinsically disordered regions (IDRs), which are unable to
information.'*"> Plant and fungal ureases are homo-oligomeric establish a stable tridimensional structure. These proteins are
proteins with identical subunits, unlike bacterial ones.'® Plant present in all species, especially eukaryotes, despite not having
and bacterial urease share a catalytic mechanism, sequence an o'rganigesc(l) structure and exhibiting essential biologi.cal
similarity, and 3-D structure.'” Comparing bacterial and plant functions. ™" IDPs and IDRs vary from structured proteins
urease catalytic areas showed significant amino acid residue

conservation.'” The catalytic site of Jack bean urease, like Received: August 14, 2023

bacterial urease, has a bi-nickel core with nickel ions Nil and Ni2 Revised: ~ November 30, 2023

separated by 3.7 A."” The structural level of the urease process Accepted:  December 1, 2023

was studied by crystallizing JBU and PPU at a resolution of 2.05 Published: December 30, 2023

A*'® Fabaceae and Cucurbitaceae have high levels of urease

activity.19
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and domains, exhibiting substantial structural plasticity and
conformational flexibility. Jaburetox-2Ec, a recombinant peptide
containing 93 amino acids (~11 kDa) and corresponding to
pepcanatox, was heterologously produced in Escherichia coli
using the appropriate JBU isoform JBURE-IL>" Later, a peptide
known as Jaburetox was developed that lacked the V5 epitope of
Jaburetox-2Ec but had the same urease-derived sequence and
6His tail.”> The fact that both Jaburetox-2Ec and Jaburetox
peptides have the same insecticidal activity indicates that V§
epitopes are not involved in their insect toxicity.””

According to the study on the interaction between urease and
urea in the model plant Arabidopsis thaliana, urease residues
Al 11”5, Thr**®, and Thr®”? play a vital role in the interaction
with urea substrate.”> A recent analysis of the molecular
structure of two important legume species, soybean (G. max)
and barrel medic (Medicago truncatula) of the Fabaceae family,
showed that Glu, Thr, His, and Gly are commonly found as
residue interactions in urease—urea-binding complexes while
Glu was present in all docked structures.”

Despite the significance of urease, there is little structural
information available, and the protein model database (PMDB)
does not yet have the modeled structure of C. lanatus urease. In
the present study, we predicted the C. lanatus urease sequence
along with the Jaburetox-like intrinsically disordered regions in
C. lanatus urease. We used the homology model to predict the
3D model structure of C. lanatus urease and molecular dynamics
(MD) simulation to mimic the predicted structure. In addition, a
ligand protein-based molecular binding technique was used to
predict the interaction between urease and its substrate, urea.
Ongoing work represents a breakthrough in our understanding
of the activation mechanism of urease and the urea complex in
the Cucurbit family. The significance of C. lanatus urease extends
to its insecticidal and fungicidal properties. The present work
has revealed significant breakthroughs in the identification of
Cluretox in C. lanatus urease, which is homologous to Jaburetox
and Soyuretox. It has been shown that Cluretox can serve as a
promising toxin for the development of transgenic plants with
enhanced resistance to insect herbivory and fungal pathogens. In
silico study of watermelon urease provides valuable insights into
its catalytic mechanism at a molecular level. By studying
watermelon urease through computational simulations, scien-
tists can gain a deeper understanding of its structure and
function. Lastly, understanding these mechanisms can aid in the
development of innovative waste management strategies,
utilizing urease enzymes to break down urea-containing waste
products and mitigate their harmful effects on the environment.
By uncovering the underlying mechanisms and properties of
watermelon urease, scientists can design novel strategies for crop
improvement, such as developing genetically modified crops
that can efficiently utilize nitrogen from fertilizers.

2. MATERIALS AND METHODS

2.1. In Silico Analysis and Gene Prediction. Gene
prediction was based on comparative analysis and gene
identification. In this case, the Arabidopsis thaliana urease gene
(TAIR NO. ATIG67550, Gene Bank Acc.no.NM_ 105422,
Uniprot Id-Q9SRS2) was selected as the reference gene model.
For gene prediction, the free online server Softberry, an HMM-
based ab initio gene structure prediction server hosted by
FGENESH,* and AUGUSTUS, an HMM-based eukaryotic
gene prediction server (using the A. thaliana model data set).*
The C. lanatus target urease was identified and obtained using
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the C. lanatus Whole Genome Shotgun (WGS) project of
Project Accession AGCB00000000.””

The longest gene length prediction was accepted as the gene
mode. The target was taken from the NCBI database (http://
ncbinlm.nih.gov/protein/ ). Further genes of interest or urease
sequences were used for full-length gene prediction based on
FGENESH (Find Genes; www.softberry.com) and AUGUS-
TUS (http://augustus.gobics.de/submission) server. The com-
plete CDS were translated into a protein sequence using the
translate tool EXPASY>® (https: //web.expasy.org/translate/ ),
and the protein sequences were saved in FASTA format. Gene
structure display server 2.0 was used for gene feature
visualization.*”

