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Abstract

Klebsiella pneumoniae is one of the perturbing multidrug resistant (MDR) and ESKAPE
pathogens contributing to the mounting morbidity, mortality and extended rate of
hospitalization. Its virulence, often regulated by quorum sensing (QS) reinforces the need to
explore alternative and prospective antivirulence agents, relatively from plants secondary
metabolites. Computer aided drug discovery using molecular modelling techniques offers
advantage to investigate prospective drugs to combat MDR pathogens. Thus, this study
employed virtual screening of selected terpenes and flavonoids from medicinal plants to
interrupt the QS associated SdiA protein in K. pneumoniae to attenuate its virulence. 4LFU
was used as a template to model the structure of SdiA. ProCheck, Verify3D, Ramachandran
plot scores, and ProSA-Web all attested to the model’s good quality. Since SdiA protein in K.
pneumoniae leads to the expression of virulence, 31 prospective bioactive compounds were
docked for antagonistic potential. The stability of the protein-ligand complex, atomic
motions and inter-atomic interactions were further investigated through molecular
dynamics simulations (MDS) at 100 ns production runs. The binding free energy was
estimated using the molecular mechanics/poisson-boltzmann surface area (MM/PB-SA).
Furthermore, the drug-likeness properties of the studied compounds were validated.
Docking studies showed phytol possesses the highest binding affinity (-9.205 kcal/mol)
while glycitein had -9.752 kcal/mol highest docking score. The MDS of the protein in
complex with the best-docked compounds revealed phytol with the highest binding energy
of -44.2625 kcal/mol, a low root-mean-square deviation (RMSD) value of 1.54 A and root-
mean-square fluctuation (RMSF) score of 1.78 A. Analysis of the drug-likeness properties
prediction and bioavailability of these compounds revealed their conformed activity to
lipinski’s rules with bioavailability scores of 0.55 F. The studied terpenes and flavonoids
compounds effectively thwart SdiA protein, therefore regulate inter- or intra cellular
communication and associated in virulence Enterobacteriaceae, serving as prospective
antivirulence drugs.

Keywords: Antipathogenic; Enterobacteriaceae; intercellular communication; molecular
modelling; molecular dynamics simulations; phytocompounds



1. Introduction

Klebsiella pneumoniae amongst other ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni, Pseudomonas
aeruginosa and Enterobacter species) often escapes the action of almost all available
antibiotics (Boucher et al., 2009). The World Health Organization (WHO) ranked K.
pneumoniae as critical priority pathogen for the first-hand antibiotic research and
development (Talebi Bezmin Abadi et al., 2019), due to the healthcare and community
burden it imposes, coupled with high prevalence in multidrug-resistance (MDR) and as a
leading cause of death (Ventola, 2015). K. pneumoniae has the ability to colonize the
gastrointestinal system, nasopharynx, and skin causing a wide range of infections, ranging
from minor to life-threatening (Tzouvelekis et al., 2012). Urinary tract infections (UTIs), soft
tissue infections, intra-abdominal infections, septicaemia, wound or blood infections, and
pneumonia are examples of such illnesses (Adeosun et al., 2019). The high resistance to
several classes of antibiotics, including the last line of resort has been implicated in its
biofilm-forming potential.

Recalcitrance to antibiotics, biofilm-forming ability, persistent immune system defense and
chronic infections are often linked to the pathogen’s quorum sensing (QS) regulatory system
also well accepted as bacterial cell-to-cell communication (Cadavid et al., 2018). This
mechanism not only enhances bacterial pathogenesis but also improves their ability to
severely infect and damage their host (Cosa et al., 2019). In Gram-negative bacteria (GNB),
the transcriptional regulators belonging to the LuxR protein plays a pivotal role by detecting
the presence of autoinducers (Als) known as N-acyl-homoserine lactones (AHLs) (Pradeep
et al., 2018). Some Enterobacteriaceae pathogens such as Salmonella, Escherichia, including
Klebsiella do not possess the AHLs producing enzyme known as Luxl synthase. However,
they recognize AHLs produced by other bacteria due to the presence of SdiA protein which
encodes an orphan LuxR homologue (Pacheco et al., 2021). Likewise, in K. pneumoniae the
Luxl homolog is not found, thus the organism neither generates AHLs signal molecules of
their own, however since this pathogen possesses SdiA, rather also senses the Al-2
molecules produced by the mixed community genera (Tavio et al., 2010). An SdiA
transcriptional regulator in K. pneumoniae has been linked to cell division and the
expression of virulence factors such as antibiotic resistance and biofilm formation. In
addition, fimbriae and curli have been shown to play a pivotal role in K. pneumoniae biofilm
development (Pacheco et al., 2021). This consequently marks the SdiA as a potential
therapeutic target due to its ability to bind AHL and Al-2 signalling molecules from other
pathogens, allowing for the transcription of several virulence genes (Pacheco et al., 2021;
Pradeep et al., 2018).

