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Abstract

The present computational study explores novel herbal compounds with potent inhibitory activity against polygalacturonase
(PG) and endoglucanase (EG), the extracellular cell wall-degrading enzymes of Ralstonia solanacearum causing crops’
bacterial wilt. Phytocompounds of Rosmarinus officinalis L., Coriandrum sativum L., Ocimum basilicum, Cymbopogon
citratus, and Thymus vulgaris were first checked to be pharmacokinetically safe and nontoxic. The ligands were then docked
to predicted and validated structural models of PG and EG. Molecular dynamic simulations were performed to ensure the
dynamic stability of protein—ligand complexes. Carvone and citronellyl acetate were identified to have the best docking energy
in binding and inhibiting PG and EG, respectively. In molecular dynamics, root-mean-square deviations of PG-Carvone and
EG-Citronellyl acetate complexes indicated the high stability of the ligands in their corresponding cavities. Root-mean-square
fluctuations of both proteins indicated unchanged mobility of the binding site residues due to a stable interaction with their
ligands. Functional groups on both ligands contributed to the formation of hydrogen bonds with their respective proteins,
which were preserved throughout the simulation time. The nonpolar energy component was revealed to significantly con-
tribute to the stability of the docked protein—ligand complexes. Overall, our findings imply the high capability of Carvone
and Citronellyl acetate as strong pesticides against the R. solanacearum-caused wilt. This study highlighted the potential of
natural ligands in controlling the agricultural bacterial infections, as well as the utility of computational screening techniques
in discovering appropriate and potent lead compounds.
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Introduction

Bacterial wilt brought about by Ralstonia solanacearum is
a considerably devastating disease (Raza et al. 2016) with
an uncommonly broad host range. About 450 different plant
species within 50 taxonomic families have been reported
as hosts for R. solanacearum (Cho et al. 2019). Due to its
ability to persist in the soil for long periods (Genin and
Denny 2012; Grey and Steck 2001), stress resistance (Kong
et al. 2014), non-host colonizing, and latent infection (Van
Overbeek et al. 2004), the pathogen is typically difficult to
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eliminate completely. The global cost burden of this type of
wilt cannot be easily assessed owing to its geographically
broad prevalence and the variety and degree of symptoms
presenting on different crop products.

The pathogen colonized on the root surface invades
xylem vessels and causes the cell wall to degrade. Large
amounts of exopolysaccharides are then produced, which
block the water flow. This blocking leads to chlorosis, wilt-
ing, and, ultimately, plant death. R. solanacearum secretes
several cell-wall-degrading enzymes, which are communally
important for its colonization as well as its ability to cause
wilt (Liu et al. 2005). Enzymes responsible for plant cell
wall degradation include three polygalacturonases (PGs),
which are important in the hydrolytic degradation of pectic
compounds, and endoglucanase (EG), which cleaves cel-
lulose (Schacht et al. 2011).

There is currently a growing interest in using bioac-
tive organic compounds to suppress pathogenic microor-
ganisms (Daferera et al. 2003). This is mainly due to the
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demands to ameliorate the disease or pest incidence so as
not to affect the consumer’s health and the environment. It
also helps to address other important challenges, such as
resistance to pesticides (Palacio-Bielsa et al. 2009; Singh
et al. 2021).

Thyme (Thymus vulgaris), which belongs to the world-
wide-distributed family Lamiaceae, has been reported
to contain volatile constituents beneficial against Gram-
positive and Gram-negative bacteria (Reddy et al. 2014).
Abd-Elrahim et al. (2022) revealed T. vulgaris essential oil
to be highly effective against R. solanacearum in a con-
centration-dependent manner. Paret et al. (2010) proved
the bactericidal effect of thyme on R. solanacearum race
4, which causes wilts on edible ginger and tomato in tropi-
cal regions. Hong et al. (2011) indicated that thyme could
reduce wilts on moderately resistant cultivars of tomato.
The compound carvacrol of T. vulgaris was shown in sil-
ico to be cytotoxic to bacteria (Alsaraf et al. 2020). Basil
(Ocimum basilicum L.; Lamiaceae) is another medicinal
herb broadly used for its antibacterial properties (Araujo
et al. 2016). In a study by Bassolé et al. (2010), the main
compounds of O. basilicum (including 57% linalool and
19.2% eugenol) demonstrated toxicity against strains of
E. aerogenes, E. coli, S. aureus, L. monocytogenesm, E.
faecalis, S. typhimurium, and S. enteric. Similar effects
were observed by Aliye et al (2021) in their molecular
docking analysis to test the antibacterial activities of the
Ocimum constituents against S. aureus, S. typhimurium,
K. pneumonia, and E. coli. Rosemary (Rosmarinus offici-
nalis L.; Lamiaceae) is a common house plant which has
been used extensively as a natural antibacterial medicine
(Andrade et al. 2018). Extracts from R. officinalis have
been reported to contain several bioactive compounds with
bactericidal activities (Bozin et al. 2007). Coriander (Cori-
andrum sativum L.) is a medicinal plant widely grown
in different world regions. Essential oils from coriander
seeds and leaves have been reported to have antimicrobial
activity against different Gram-positive/negative bacterial
species (Lo Cantore et al. 2004). Lemongrass (Cymbopo-
gon citratus) is another potential herb with established
antimicrobial effects on a diverse range of Gram-negative
and Gram-positive bacteria (Schweitzer et al. 2022).