2.2. Sequence Retrieval, Functional Domain Identi-
fication, Physicochemical Analysis, Secondary Structure
Prediction, and Phylogenetic Classification. A. thaliana
urease sequence (TAIR ID: AT1G67550.1, UNIPROT ID:
Q9SRS52, GENPEPT ID: NP_176922.1) was retrieved in
FASTA format from the TAIR/UNIPROT/NCBI database.
The sequence was selected and retrieved on the basis of a
homology search done using the similarity search tool BLAST.*
Further, InterPro (www.ebi.ac.uk/interpro/) server was used to
examine the protein domain. Using Protparam (http://web.
expasy.org/protparam/), physicochemical properties were
analyzed. The secondary structure features were generated
using SOPMA server (https://npsa-prabi.ibcp.fr/cgi-bin/
npsaautomat.pl?page=/NPSA/npsa sopma.html). For multiple
sequence alignment (MSA) of homologous sequences,
ClustalW (https://www.genome.jp/tools-bin/clustalw) was
utilized. CLC Sequence Viewer was used to see the aligned
sequences (https://clc-sequence viewer.software.informer.-
com/8.0/). The phylogenetic tree was subsequently constructed
using MEGA (https://www.megasoftware.net/) software, and a
tree was used to analyze the phylogenetic relationship and
protein evolution based on conserved, variable, parsim
informative, and singleton sites. In this tree construction, an
unweighted pair group method with the arithmetic mean
approach (UPGMA) was used to construct a phylogenetic tree
from a distance matrix.

2.3. Structure Prediction and Evaluation. To access the
best quality model, structure prediction was performed utilizing
four servers, including SWISS-MODEL, AlphaFold2, I-
TASSER, and RosettaFold. For Homology Modeling, the
SWISS-MODEL server was used to predict the 3D model
structure of C. lanatus urease using crystallographic structure
analysis of urease from Jack bean (Canavalia ensiformis) Protein
Data Bank file (PDB ID: 4GY7). For 3D model construction,
the best template (PDB ID: 4GY7) was selected from the
SWISS-MODEL template library (SMTL). Maximum query
coverage, maximum identity, high score, and low e-value
parameters were taken into consideration when choosing the
template. SWISS-MODEL server automation was used to
forecast the 3D model structure.”'

Further, the model structure from SWISS-MODEL of the C.
lanatus urease was used for evaluation of phi (¢) and psi (V)
torsion angles and the quality of covalent bonds using
PROCHECK, SAVES server (http:/ /nihserver.mbi.ucla.edu/
SAVES).*~* The evaluated model was deposited in the PMDB
server (http://srvOO.recas.ba.infn.it/PMDB/). SWISS-MODEL
was also used to solve the trimeric structure, which was achieved
by using the C. lanatus urease sequence as a target and PDB ID:
4GY7 of JBU as a template.

https://doi.org/10.1021/acsomega.3c05993
ACS Omega 2024, 9, 22722285
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>Citrullus lanatus Urease

MKLTPREVEKLGLHNAGYLAQKRLARGLRLNYAEAVALIASQILEFVRDGNCSVAELMELGRELLGRR
QVLPSVPHLLNYIQVEGTFPDGTKLITVHKPIESEVGNLERALQGSFLPVPSLDKFPLMEDSKVPGETI
ICDDKKIAINVGRKAVILSVKNMGDRPIQVGSHYHFIETNPSLVFDRSKAYGMRLNILAGSATRFEPG
CPKDVTLVAIGGNQVIRGGNCIADGPVDKSKLKEVMEAVHARGFGHLEEKDAREGVTGGEDEIFTTRV
LREEYANHYGPTTRDKVRLGDTDLYAEIEHDFCVYGDECMFGGGKVIRDGMGQACGHPPASSLDTVIT
NAVIIDYTGIFKADIGIKDGFIISLGKAGNPDIMDRVCPNLIIGANTEVISGEGLLVTSGAIDCHVHY
ICPOMVHEAISSGITTLVGGGTGPAEGSCATTCTPSPALMKMILOSTDNLPLNEFGEFTGKGNTSKPDE I
HEITRAGAMGLKLHEDWGCTPAAIDSCLAVAEKYDIQVNIHTDTLNESGEVEDTIAAFKGRTIHTYHT
EGAGGGHAPDIIKVCSVKNVLPSSTNPTRPFTTNTIDEHLDMLMVCHHLDPNIEEDVAFAESRIRKET
IAAEDILHDMGAISMISSDSQAMGRIGEVISRTWQTAHKMKLOREPLDSTKPDDDNLRIKRYVSKYTI
NPATANGISEYVGSVEVGKWADLVLWKPSFFGTKPEKVLKGGIIAWANMGDPNASIPTPEPVLMRPMY
GSMGKAASGSSIAFVSKAAFNAGVKDMYGLNKRVVAVSNTRKLTKLDMKWNDALPNIQVDPDHYDVKV

DGDVLTCLPATTLPLSRDYFLF

Figure 1. Full-length predicted C. lanatus urease sequence in FASTA format.