Studies such as Pacheco et al. (2021) and Ahmed et al. (2021) have validated the role of SdiA
in the production of QS autoinducers in K. pneumoniae and other Enterobacteriaceae, as
noticed in enterohemorrhagic Escherichia coli (EHEC), Salmonella enteritica (Cheng et al.,
2022). The crystal structure of SdiA has been reported in E. coli as PDB ID: 4LFU, 4LGW,
2AVX (Almeida et al., 2016). Since some Enterobacteriaceae (with the exception of Pantoea
and Erwinia) encodes the same SdiA protein and are implicated in QS signaling molecule
production and modulation of virulence factors, 4LFU was used as a template to model the
structure of K. pneumoniae SdiA, thereby serving as a prototypical in search for



antivirulence or antagonistic compounds to impede the inter communication and associated
virulence activities.

Due to the above mentioned pathogens’ ability to regulate the respective virulence by
means of the signalling mechanism (Gopu & Shetty, 2016), impeding this system
hypothetically renders the disease-causing pathogen(s) less or non-virulent, presenting
novel management of various bacterial infections (Cadavid et al., 2018). The secondary
metabolites from medicinal plants may be the next-generation magic bullet in efficiently
modulating QS associated SdiA protein and the respective virulence factors (Koh et al.,
2013). The phenomenon of most plants growing in settings with high bacterial population
fosters them to devise protective mechanisms against phytopathogens. Plants conquer
through generating secondary metabolites that mimic microbial signal molecules, to
compete for the protein active sites, subsequently impasse the expression of virulence
factors and or reduced pathogenicity (Koh et al., 2013). The antivirulence mechanism
therefore suppresses the expression of key genes vital for infections, rather than exerting
bactericidal effect and selective pressure (Cosa et al., 2020). Terpenes, flavonoids, alkaloids,
saponins, glycosides, anthraquinones and sesquiterpenoids among others, are all secondary
metabolites capable of thwarting signalling mechanisms, hindering the expression of
virulence factors (Akinyede et al., 2020; Baloyi et al., 2019; Maroyi, 2017).

Terpenes, commonly known as terpenoids, are abundant and diversified natural
phytochemicals present in several medicinal plants and are the vital component of essential
oils. Terpenes of natural products provide medical benefits (Cox-Georgian et al., 2019) and
have proven to be a rich source of medical breakthroughs (Bergman et al., 2019).
Flavonoids, on the other hand, are a class of naturally occurring plant compounds from
various parts of the plants associated with a broad spectrum of health-promoting effects
with a wide range of pharmacological effects, including antimicrobial, anti-inflammatory,
anti-mutagenic and anti-carcinogenic properties coupled with their capacity to modulate
key cellular enzyme functions (Paczkowski et al., 2017; Panche et al., 2016). The intriguing
characteristics of these compounds make them of significant interest, hence they were
considered in this study.

The exploration of these bioactive phytochemicals as QS and virulence inhibitors through
virtual screenings, allows for a rapid and economical selection of prospective target ligands
from large libraries of molecules (Huggins et al., 2011). This further accelerates the time and
reduces the cost of traditional drug development processes (Naqvi et al., 2018) as well as
narrowing the amount of potential ligands to be tested in vitro for drug screening and drug
ability. This study took advantage of computational research tools to evaluate the
antivirulence potential of existing plant secondary metabolites known for their medicinal
activities against SdiA transcriptional regulator in K. pneumoniae.



2. Materials and methods
2.1. Sequence retrieval, template identification and homology modelling

Sequence of the SdiA gene was retrieved from Kyoto Encyclopedia of Genes and Genomes
database and searched against Protein Data Bank (PDB) proteins using NCBI-BlastP,
following the method described by Ahmed et al. (2021). The SdiA from Escherichia coli

(A-chain) (PDB ID: 4LFU) was used as template structure for the generation of the 3D model
of Klebsiella pneumoniae SdiA by using Swiss Model Webserver (Arnold et al., 2006).