Computer-aided drug design (CADD) represents impor-
tant progress in ligand screening and drug discovery
(Adam 2005; Taylor 2016). To date, this technique has
had limited application in the area of molecular design
for controlling crop plants’ diseases (Pathak et al. 2016;
Zhou et al. 2015). The present study aims to investigate the
inhibitory effect of natural compounds from R. officinalis
L., C. sativum L., O. basilicum, C. citratus, and T. vulgaris
against the PG and EG enzymes of R. solanacearum using
the in silico CADD approach.
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Materials and methods
Phylogenetic analysis

The protein sequences of polygalacturo-
nase (WP_011004131.1) and endoglucanase
(WP_028860305.1) of R. solanacearum GMI1000 were
obtained from NCBI (https://www.ncbi.nlm.nih.gov).
ClustalOmega was employed for the multiple alignment
of sequences (Thompson et al. 1994). A phylogenetic tree
was then constructed in MEGA 6.0 software (Tamura et al.
2013) using the neighbor-joining method (Saitou and Nei
1987) and Kimura’s two-parameter distance (Kimura
1980). Bootstraps were computed with 1000 re-samples.
Other parameters were kept default.

Prediction of PG and EG protein structures

Modeling of the 3D protein structures of PG and EG of
R. solanacearum GMI1000 was performed by I-TASSER
(https://zhanggroup.org/I-TASSER). This was followed
by optimizing the predicted structures by 3Drefine (http://
sysbio.rnet.missouri.edu/3Drefine). The models were
validated using the Ramachandran plot and visualized in
Chimera 1.8. Default options were applied in all cases.
Domain annotations were obtained from InterPro (Paysan-
Lafosse et al. 2023).

Ligand structure preparation

The initial list of compounds comprised 119 ligands,
including 30, 33, 27, 9, and 20 from C. sativum L., C.
citratus, O. basilicum, R. officinalis L., and T. vulgaris,
respectively (summed regardless of their shared presence
in multiple plants). This was reduced based on physico-
chemical properties and distribution to select the safe,
nontoxic, and widespread ones. The final set of 37 ligands
were searched in PubChem (Kim et al. 2020) to obtain
their chemical coordinates. The structures were then
optimized using Avogadro software (http://avogadro.cc),
to create their energetically most stable state to be used
in protein-ligand interaction analyses. The molecular
mechanics force field MMFF94 run in 500 steps using
the steepest descent algorithm was set to apply geometry
optimization on the structure of ligands. The algorithm
converged when the energy gradient was smaller than
1077 kcal/mol. Python Viewer 1.5 was used for adding
polar hydrogens and file format conversions.
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Physicochemical properties

To ensure that the phytocompounds will be pharmacologi-
cally harmless and nontoxic if consumed by human, their
pharmacokinetic and physicochemical properties were
examined by using the SwissADME webserver at http://
www.swissadme.ch (Daina et al. 2017). Evaluated features
included solubility in lipid (Log P ,; octanol/water distri-
bution coefficient) and water (Log S), as well as the ability
to inhibit five important cytochrome P450 (CYP) isoforms,
including 1A2, 2C19, 2C9, 2D6, and 3A4, as genetic and
cellular toxicity factors.