2.4. Intrinsic Disorder Propensity of Cluretox in
Citrullus lanatus and Physicochemical Properties Anal-
ysis. To identify the disorder region in C. lanatus urease, the C.
ensiformis urease Jaburetox sequence was used as a reference for
comparison and identification of C. lanatus Cluretox region.*
The disorder amino acid region Cluretox was examined using
the tool PONDR (Predictor of Natural Disordered Regions;
http://www.pondr.com/). PONDR is the best tool to under-
stand the links between sequence anomalies and susceptibility to
intrinsic disorder. The intrinsic disorder tendency of Cluretox
was assessed using three different PONDR family disorder
predictors: (a) PONDR VL-XT using multiple composition
probabilities and hydrophobic amino acids measurements as
input features of the artificial neural network for prediction;*®
although it is no longer the most accurate predictor, it is very
sensitive to local constituents and can therefore be used to
identify potential molecular interaction motifs; (b) PONDR
VSL2 is used to accurately evaluate short and long disordered
regions;47 (c) PONDR VL3 is used to locate persistent regions
of disorder.”® The amino acid sequences were entered into
PONDAR (http:/ /www.pondr.com/ ) to produce the visuals.
The Protparam server was used for physicochemical properties
calculations. The secondary structure features were generated
using SOPMA server.*’

2.5. Active Site Identification. POCASA server was used
for active binding sites by spotting pockets and cavities.
POCASA (POcket-CAvity Search Application) implements
the Roll method, which may predict binding sites with known
three-dimensional (3D) structures.

2.6. Ligand Selection. The urea (ligand) was taken as the
ligand for retrieval from the PubChem database (PubChem CID
1176). The PubChem database (https: //pubchem.ncbi.nlm.
nih.gov/ ) was searched for the chemical structure of urea
(PubChem CID 1176). Using UCSF CHIMERA 1.10 (https://
www.cgl.ucsf.edu/chimera/ ), the 3D structure of urea was then
energy-minimized and exported to the Protein Data Bank
(PDB) file format.

2.7. Molecular Docking. An in silico approach of molecular
docking was used to investigate the molecular interaction
between C. lanatus urease and urea. In this docking
investigation, urease from C. lanatus was used. The grid-based
docking of urea was performed with the C. lanatus urease using
BIOVIA DISCOVERY STUDIO 2019 (https://discover.3ds.
com/). The compared active sites were identified as POCASA
site A, and BIOVIA DISCOVERY STUDIO and a sphere was
generated. A receptor grid was generated for the molecular
docking study, having boxed dimensions of X = 144.797, Y =
151.274, Z = 122.203, and radius = 15.398 A.
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2.8. Molecular Dynamics Simulation. The binding
stability, conformation, and interaction modes between ligand
as urea and receptor as urease were assessed using molecular
docking and dynamic simulation. Using the GROMACS built
into the WebGro server (https://simlab.uams.edu/ ), the chosen
urease and urease—urea complex were subjected to molecular
dynamics simulation (protein in water simulation). The steepest
descent approach for 5000 steps was used in molecular dynamic
simulation. The complex structure was solvated using a simple
point charge (SPC) water model in a cubic periodic box of 0.5
nm. The complex system was then kept at a proper salt
concentration of 0.15 M by appropriately introducing Na* and
CI” counterions. For the simulation, the NPT ensemble
isothermal—isobaric, constant-number-of-particles, constant-
pressure, and constant-temperature equilibration was applied
to the complex for a simulation time of 100 ns. The simulation
result analysis was done and RMSD, RMSF, Rg (structural
compactness), SASA (solvent accessible surface area), and H-
bonds were calculated.

2.9. Molecular Mechanics Poisson—Boltzmann Sur-
face Area (MMPBSA) Calculation. For finding the binding
energy of the urea—urease complex, molecular dynamics
simulations were performed using CHARMMS36 force fields
and water as a solvent for 100 ns in GROMACS. In this work,
MD simulations have been carried out to evaluate the binding
energy of the urease—urea complex. These simulations were
investigated for the complex for 100 ns via GROMACS
(Groningen Machine for Chemical Simulations) software. The
topology of the protein, as well as the ligand, was created using
CHARMM36 force fields. The complex was immersed in a
dodecahedron box of simple point charge (SPC) water
molecules. The solvated system was neutralized by adding
counterions. Energy minimization of the solvated structures was
done using a conjugate gradient algorithm until the maximum
force reached below 100 kJ/mol/nm. To equilibrate, the system
was then subjected to the position-restrained dynamics
simulation (NVT and NPT) at 300 K for 100 ps. Finally, this
system was subjected to an MD production run for 100 ns at 300
K temperature and 1 bar pressure. The binding free energy of the
urea—urease complex was determined using the MM/PBSA
method. The GROMACS software program %_mmpbsa was
used to measure the binding free energy (AG).™

3. RESULTS AND DISCUSSION
3.1. In Silico Analysis and Gene Prediction. Based on

homology search, it has been concluded that Chromosome 11
stretch of C. lanatus cultivar 97103, whole genome shotgun

https://doi.org/10.1021/acsomega.3c05993
ACS Omega 2024, 9, 22722285
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Table 1. Physicochemical Properties and Secondary Structure Features of Selected Plant Ureases”

primary sequence features

secondary structure features

sequence mol mass theoretical
species name length (kDa) pL
Citrullus lanatus 838 90.95 571
Arabidopsis thaliana 838 91.02 5.92
(reference)
Cucurbita moschata 838 90.13 5.37
Cucurbita pepo 837 90.07 5.30
Momordica charantia 844 91.74 S.75
Cucumis sativus 833 89.88 5.69
Cucurbita maxima 833 89.97 5.53
Cucumis melo 833 89.90 5.84
Carica papaya 837 89.69 5.60
Mangifera indica 835 89.87 S.64
Gossypium hirsutum 837 90.10 524
Cannabis sativa 837 90.18 5.58
Citrus sinensis 837 89.74 6.15
Cajanus cajan 837 90.07 5.43
Glycine max 837 90.71 S.78
Cicer arietinum 838 90.15 5.36
Vigna unguiculata 837 90.66 5.69