2.2. Validation of the generated model

Protein structure validation suite (PSVS) ver. 1.5 (available at http://psvs-1_5-dev.nesg.org/)
was used to determine the quality of the generated model, which revealed important
validation parameters such as PROCHECK, VERIFY3D and Ramachandran plot. Furthermore,
ProSA-Web was used to validate the protein structure of the modeled SdiA, thereby
providing information on the general quality of the input model structure. The secondary
structure of the modeled SdiA protein was determined using PDBsum as described by
(Laskowski et al., 2018).

2.3. Prediction of the conserved residues and domains

Following the method described by Ahmed et al. (2021), the conserved residues of SdiA of K.
pneumoniae was predicted by aligning its sequence with the sequences with the LuxR family
proteins. These proteins include the LasR from Pseudomonas aeruginosa, CviR from
Chromobacterium violaceum and SdiA from Escherichia coli. The conserved domains of SdiA
of K. pneumoniae were predicted using conserved domain and protein classification tool
available at NCBI server (https://www.ncbi.nlm.nih.gov/cdd/).

2.4. Prediction of the binding site

The CASTp 3.0 server was used for predicting the binding pocket of modeled SdiA as
described by Tian et al. (2018). The pocket with the highest area and largest volume was
considered as the most probable binding pocket of SdiA.

2.5. Molecular docking

Site specific molecular docking was carried out following the method previously described
by ( Baloyi et al., 2021) with slight modifications. The 2-dimensional structures of the
terpenes and flavonoids investigated were retrieved from the PubChem chemical database
and sketched using Canvas 3.5 before being exported to Maestro 11.5. Chemically correct
models of the ligands and the modeled SdiA receptor structure were built using
Schrodinger’s ligprep and a protein preparation wizard prior to the docking studies. The
grids were then docked using the Glide ligand docking module and the Glide receptor. For
the prepared protein created using the protein grid generation module, all docking
calculations were performed using AutoDock 4.0 and Grids (Schrodinger, LLC, New York, NY,
USA). Water and metals were removed before optimizing the hydrogen bonds, necessitating



minimization and resulting in scores that mimicked the potential energy change when the
protein and the compound became bonded based on hydrogen bonds. Molecular docking
was carried out on 31 compounds from natural sources (S1 table) which included the
terpenes, flavonoids and other classes of compounds against the modeled SdiA protein.

2.6. Molecular dynamics simulations

2.6.1. System preparation and molecular dynamics simulation

The three-dimensional structures of best-docked terpenes and flavonoids were obtained in
SDF format from PubChem, and the structures were optimized using Avogadro software.
The modeled SdiA structure was prepared for molecular dynamics simulation (MDS) using
the UCSF Chimera software package (Pettersen et al., 2004). MarvinSketch 6.2.1, 2014, and
Molegro Molecular Viewer (MMV) were used for the preparation of the ligand and to
ensure that the ligands proper angles and hybridization state were displayed
(Kusumaningrum et al., 2014; Thomsen & Christensen, 2006). AutoDock Tools GUI was used
to describe the grid box at the catalytic site of the protein (Allouche, 2011). The Lamarckian
Genetic algorithm was used to perform docking calculations (Oleg & Arthur, 2010). The
prepared systems protonation states were optimized using Maestro Schrédinger (Madhavi
Sastry et al., 2013), necessary hydrogen atoms were corrected, and capping neutral residues
to ensure protein stability during the simulation. Cumulatively, nine terpenes and eight
flavonoids’ systems of each protein comprising of the enzyme were subjected to MDS using
the Graphic Process Unit version of the AMBER18 software package (Lee et al., 2018).

The protein was parametized by the FF14SB (Maier et al., 2015) force field integrated in the
AMBER18 suit (Wang et al., 2004). The Link Edit and Parm (LEAP) module (Nikitin, 2014) of
AMBER18 was then used to add hydrogens that are missing from the systems during
preparation. Also this module neutralizes the system by the addition of counter ions such as
Na* and CI~ after which the systems were solvated by suspending them in Transferable
Intermolecular Potential with 3 Point (TIP3P) water box of size 8 A. A complexed coordinates
and topology files of the receptor-ligand binding are generated for subsequent processing.
The systems were minimized for 2000 energy steps. Initial minimization of 1000 steps with
steep descent was performed for all the systems with a restrain potential and then followed
by another 1000 steps minimization by conjugate gradient algorithm without restrain. The
systems were then gradually heated from 0 K to 300 K with a 5 kcal/mol A harmonic
restraint potential in NTP ensemble using Langevin thermostat of collision frequency of
1/ps. All the systems were then equilibrated at 300 K for 500ps without restraint with a
constant pressure at 1 bar using Berendsen barostat. SHAKE algorithm was used to restrain
all hydrogen bonds (Gonnet, 2007).