Molecular docking

Molecular docking between the compounds from R. offici-
nalis L., C. sativum L., O. basilicum, C. citratus, and T.
vulgaris with R. solanacearum bacterial enzymes PG and
EG was performed using Autodock-4.2.6 implemented in
MGL-Tools. Using the FT-site tool (Kozakov et al. 2015),
the binding site residues of PG were defined to be GIn221,
Lys273, Glu278, Ser292, Trp375, GIn398, Asp421, His453,
and Tyr481. In the absence of prior reference to support this
prediction, localization of this cavity in the middle of PG’s
parallel pB-helix fold and right on the glycoside hydrolase
domain, which are common and conserved structural pat-
terns among pectin degrading enzymes, provides an accept-
able validation. For EG, residues Trp223, Ala 157, His216,
Leul56, Phel72, Ser155, and Leu219 were determined as
the active site (Selvam et al. 2017). The Lamarckian genetic
algorithm explored the conformational space of the ligands
(Morris et al. 2009). Clusters of binding modes were con-
sidered as part of docking output analyses to ensure that
the highest energy pose was in the largest cluster. Results
were analyzed with AutodockTools and LigPlot software
(Wallace et al. 1995). Default parameters were used in the
implementation of MGL-Tools, AutodockTools and LigPlot.

Molecular dynamic simulation

For each of the two enzymes (PG and EG), the
ligand—protein with the strongest binding was chosen
for MD simulation study, comparatively with ligand-free
proteins. Ligands’ docked conformations were submit-
ted to the server ATB-v3.0 to get the ligands’ topologies
(Malde et al 2011; Stroet et al. 2018). Topologies for pro-
teins were created using the Gromos-54a7 forcefield, as
implemented in Gromacs-v.5.1.2 (Pronk et al. 2013). The
defined system included ligand—protein complex within
the SPC216 water model as the solvent, all contained in
a cubic box with a 10 A distance between the protein
and the box edges. To neutralize charges, eight C1~ ions
were added to the boxes containing PG, and five Na* ions

were added to those containing EG. Energy minimization
using steepest descent for a max of 10,000 steps and until
the energy gradient was no greater than 1000 kJ/mol/nm.
Canonical equilibration in the constant T of 300 K was
done for 200 ps, and then isobaric-isothermal equilibra-
tion at constant P of 1 atm and constant T of 300 K was
run for 200 ps. Temperature coupling involved the veloc-
ity rescale algorithm (Bussi et al. 2007), and pressure
coupling applied the Parrinello-Rahman method (Mar-
tonak et al. 2003). MD simulations were then continued
under isobaric-isothermal conditions, running for 50 ns.
Data were saved every 10 ps using 2 fs time steps. Long-
range electrostatics were treated by particle mesh Ewald
algorithm (Darden et al. 1993) with the cut-off distance of
10 A. LINCS method was applied to constrain all bonds
(Hess et al. 1998). The stability of ligands/proteins was
evaluated through the analyses of root-mean-square devi-
ation (RMSD), root-mean-square fluctuation (RMSF),
and inter-molecular hydrogen bonding arrays occurring
in ligand—protein complexes.

Results
Phylogenetic analysis

Phylogenetic trees constructed based on PG and EG pro-
tein sequences are shown in Fig. 1. Both proteins show high
diversity among R. solanacearum strains, as well as remark-
able conservation in the main clusters. As can be seen, PG
indicated higher diversity than EG, while EG had a higher
level of conservation than PG. The close evolutionary dis-
tances generally observed in these trees indicate that the
two proteins are sufficiently conserved in terms of sequence,
structure and function; thus, they might be suitable targets
for inhibition to control R. solanacearum infections.

Protein structure prediction

The modeled 3D structures of the studied enzymes are illus-
trated in Fig. 2a,c. The quality of the predicted structures
was assessed using the Ramachandran plot (Fig. 2b,d). PG
had 83.9, 10.9, and 5.2%, and EG had 72.9, 14.7, and 12.4%
residues located in favored, allowed, and outlier regions of
the plot, respectively. This shows the high quality of the
models to be used in the next steps for the protein—ligand
interaction study.