amino acid richness

a- helix f- turn extended strand random coil

(%) (%) (%) (%) (%)
Gly 9.4 29.36 8.83 20.05 41.77
Gly 10 30.19 9.07 19.69 41.08
Gly 10.3 28.40 9.31 20.53 41.77
Gly 10.3 29.03 9.32 20.19 41.46
Gly 9.7 29.74 9.36 20.73 40.17
Gly 9.8 29.65 9.00 20.29 41.06
Gly 9.4 28.45 9.48 20.77 41.30
Gly 10.0 28.69 9.60 20.29 41.42
Gly 10.9 29.15 9.80 21.03 40.02
Gly 9.9 28.62 9.34 20.84 41.20
Gly 10.4 29.39 8.96 20.07 41.58
Gly 10.4 28.67 9.32 20.19 41.82
Gly 10.0 27.96 9.32 20.67 42.05
Gly 10.0 29.03 9.44 20.43 41.10
Gly 9.6 27.72 9.32 2091 42.05
Gly 9.9 29.95 9.31 20.29 40.45
Gly 9.7 28.67 9.32 20.55 41.46

“The 17 ureases used, including C. lanatus urease protein, had similar physicochemical properties, including 833—844 amino acid residues, 89.69—
91.74 kDa molecular mass, having an acidic pI (5.24—6.15) and glycine-rich. Secondary structure features reveal a higher prevalence of a-helix

conformation compared to f-turn conformation
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Figure 2. Phylogenetic tree prediction using MEGA based on ureases from C. moschata (Acc. No. XP_022945701.1), C. pepo (Acc. No.
XP_023541540.1), M. charantia (Acc. No. XP_022151796.1), C. sativus (Acc. No. XP_011655565.1), C. maxima (Acc. No. XP_022997369.1), C.
melo (Acc. No. XP_008446059.1), C. papaya (Acc. No. XP_021899689.1), M. indica (Acc. No. XP_044489658.1), G. hirsutum (Acc. No.
XP_016679630.1), C. sativa (Acc. No. XP_030496734.1), C. sinensis (Acc. No. KAH9772709.1), C. cajan (Acc. No. XP_020212240.1), G. max (Acc.
No. NP_001236214.1), Cicer arietinum (Acc. No. XP_004502315.1), V. unguiculata (Acc. No. XP_027940981.1), A. thaliana (Q9SRS2), C. lanatus

(Acc. No. AGCB02000011.1, from 25869490 to 25878627) organisms.

sequence (Accession No. AGCB02000011.1, from 25869490 to
25878627) having full genomic length of 9138nt from start
codon to end codon was predicted and analyzed using ab initio
gene prediction tool FGENESH and AUGUSTUS, and the
results were exported in FASTA format (Figure S1). Based on
retrieved genomic sequences, full-length CDS was predicted
with 2517nt (Figure S2). The predicted C. lanatus urease
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FASTA protein sequence with 838 aa was given below (Figure
1). The exon-intron boundaries were predicted using Gene
structure display server 2.0. Full-length genomic sequence
composed of 18 exons and 17 introns (Figure S3). It can also be
elucidated that C. lanatus urease is homologous to A. thaliana
urease with the same number of amino acid residues and gene
structure.”

https://doi.org/10.1021/acsomega.3c05993
ACS Omega 2024, 9, 22722285


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05993/suppl_file/ao3c05993_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05993/suppl_file/ao3c05993_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05993/suppl_file/ao3c05993_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05993?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.2. Sequence Retrieval, Functional Domain Identi-
fication, Physicochemical Analysis, Secondary Structure
Prediction, and Phylogenetic Classification. After the
successful identification of urease from C. lanatus genome, the
predicted complete protein sequences of urease were used for
homology search using the similarity search tool BLAST.
Homologous sequences of Cucurbita moschata (Acc. No.

XP 022945701.1), Cucurbita pepo (Acc. No.
XP_023541540.1), Momordica charantia (Acc. No.
XP 022151796.1), Cucumis sativus (Acc. No.
XP 011655565.1), Cucurbita maxima (Acc. No.
XP 022997369.1), Cucumis melo (Acc. No.
XP _008446059.1), Carica papaya (Acc. No.
XP_021899689.1), Mangifera indica (Acc. No.
XP_044489658.1), Gossypium hirsutum (Acc. No.
XP 016679630.1), Cannabis sativa (Acc. No.

XP_030496734.1), Citrus sinensis (Acc. No. KAH9772709.1),
Cajanus cajan (Acc. No. XP_020212240.1), Glycine max (Acc.
No. NP 001236214.1), Cicer arietinum (Acc. No.
XP 004502315.1), and Vigna unguiculata (Ac-
c.No.XP_027940981.1) organisms were retrieved in FASTA
format, and multiple sequence alignment was performed (Figure
S4).

A total of 17 ureases from various plant species including C.
lanatus urease protein were used and all urease sequences shared
similar physicochemical characteristics, such as 833—844 amino
acid residues, 89.69—91.74 kDa molecular mass, primarily acidic
(5.24—6.15) character and having glycine richness (Table 1).
The four multidomains amidohydro rel (IPRO06680), ure-
ase_gamma (IPR002026), urease beta (IPR002019), and
urease_alpha N dom (IPRO11612) were used to characterize
all protein sequences. y, f, @, and amidohydro_rel domains
roughly mapped to amino acids ranging from 1-102, 131-232,
272—-390, and 394—724, respectively, in the C. lanatus
sequences (Figure SS). The secondary structural characteristics
of C. lanatus ureases, such as extended strand, f-turn, random
coil, active site residues, and metal cofactor binding site, were
also used to demonstrate the conserved protein architecture in
plants, which primarily comprises a-helix and random coil
structures (Figure S6)

The phylogenetic tree (Figure 2) was inferred using the
UPGMA method of selected 16 homologous protein sequences
with C. lanatus urease. Based on the phylogeny result, two main
functional groups (A and B) were identified by alignment of the
phylogenetic tree. Plant urease from target genome C. lanatus
was successfully classified with C. sativus, C. melo, C. maxima, M.
charantia, C. moschata, and C. pepo in group B cluster while the
remaining were in cluster A.

Based on sequence length, molecular mass (kDa), theoretical
pL, amino acid richness (%), a-helix (%), f-turn (%), extended
strand (%), and random coil (%), both the primary and
secondary structures analysis of identified and selected 16
ureases from various plant species revealed conserved secondary
protein architecture and similar physicochemical characteristics.
This indicates that the discovered C. lanatus urease gene (Acc.
No. AGCB02000011.1, from 25869490 to 25878627) has been
successfully conserved throughout the course of the phyloge-
netic expansion of plants and the evolutionary process. All plant
ureases, including C. lanatus, had the four domain structures:
urease Y, urease S, urease_alpha N dom, and amidohydro

rel.

3.3. Structure Prediction and Evaluation. Structure
prediction was made using four servers, i.e., SWISS-MODEL,
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AlphaFold2, I-TASSER, and RosettaFold, to access the best
quality model. The details of stereochemical qualities generated
using the SAVES server are given in Table 2. Further comparison

Table 2. Ramachandran Plot Based on Comparative Analysis
of Several Modeled Structures Using Different Servers”

Ramachandran plot analysis

most
favored additionally generously  disallowed
regions allowed allowed regions
server %) regions (%)  regions (%) %)
SWISS-MODEL 91.6 79 0.6 0.0
AlphaFold2 90.3 9.1 0.6 0.0
RosettaFold 89.3 10.5 0.0 0.1
I-TASSER 83.7 14.0 1.8 0.4

“The SWISS-MODEL algorithm produced the best model, as
confirmed through analysis using the Ramachandran plot. The
investigation revealed that 91.6% of the residues were located in the
core regions, whereas AlphaFold2 has 90.3%, RosettaFold 89.3%, and
I-TASSER 83.7% in most favored regions

was made between the I-TASSER, RosettaFold, AlphaFold2
generated model, and SWISS-MODEL based predicted model.
The model derived with the best PROCHECK result was used
for further analysis, which was generated using the SWISS-
MODEL server.

The SWISS-MODEL server was used to build a 3D model of
the C. lanatus urease using C. ensiformis (PDB ID: 4GY7) as the
template (Figure 3). The other verification servers, PRO-
CHECK, Verify3D, ERRAT, and PROVE, were used for
verification to assess the quality of the predicted model.

In PROCHECK analysis of the predicted model (SWISS-
MODEL), the Ramachandran plot showed that there were
91.6% residues in core regions (most favored regions), 7.9% in
allowed (additionally allowed regions), 0.6% in generously
allowed regions, and 0.0% in disallowed regions for C. lanatus
urease model (Figure 4A). For a good model structure, obtained
at high resolution, one would expect this percentage to be over
90% in the most favored region [A, B, L]. In the case of C. lanatus
urease model, 91.6% of residues were observed in the most
favored region and no residue was in the disallowed region. The
result indicated that the stereochemical quality was good for the
predicted model.

The predicted model quality was observed based on other
verification servers. According to the Verify3D analysis, 85.08%
of the residues had an averaged 3D-1D score >0.2 (Figure 4B);
for a good quality model, there should be at least 80% of residues
scoring >0.2 in the 3D-1D profile. This result also validated that
the predicted model is good. The overall quality factor of the C.
lanatus model was 86.385S from the ERRAT server (Figure 4C).
Thus, for further analysis, the quality and dependability of the
model built were confirmed across all three servers. The PROVE
analysis resulted in 0% buried outlier protein atoms.