PG contains two types of functional domains in its struc-
ture, including a glycoside hydrolase domain (residues
351-513) and three pectin lyase-like domains (residues
138-277, 351-513, and 608-667) that have been shown in
Fig. 2a. EG includes a cellulose binding-like domain (resi-
dues 159-248) and an RlpA-like domain (residues 48—156;
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Fig. 1 Phylogenetic trees obtained for a R. solanacearum polyga-
lacturonase and b R. solanacearum endoglucanase. The number of
nodes in each tree represents the percentage of bootstrap values com-

Fig. 2c¢). The cellulose binding-like domain in this pro-
tein also demonstrates the features of PHL pollen allergen
domains.
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puted from 1000 re-samples. Bars indicate the substitutions occurring
per amino acid position to reach the corresponding bacterial strain

Physicochemical properties of the phytocompounds

The final set of ligands after filtration included 37 com-
pounds, including 9, 20, 3, 5, and 8 from C. sativum L.,
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Fig.2 Illustration and validation of the modeled three-dimensional
structures of R. solanacearum polygalacturonase and endoglucanase.
a Structure of polygalacturonase and its domains. Of note, the gly-
coside hydrolase domain acts also as a pectin lyase-like domain; b
Ramachandran plot for the predicted model of polygalacturonase; ¢

C. citratus, O. basilicum, R. officinalis L., and T. vulgaris,
respectively (summed not counting redundancies). The
names list and the results of predicting the physicochemi-
cal properties and toxicity potential of these phytoligands
are shown in Table 1. All the ligands demonstrated normal
degrees of solubility in water and lipid phases. In addi-
tion, none of the studied molecules can inhibit cytochrome
P450 isoforms; thus, they are predicted to be safe with no
toxic effects to humans. The herbal compounds’ ability to
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structure of endoglucanase and its domains. The expansin, cellulose
binding-like domain acts also as a PHL pollen allergen domain; d
Ramachandran plot for the predicted model of endoglucanase. Struc-
tures were rendered using Pymol (http://www.pymol.org)

penetrate the skin was also predicted. With almost all the log
K, values being <-4, the studied compounds can be classi-
fied as lowly probable to improbable to cross the skin.

Molecular docking
For each of the five herbal sources, the three compounds

that showed the highest binding energy in docking with
R. solanacearum proteins have been listed in Table 2 for
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Table 1 Physicochemical properties and potential of toxicity calculated for the phytocompounds

Name (Accession) Source Lipo- Water solubility Pharmacokinetics
philicity . R .
(iLogP) Log S (ESOL) Class® CYP inhibitor” Log K, (cm/s)
(E)-p-Ocimene (5,281,553) C. citratus 2.8 -3.17 S No -4.11
(Z)-p-Ocimene (5,320,250) C. citratus 2.8 -3.17 S No -4.11
1-Decanol (8174) C. sativum 2.99 -3.17 S No -4.02
3,7-Dimethyloct-1,5-dien-3,7-diol  O. basilicum 2.47 -1.32 VS No -6.56
(5,352,451)
3,7-Dimethylocta-1,7-dien-3,6-diol  O. basilicum 2.15 -1.66 VS No -6.10
(548,927)
3-Octanol (11,527) T. vulgaris 2.55 -2.07 S No -5.12
6-Methyl-5-hepten-2-one (9862) C. citratus 2.23 -1.61 VS No -5.73
Borneol (64,685) R. officinalis; C. citratus 2.29 -2.51 S No -5.31
Campbhor (2537) R. officinalis; C. citratus 2.12 -2.16 S No -5.67
Carvone (7439) C. citratus 2.27 -241 S No -5.29
Cineole (2758) R. officinalis 2.58 -2.52 S No -5.30
Citronella (7794) C. citratus 2.49 -2.88 S No -4.52
Citronellol (8842) C. citratus 2.72 -2.94 S No -4.48
Citronellyl acetate (9017) C. citratus 3.29 -3.43 S No -4.33
Cyclohexane (8078) T. vulgaris 2.1 -2.53 S No -4.37
Decanal (8175) C. sativum 2.72 -2.67 S No -4.56
Decane (15,600) C. sativum 3.29 -342 S No -3.61
Dodecanoic acid (3893) C. sativum 2.7 -3.07 S No —-4.54
Endo-borneol (1,201,518) T. vulgaris 2.29 -2.51 S No -5.31
Geranial (638,011) O. basilicum, C. citratus 2.47 -2.43 S No -5.08
Geraniol (637,566) C. citratus; O. bacilicum 2.75 -2.78 S No —-4.71
Geranyl acetate (1,549,026) C. citratus; O. bacilicum 2.83 -3.21 S No —-4.63
Linalool (6549) T. vulgaris; C. citratus; C. Sativum 2.7 -2.4 S No -5.13
B-Myrcene (31,253) R. officinalis; C. citratus; T. 2.89 -3.05 S No —-4.17
vulgaris
Neral (643,779) C. citratus 2.47 -2.43 S No -5.08
Nerol (643,820) 0. bacilicum 2.75 -—2.78 S No -4.71
n-Nonanol (8914) C. sativum 2.72 -2.65 S No -4.50
n-Octyl acetate (8§164) 0. bacilicum 2.8 -2.53 S No -4.93
Nonanal (31,289) C. sativum 2.44 -2.31 S No -4.85
Nonane (8141) C. sativum 3.06 -3.8 S No -3.07
Octanal (454) C. sativum 2.29 -1.95 VS No -5.15
Piperitone (6987) C. citratus 2.38 -2.51 S No -5.21
Sabinene (18,818) C. citratus 2.65 -2.57 S No -4.94
Terpinen-4-ol (11,230) C. citratus, T. vulgaris 2.51 -2.78 S No -4.93
y-Terpinene (7461) T. vulgaris 2.73 -3.45 S No -3.94
a-Terpineol (17,100) R. officinalis; C. citratus; T. 2.51 -2.87 S No —-4.83
vulgaris
Tricyclene (79,035) C. citratus 2.53 -2.73 S No -4.83