The predicted 3D model of the C. lanatus plant urease using
the SWISS-MODEL server with the best quality, the validation
server also proved that the predicted model was in good quantity
and quality. The correctness and dependability of the predicted
model were examined using three different servers, which utilize
different internal evaluation scores. All three selected servers
could qualify the structure of the built-in model for additional
examination. The modeled structure (SWISS-MODEL) of C.
lanatus urease was deposited with PMDB ID no. PM0084348.
Earlier reports suggested that JBU is composed of a trimer or
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Figure 3. Template A. C. ensiformis (PDB ID: 4GY7) and Target B. C. lanatus urease structure in a ribbon form. The presence of a blue ribbon in both

urease enzymes indicates the presence of a domain.

hexamer comprising six identical 90 kDa subunits,” each of
which contains two nickel ions. As depicted in Figure 5, C.
lanatus urease produces a trimer similar to JBU, each containing
two nickel ions.” One notable similarity between the modeled
structure of C. lanatus urease and the preexisting crystal
structures of JBU is that in the case of C. lanatus, the catalytic
site of urease has a striking resemblance to that of JBU since both
enzymes include a bi-nickel center. This center consists of two
nickel ions, Nil and Ni2, which are separated by a distance of 3.7
A in JBU and 3.61 A in C. lanatus urease. It is important to
highlight that the modeled watermelon urease exhibits the same
amino acid residues as those discovered in the crystal structures
of JBU.* The active site residues are mentioned in Section 3.5.

3.4. Intrinsic Disorder Propensity of Cluretox in
Citrullus lanatus and Physicochemical Properties Anal-
ysis. The identified intrinsic disorder region of C. lanatus urease
is termed Cluretox (Figure 6). The identified Cluretox from C.
lanatus urease has physicochemical characteristics, with 91
amino acid residues, 10.19 kDa molecular mass, and primarily
acidic (pI 4.88) character. The Cluretox sequence from C.
lanatus urease sequence mapped to amino acids ranging from
230 to 321. The conserved protein architecture in plants, which
mostly consists of a-helix (28.57%) and random coil (46.15%)
structures, was also shown by the secondary structural properties
of urease, including extended strand (18.68%), f-turn (6.59%).
A family of PONDR predictors used to analyze the per-residue
disorder propensity of Jaburetox, Soyuretox,”' and Cluretox
found that this protein contains extended disordered patches
(PONDR scores over 0.5), particularly in its N-terminal region
(Figures 7 and S7).

The physicochemical characterization and intrinsically
disordered regions of Cluretox, a polypeptide synthesized
from a watermelon ubiquitous urease and homologous to
Jaburetox and Soyuretox (Figure S8), a similar recombinant
polypeptide derived from a C. ensiformis and G. max urease,
respectively were presented in this work.” Cluretox is
fundamentally disordered, as shown by bioinformatics software.
It can also be anticipated that Cluretox, which is homologous of
Jaburetox and Soyuretox, could be used as a risk-free alternative
for developing resistance in transgenic plants against insect
herbivory and/or fungal infection. We can also characterize
Cluretox structurally, and its impact on insects and fungi may be
discussed in the future.
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3.5. Active Site Identification. According to binding site
analysis, using the predicted and verified structure of C. lanatus
urease resulted in 5 binding pockets. Out of $ binding pockets,
pocket A was involved in interaction with urea and was already
reported as the binding site for jack bean. For reference, Jack
bean (C. ensiformis) 4GY7 and 3LA4 PDB Ids were taken and
prominent active site residues were His*”, His409, His*?, His®",
His**, Ala*®, Ala®, Gly**, Asp633, and Met®’ (Figure S9).
Similarly, C. lanatus urease prominent and essential residues
Thr™®, His™®, Met®™S, His®”, His®™, Ala*®, Gly™*, Ala®*,
Asp®!, and His®"” were identified as major active binding
residues.” The comparative analysis using BLAST, the
prominent active site residues in Jack bean as a reference with
C. lanatus urease, was done successfully for sphere generation
and docking calculation (Figure S10). Figure 8 illustrates the
specific residues inside the protein that were shown to interact
with the metal cofactor, ie, Ni. In order to predict more
accurate scoring of the selected urea pose, a receptor grid was
generated for the chosen C. lanatus urease based on reported
binding site residues.”* >

3.6. Molecular Docking. The probable binding sites and
affinities in the urease—urea complexes of C. lanatus were
examined using docking complexes. BIOVIA Discovery Studio
2019 was used to visualize the best-scored complex in order to
display the atomic contact maps between urease and urea. The
findings of the discovery studio demonstrated that the amino
acids in urease His*'’, Gly**, Asp631, and Ala®* bound
(contacted) with urea through H-bonds and interacting atoms
of urea and respective amino acids are shown in Table 3.
Residues Thr*®, His*®, Met®*®, His*”, His*°, and Ala*® were
predicted on the surface of interaction sites within 3.5 A with van
der Waals energy (Figure 9).

To identify the possible binding sites in C. lanatus and
examine the interacting amino acids and atom distances in the
urea—urease docking complex, Jack bean (C. ensiformis) urease
models (PDB ID: 4GY7) were used. The residues His*'7, Gly**®,
Asp®L, Ala®* Thr'®, His®, Met®®, His*”, His*?, and Ala**
were found to interact with urea. His**’, His*®, and Lys490
residues were reported as active sites of a complex of Nickel 1,
while His*”, His**, Asp®>3, and Lys*° residues were liganded to
Nickel 2 in C. ensiformis urease crystal structure.” In the case of
C. lanatus urease and urea docking, His*”, His*°, His*'’, and
His** were docked. The results suggested a potential function in
nickel binding; however, further research in experiments is
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Figure 4. continued

Psi (degrees)

A. PROCHECK

Ramachandran Plot
saves

Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B,L] 652
Residues in additional allowed regions [a,b,1,p] 56
Residues in generously allowed regions [~a,~b,~1,~p] 4
Residues in disallowed regions 0
Number of non-glycine and non-proline residues 712
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 79
Number of proline residues 45
Total number of residues 838

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
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Figure 4. Structural verification details were generated for the SWISS-MODEL predicted model using SAVES SERVER (A) PROCHECK, (B)

Verify3D, and (C) ERRAT.

Figure S. Ribbon scheme of the C. lanatus urease, three monomers are
associated in a triangular fashion, generating a planar surface on the face
of the triangle using SWISS-MODEL. The nickel atoms in the active
site are shown as red spheres.

needed to validate this. Additionally, the C. lanatus urea—urease
complex showed the presence of Ala*** and Ala®* residues that
were in the docked structure. Balasubramanian and Ponnuraj*
already observed the presence of Ala residue in plant urease
active site architecture.

3.7. Molecular Dynamics Simulation. Although protein—
ligand docking is extensively employed and possesses valuable
uses, it primarily provides a static representation resembling an
image of the ligand binding pose within the active area of the
receptor. To model the temporal behavior of atoms within a
system, it is essential to employ the method of molecular
dynamics (MD), which involves the computational integration
of Newton’s equations of motion.”” The receptor—ligand
complex that scored top in the docking investigation underwent
a 100 ns MD simulation, and the resulting data were then
analyzed. The stability and fluctuation of the complex were
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Figure 6. C. lanatus urease and entomotoxic peptide, ie., Cluretox
represented structurally. The arrow shows the location of the peptide
(in blue) in the C. lanatus urease structure.

assessed by the utilization of MD trajectory analysis, using
measures such as radius of gyration (RG), root mean square
deviation (RMSD), root mean square fluctuation (RMSF), H-
bonding, and solvent accessible surface area (SASA) of the
receptor atoms. The RMSD is an essential measure for assessing
the equilibration of MD trajectories and verifying the stability of
complex systems during the simulation procedure. To examine
alterations in structural conformation, a plot was generated to
display the RMSD of the protein backbone atoms over time. The
RMSD of the urease—urea complex exhibited early fluctuations
within the first 70 ns, ranging from 0.2 to 0.55 nm. The stable
configuration was achieved within the time interval of 75—100
ns, with no significant deviations observed in the collected data.
The results of the simulation indicate that the protein went
through minor structural alterations,®® as depicted in Figure
10A.

RMSE is another significant characteristic to consider when
evaluating the stability and adaptability of complex structures
through simulation.”” The behavior of amino acid residues of
the target protein was analyzed using RMSF after their contact
with a ligand.(’o’él The RMSF values of carbon atoms in the
protein were computed and presented with respect to the
individual residues. During the course of the simulation,
minimal diversity was noted in the amino acid residues of the
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Figure 7. Evaluation disorder propensity of Jaburetox (A), Soyuretox (B), and Cluretox (C). An algorithm for predicting disorders the amino acid
sequences of Jaburetox, Soyuretox, and Cluretox were compared using three PONDR family members PONDR VL-XT (red line), PONDR VSL2
(violet line), and PONDR VL3 (blue line) to assess the per-residue intrinsic disorder likelihood of Jaburetox, Soyuretox and Cluretox, sections with

scores higher than 0.5 are considered to be disordered regions.

investigated complex.58 The amino acids, namely, His®'7, Gly>*,
Asp631 , and Ala%** which exhibited the lowest fluctuation values
during the docking process and interacted with urea, were
identified as the urease amino acids. The findings of this study
indicate that the interaction between the ligand and the protein
did not significantly affect the protein’s flexibility, as depicted in
Figure 10B.

Furthermore, an assessment was conducted on the radius of
gyration (Rg) of the complex systems. The abbreviation “Rg”
represents the root-mean-square distance of the protein atoms
from the axis of rotation.’’ One of the most crucial attributes is
the demonstration of how the simulation influences the protein
structure’s overall compactness and dimensions.®” Proteins with
a greater Rg value are characterized by reduced rigidity and
increased flexibility, while proteins with a lower Rg value have
enhanced stiffness and compactness.”” In order to monitor the
advancement of structural compactness, the Rg values of the
atoms constituting the protein backbone were graphed during
the course of time. The binding of urea resulted in a drop in the
backbone Rg values to 20 ns. During the time interval spanning
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from 21 to 60 ns, there were no discernible fluctuations
observed, and the magnitude of 3.0 nm remained rather stable.
The Rg values were seen to exhibit constancy, with a range
spanning from 2.90 to 2.95 nm. According to a comprehensive
analysis, it was determined that the trajectory initially exhibited a
peak value of 3.05 nm. The stability of the protein within the
complex was subsequently demonstrated by the absence of any
subsequent instances of this elevated value®® (Figure 10C).
Also, an examination of the SASA was conducted on the
complex. The SASA is often used in simulations to assess the
extent to which solvent molecules are exposed to the receptor.
This parameter provides valuable information about the
molecular interactions within the system. Typically, the region
of the receptor that comes into contact with the solvent may
change due to the binding of a ligand.°" The surface area
variations were determined by plotting the measurements of
protein SASA against time. The trajectory of the urease—urea
complex exhibited a gradual decrease in values until reaching a
point of stabilization at 15 ns. During the duration of the
simulation, there were minor changes observed, except at certain
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A-

Figure 8. Specific residues His*®®, His*”’, His*"’, His**®, and Asp®*' were present within C. lanatus urease that were shown to interact with the metal

cofactor, i.e., Ni.