PG and Table 3 for EG. Interaction diagrams showing the
hydrophobic interactions and hydrogen bonds of all the
ligands with the two proteins were drawn and shown for
PG in the Online Resource 1 Table S1, and for EG in the
Online Resource 1 Table S2. As a general rule, ligands hav-
ing more —CH2- groups (aliphatic hydrocarbon) or double
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bonds or an aromatic ring in their structure were surrounded
by a large number of hydrophobic residues and had higher
affinity to bind PG or EG, compared to those without such
groups. This feature indicates the important contribution of
hydrophobic forces in shaping and stabilizing the interac-
tions of PG and EG with their corresponding ligands. In
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Table 2 The binding energy and the interactions for top three best binding phytoligands from each of the sources, for binding to polygalacturo-

nase

Source Compound Binding Inhibition Interacting amino acids
energy (kcal/ constant (Kj;
mol) pM)
O. basilicum 3,7-Dimethylocta-1,7-dien-3,6-diol —5.09 184.49 1395, S292, A290, F480, A482, T483, V282, A281, Y481,
S451
Geranyl acetate -5.25 142.32 G280, G420, V282, Y481, E278, A482, S451, F480, T483,
$292, 1395
3,7-Dimethylocta-1,5-dien-3,7-diol —5.27 137.26 V282, A482, Y481, T483, F480, S451, A290, S292, 1395
C. sativum  Linalool -5.03 205.25 T483, P294, A281, V282, S292, F480, T419, G452, S451,
1395, G420, Y481, A482
Decanal -3.85 1510.0 V282, S292, G396, F480, A482, Y481, T483, 1395, Y279,
E278, G280, W270
Nonanal -3.84 1540.0 G396, 1395, V282, T483, A482, F480, S292, Y481, Y279,
G280, E278, W270
C. citratus a-Terpineol -5.58 81.83 E278, V282, S292, 1395, G420, F480, Y481, A482, T483
Terpinen-4-ol -5.46 99.48 A281, V282, S292, 1395, F480, Y481,A482, T483
Carvone -5.66 70.7 V282, 292, 1395,T419, G420, S451, G452, F480, Y481,
A482, T483
R. officinalis  a-Terpineol -5.58 81.83 E278, V282, S292, 1395, G420, F480, Y481, A482, T483
Borneol -5.14 171.53 F480, N514, A551, R553, G642, P643, A644
Camphor -5.05 200.28 F480, N514, A551, R553, G642, P643, A644
T. vulgaris Terpinen-4-ol -5.46 99.48 A482, 1395, F480, A281, Y481, V282, T483, S292
a-Terpineol -5.58 81.83 A482, 8292, F480, V282, G420, E278, 1395, Y481, T483
Endo-borneol -5.14 170.11 R553, A644, P643, N514, G642, F480

Table 3 The binding energy and the interactions for top three best binding phytoligands from each of the sources, for binding to endoglucanase

Source Compound Binding Inhibition Interacting amino acids
energy (kcal/ constant (K;;
mol) M)
O. basilicum Geraniol -4.61 419.05 H23, S16, M13, L14, W7, L122, L15, D206, Y207
Nerol -4.52 485.17 H23, Y207, D206, M13, L122, W7, L14, L15, S16
Geranyl acetate -4.92 249.38 M13, P89, P124, W7, C3, RS, A127, A90, A126, S128, E125, L4, L122
C. sativum  Linalool —-4.58 439.69 A126, L4, P89, E125, R8, P124, C3, W7, A90
Dodecanoic acid ~ —4.65 391.13 L22, H23, K204, A205, V211, V28, P23, G212, V200, L215, T213, N25, A24
N-nonanol —4.47 525.45 P124,R8, W7, A90, A126, L122, M13, C3, P89, E125
C. citratus Piperitone -5.18 160.0 F57, A50, Q91, A90, L42, G95, 194, T47
a-Terpineol -5.09 184.46 A126, A127,N88, S128, L4, R8, C3, E125, P89, A90
Citronellyl acetate —5.23 147.55 A126, N88, A127, A90, S128, P88, L122, P124, M13, W7, R8, C3, L4, E125
R. officinalis  Cineole -4.89 261.65 H23, V211, A25, P203, T213, V28, A24,1.22
Borneol -4.94 24091 D206, S16, W7, M13, L14,L15, Y207
a-Terpineol -5.09 184.46 A126, A127, N88, S128, L4, R8, C3, E125, P89, A90
T vulgaris ~ Endo-borneol -4.84 285.43 K169, E170, G171, S172, A178, W176, A177
Terpinen-4-ol -4.77 319.07 L15, D206, Y207, S16, W7, L14, M13
a-Terpineol -5.09 184.46 A126, N88, A127, S128, L4, R8, C3, E125, P89, A90

Fig. 3, all the binding energies have been illustrated as a  The binding of the compounds to EG was generally weaker
graphical heatmap. On average, compounds from C. citratus ~ than their interactions with PG. Phytoligands from C. cit-
and 7. vulgaris had more favorable binding to PG, and com-  ratus and R. officinalis demonstrated the best interactions
pounds from C. sativum showed a weak binding (Table 2). with EG (Table 3).
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Fig.3 Heat map of the energies
(kcal/mol ™) obtained in molec-
ular docking of phytoligands to
R. solanacearum polygalacturo-
nase and endoglucanase

C. sativum

R. officinalis

T. vulgaris

C. citratus

0. basilicum

Carvone (7439) from C. citratus was predicted as the best
inhibitor of PG, with an energy of binding of -5.66 kcal/mol
and an inhibition constant (K;) of 70.7 pM. The main resi-
dues involving in the PG-Carvone interaction were Thr483,
Ala482, Phe480, Serd451, Thr419, Tyr481, Gly452, Gly420,
11e395, Val282, and Ser292.

Furthermore, Citronellyl acetate (9017) from C. citratus
showed an energy of —5.23 kcal/mol and the predicted K; of
147.55, and was known as the best inhibitor of EG. Impor-
tant amino acids contributing to the interaction of Citronel-
lyl acetate with EG were Alal26, Asn88, Alal27, Ala90,
Ser128, Pro88, Leul22, Pro124, Met13, Trp7, Arg8, Cys3,
Leu4, and Glul25.

Molecular dynamics simulations

RMSD and RMSF were referred to as the measures to assess
the dynamic behavior of the best phytoligand—protein com-
plexes, i.e., Carvone-PG and citronellyl acetate-EG. The
general deviation of structure along the simulation time com-
pared to the initial timepoint is shown using the RMSD plot.
Small slopes imply a stable model. Carbon a-RMSDs in the
studied ligand—protein systems are displayed in Figs. 4A and
5A for Carvone-PG and citronellyl acetate-EG complexes,
respectively. The trends for both proteins indicate roughly
smooth dynamics along the simulation, specifically when
comparing the ligand-bound and ligand-free states. This
observation points toward the high stability of the protein
structures when bound to their corresponding ligands.
Atomic RMSDs for each respective ligand are displayed
in Figs. 4B and 5B. This plot is aimed to indicate whether
the ligand remains stable in the protein’s binding site. As can
be observed, the phytoligand carvone bound to PG jumps
from RMS =0.05 nm to 0.13 nm at t of 7.31 ns, but it stays
almost smooth through to the final point (Fig. 4B). Apart
from this drift in PG’s binding site, the ligand RMSD trends
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indicate the stable binding of both ligands in their respective
binding cavities.