Table 3. Urea—Urease Docking Complexes, Binding
Affinities, Interacting Amino Acids, and Atom Distances (H-
Bond)“

interacting amino acids/atoms (3-D)

amino amino acid urea distance
species PDB ID acids atom atom
C. lanatus  predicted His517 HD1 O1 2.81
Glys48 HA2 (0] 3.05
Asp631 OD1 H7 2.31
Ala634 H8 (0] 2.20

“The interacting amino acids of urease His517, Gly548, Asp631, and
Ala634 interacted with urea through H-bonding within 3.05 A.

time intervals (Figure 10D). The SASA exhibited a range of
350—300 nm? with a mean value of 323 nm® In general, the

findings indicated that the simulation led to a reduction in the
surface area of the protein complex.®® To examine the affinity of
the ligands for the target protein, the MD trajectories were
analyzed to determine the extent of hydrogen bond formation
during the entire simulation process. The SASA analysis
revealed that there was a notable increase in the number of
hydrogen bonds formed between the receptor protein and the
target urea at different time intervals. This observation suggests a
stronger binding affinity between the two molecules, as depicted
in Figure 10E. Throughout the simulation, a consistent pattern
of hydrogen bond production was observed, suggesting a high
level of stability within the complex.”® This finding provides
convincing proof that the ligand urea exhibits the highest affinity
for the target protein.

3.8. Binding Free Energy Analysis. The AG value,
representing the binding free energy, was determined for the

HIS
MET :
A:635 A:490
HIS
» A:407
CALA
A:634 ALA
A:438
HIS H
e ) (A
A:543 A ‘ \
THR .’ Q
A:569 (AsP .
‘A:631 . GLY
. A:548
I HIS
‘A:517

Interactions

[ vander waals

I conventonal tydrogen tond

[ ] carbon Hydrogen Bond

Figure 9. 2-D image docking structure of C. lanatus urease—urea and interacting amino acids within 3.5 A.
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Figure 10. (A) RMSD study plot for 100 ns MD Simulation of urease and urea complex. (B) RMSF study plots for 100 ns MD Simulation. (C) Radius
of gyration study plot for 100 ns MD Simulation of urease and urea complex. (D) Solvent accessible surface area study plot for 100 ns MD Simulation of
urease and urea complex. (E) H-bond study plot for 100 ns MD Simulation of urease and urea complex.

urea—urease complex for a duration of 100 ns using the MM/
PBSA method. The computed value was observed to be —7.61
kJ/mol. Table 4 includes specific information regarding energy
details. The test ligand, i.e., urea exhibits a significant affinity for
urease, as evidenced by the negative values of the free binding

s S8
energies.
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4. CONCLUSIONS

In this study, after successful gene prediction, Protparam was
used to analyze C. lanatus urease protein sequence, which
showed a characteristic of 838 amino acid residues with 90.95
kDa mol. mass and an acidic theoretical pI of 5.71. Comparative
studies of the physicochemical properties of 17 plant ureases
revealed striking similarities in their primary, secondary, and
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Table 4. Binding Free Energy (AG) Calculated for the Urea—
Urease Complex for 100 ns by Utilizing the MM/PBSA
Method”

average (kJ/mol)

energy component

BOND 0
ANGLE 0
DIHED 0
UB 0
IMP 0
CMAP 0
VDWAALS —7.68
EEL -32.5
VDW 0
EEL 0
EGB 3442
ESURF —1.85
GGAS —40.18
GSOLV 32.57

AG (binding energy) —7.61

“The calculated value was —7.61 kJ/mol. Test ligand urea has a strong
affinity for urease, as seen by its negative free binding energies.

domain structures, indicating significant conservation across the
plant kingdom. The 3-D structure of C. lanatus urease was
revealed in the current work using a homology modeling-based
method. The modeled 3-D structure of C. lanatus urease was
determined and the Ramachandran plot, ¢, and ¥ calculations
were done for quality assessment. PROCHECK analysis showed
that 91.6% residues were present in most favored regions, and
this result showed that the stereochemical quality was good for
the predicted model. The findings of the molecular docking
showed that the amino acids in urease His®’, Gly**®, Asp631 ,and
Ala®** were bound to urea through H-bonds. The results of
urea—urease docking analysis suggested that different species
might interact with one another in ways that are both common
and rare depending on the species. To evaluate the stability of
the modeled structure, a molecular dynamics simulation was
performed. Molecular dynamic simulation results showed that
during the simulation, the complex underwent minor structural
modifications to the protein and the binding of the ligand had no
noticeable impact on the protein flexibility. Overall, this study
illustrates the salient structural feature as well as the urea and
inhibitor binding interactions of the modeled structure of C.
lanatus. C. lanatus urease has significant insecticidal and
fungicidal properties, including the identification of Cluretox,
a promising toxin for developing transgenic plants with
enhanced resistance to insect herbivory and fungal pathogens.
Understanding its catalytic mechanism can help design efficient
enzyme-based drugs, improve crop yield through targeted
fertilization, and develop sustainable waste management
strategies. This knowledge can also aid in developing genetically
modified crops that efficiently utilize nitrogen from fertilizers
and targeted inhibitors to control urease activity in the soil.
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