The RMSF measure is aimed to depict the local residual
oscillation along the simulated protein’s sequence. Limited
residue fluctuation in this plot can be associated with the
protein—ligand’s physical interaction; amino acids compos-
ing the binding site are usually less flexible than other parts,
mainly owing to the ligand’s binding. Figures 4C and 5C
illustrate the RMSF plots for PG and EG, respectively. Con-
sidering the residual composition of the binding sites of the
two proteins, the amino acids participating in the interaction
with the phytoligands are observed to show limited mobil-
ity and fluctuate the least. Thus, the interactions occurring
at the receptor-ligand interface are concluded to be stable
in general. In both plots, there are regions with high RMSF
values. These include residues 35, 66, 92, 122, and 290 on
the PG’s RMSF plot, and residues 4, 42, and 250 of EG.
Our visual inspection of the structures showed that all these
regions compose the loops or terminal parts of these pro-
teins. Taking into consideration the above-mentioned loca-
tions of domains and the binding sites of PG and EG, we
can see that none of these highly flexible regions locate in
the functional domains or in the binding sites of either of the
two proteins. Thus, they may not affect the stability of ligand
binding in PG and EG.

The count of inter-molecular hydrogen bonds is used as
another measure of stability for ligand—protein systems. By
examining the H-bond diagrams for the simulated systems
in the current study (Figs. 4D and 5D), it was seen that these
bonds form, disappear, re-form, and persist continuously
over time. For EG-citronellyl acetate, the bonds increase and
maintain. It is noteworthy that hydrophobic and electrostatic
interactions also contribute to any ligand-receptor binding.
Thus, the found H-bonds, combined with other types of
interactions, will lead to a preserved ligand—protein complex
for the R. solanacearum enzymes studied here. Dynamic
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Fig.4 MD simulation analysis of R. solanacearum polygalacturo-
nase (PGal) bound to Carvone (CRV). a Root-mean-square deviation
(RMSD) plot for the ligand-bound and free protein; b ligand’s RMSD

plots showed that the count and the energy of the bonds
were sufficient to keep the ligand firm at the two enzymes’
binding sites.

Discussion

Interest is growing nowadays toward assaying for phyto-
chemicals as natural antimicrobial agents against plant
pathogens (Mahomoodally et al. 2005). In recent years,
the antibacterial effects of various plants have been exten-
sively reported (Nascimento et al. 2000). Plants are known
to have an almost unlimited capability to produce aromatic
compounds, mostly phenols and their derivatives with oxy-
gen substitution. In numerous cases, the compounds serve
as defense mechanisms for the plant against predation by
microorganisms (Cowan 1999).

Computer-aided drug design (CADD) has been used
extensively in pharmaceutical industries, with some appli-
cations in the area of herbal disease (Taylor 2016; Singh
et al. 2020; Kumar et al. 2023; Singh and Purohit 2023).
Using CADD, Yang et al (2002) showed that the novel
2-heteroaryl-4-chromanones can be more effective in fight
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plot; ¢ root-mean-square fluctuations (RMSF) plot for the ligand-
bound and free protein; d the count of hydrogen bonds between the
ligand and the protein along the time

with rice blast fungus (Magnaporthe grisea). Zhou et al.
(Zhou et al. 2015) applied molecular docking to predict how
eight mutants of Peronophythora litchii modify the interac-
tion between novel Qol-type fungicides and the Qo-binding
cavities. Omar et al. (2021) examined the leaf extract of
Olea europaea, and the essential oils of Boswellia carteri
and T vulgaris as prospective candidates for fungal inhibi-
tion by anti-fungal evaluation and molecular docking. How-
ever, the CADD techniques have not been broadly applied
in designing or developing chemical ligands able to treat
crop plants’ diseases. In this study, the molecular docking
and MD simulations were carried out to examine the bind-
ing interactions of 37 phytocompounds from five medicinal
plants (R. officinalis L., C. sativum L., O. basilicum, C. cit-
ratus, and T. vulgaris) with the binding pocket of PG and
EG of R. solanacearum.

Extracellular proteins that degrade the plant cell walls are
known as key virulence factors contributing to the appear-
ance of bacterial wilt symptoms (Schacht et al. 2011). PG
and EG have been shown to play a marked role in the infec-
tion processes and cell wall degradation. Our study identi-
fied carvone and citronellyl acetate as the best inhibitors
against R. solanacearum PG and EG, respectively. Dynamic
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Fig.5 MD simulation analysis of R. solanacearum endoglucanase
(EGlu) bound to Citronellyl acetate (CNA). a Root-mean-square
deviation (RMSD) plot for the ligand-bound and free protein; b

simulations confirmed the high stability of these ligands at
the active site of PG and EG.

In agreement with the PG inhibitory effect of carvone, the
study by Paret et al (2010) revealed the bactericidal ability
of lemongrass on race-4 R. solanacearum, a strain causing
bacterial wilts on tomato and ginger in some regions of the
world. Various highly abundant herbal compounds, such
as terpenoids, are appreciated as active inhibitors against a
wide variety of pathogens (Trombetta et al. 2005). Monoter-
penes, such as thymol, carvacrol, geraniol, and menthol,
can act against Gram-positive and Gram-negative bacte-
ria. Geraniol, a potent efflux pump inhibitor, was reported
to effectively augment the susceptibility in the multi-drug
resistant Gram-negative bacterium Enterobacter aerogenes
(Lorenzi et al. 2009). Phenol monoterpenes, like carvacrol,
were also demonstrated to prevent biofilm development of S.
typhimurium and S. aureus (Knowles et al. 2005). As shown
by the docking results of our study, it seems that the non-
polar energy component contributed by aliphatic groups on
these molecules may serve as a critical driving force in their
mechanism of inhibition on the R. solanacearum PG.
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Citronellyl acetate, the identified inhibitor for EG, is a
monoterpenoid that is the acetate ester of citronellol. Terpe-
noids, which are derivatives of terpenes, have been proven
active against bacteria (Nazzaro et al. 2013). Carvacrol,
menthol, thymol, linalool, geraniol, piperitone, citronella,
and linalyl acetrate are some of the most potent and widely
studied terpenoids (Mahizan et al. 2019). Terpenoids’ anti-
microbial activity is decided from the functional groups on
them. The main antimicrobial determining factors include
the hydroxyl group of the phenolic terpenoids and delocal-
ized electrons (Griffin et al. 1999). Consistently, our MD
results confirmed the contribution of the —OH group of cit-
ronellyl acetate in forming hydrogen bonds with residues of
EG. Nonpolar interactions were also shown to play a sig-
nificant role in shaping the interaction. Although the exact
mode of action of terpenoids remains unclarified, Griffin
et al (1999) showed that most terpenoids can prevent oxida-
tive phosphorylation and oxygen uptake, two vital processes
which are important to microbial survival. Interestingly, our
results also identified the terpenoid a-Terpineol from various
sources as one of the strong ligands against both PG and EG.
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Conclusion

The present study involved applying in silico CADD tech-
niques, including molecular docking and molecular dynamic
simulations, to examine the potential of phytoligands from
five herbal sources to inhibit PG and EG of R. solan-
acearum, the causing agent of wilts. In addition to favorable
pharmacokinetic profiles, the binding analyses using dock-
ing affinity and solution dynamics were also promising and
confirmed each other. Carvone was identified as a potential
lead against PG, and citronellyl acetate showed great inhibi-
tory potential against EG.

Practical experimental studies are required to verify the
efficacy and specificity of the introduced natural organics.
Such corroborations would inform future research to use
these phytomolecules for investigating more potent pesti-
cides or antibacterials through ligand-based screening or
pharmacophore modeling. Further validations in vivo would
then be necessary to reach a final formula; however, there
would be no public concern or regulatory issue in terms
of safety, off-targets, and environment friendliness, as the
compounds are derived from edible plants. Such considera-
tions, in turn, will allow the integrating of the final identi-
fied phytocompounds into appropriate formulations to be
introduced to the market.

Exploring natural products as possible bactericidal agents
and applying CADD methods as primary, low-cost, and less
time-consuming techniques to achieve this aim are the main
implications of this study. Other widespread crop patho-
gens can be targeted using the same approach adopted in
this research. Furthermore, as both best-energy compounds
were from lemongrass (C. citratus), this plant may have the
potential for suppressing similar pathogens affecting agri-
culturally important species other than crops.
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