MDS production of 100 ns was then performed without restrain on the systems with target
coupling of 2 ps and constant pressure at 1 bar. Analysis of the trajectories and coordinates
generated from the MDS run was carried out through the CPPTRAJ and PTRAJ modules (Roe
& Cheatham, 2013) incorporated in AMBER18. The RMSD and RMSF were calculated for all
the systems. Discovery studio version v19.10.18289 (Sundaresan & Tharini, 2018) and UCSF
chimera were used to visualize the trajectories while Origin data version 6.0 tool (Seifert,
2014) was used to plot all graphs.



2.6.2. Binding free energy calculations

To estimate the binding interactions of the compounds to the modeled SdiA enzyme,
binding free energy calculations were carried out using the Molecular Mechanics/Poisson-
Boltzmann Surface Area (MM/PB-SA) method (Homeyer & Gohlke, 2012; Hou et al., 2011).

This approach has been widely employed and proven to be reliable in measuring binding
free energies involved in protein-ligand complex formation. Moreover, MM/PBSA is
mathematically represented as follows:

ﬂGbind: GCD]II]]IEI_ Gremptor_ G].igand (1)

Egas: Eint +Evdw 1+ Eele (2)

Gsa= Gep/pB+Gsa a)

GSA — ’}*SASAL (4)

where van der Waals and electrostatic interactions are represented as Evgqw and Eele While
Egas denote gas-phase energy and Eint as internal energy. The solvation free energy denoted
by Gsol represents the solvation free energy and can be decomposed into polar and nonpolar
contribution states. The polar solvation contribution, Ggg/ps, is determined by solving the
GB/PB equation, whereas, Gsa, the nonpolar solvation contribution is estimated from the
solvent-accessible surface area determined using a water probe radius of 1.4 A.

2.7. Drug likeness properties of studied terpenes and flavonoids

The physicochemical and pharmacokinetic properties of the hit compounds were analysed
using the SwissADME web server (http://www.swissadme.ch/index.php) (Daina et al., 2017).
The compound’s smileys were retrieved from the PubChem database, inserted in the
webserver to run and generate the predicted parameters. Lipophilicity, water solubility and
medicinal chemistry of the hit compounds were determined. The drug-likeness properties of
the compounds (Lipinski’s, Ghose’s, Veber’s, Egan’s and Muegge’s rules) and the
bioavailability scores of the compounds were computed.

3. Results
3.1. Template identification and homology modelling

BLAST results showed 99.58% sequence similarity between SdiA protein in Klebsiella
pneumoniae and the SdiA of the LuxR family transcriptional regulator (Accession number:
KMI27310.1). The template 4LFU.1. A showed low E-value (1e - 158) and a sequence
identity of 64.58%, hence, it was selected as the template for modelling SdiA structure. The
sequence alignment of SdiA target protein with 4LFU template protein, and the ribbon
structure of the modeled SdiA protein are shown in Figure 1(A) and 1(B), respectively.
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Figure 1. (A) Alignment of template (4LFU) and model sequences. (B) 3D structure of SdiA model.

3.2. Validation of the generated model
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The quality of the model was evaluated using PSVS that comprises assessment tools such as
Ramachandran score, Verify3D, ProsaWeb and Molprobity Clash score. The raw scores and
Z-scores obtained for each parameter are shown in Table 1.

Table 1. Assessment of the SdiA model structure using protein structure validation suite (PSVS).

Parameter Raw score I-score
Verify 3D 0.22 385
Prosall (—ve) 0.92 1.12
Procheck (/-w) 0.25 130
Procheck (all) 0.08 047
RMSD_bond length (A) 0.015 -
RM5D_bond angle (%) 19 -
Molprobity Clash score 2 1.15

Furthermore, Ramachandran plot scores from Procheck and Richardson’s lab showed that

the selected model had 95.4% and 98.3% residues respectively in the favourable and

allowed regions and no residue in outlier region (Table 2).



Table 2. Assessment of model quality by Ramachandran plot scores.

Most Generously and
favoured  additionally allowed Disallowed
Ramachandran plot scores  regions (%) regions (%) regions (%)
Ramachandran plot 954 46 0.0
scores (Procheck)
Ramachandran plot 98.3 1.7 0.0

scores (Richardson's lab)

The ProsaWeb also revealed that the SdiA model protein had a Z-score of -7.66, thus
confirmed the good quality of the model (Figure 2).
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Figure 2. Validation of SdiA using ProSA web (Z-score = -7.66).
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In addition, validation of the model was performed based on the secondary structure using
PDBsum. The result revealed that SdiA model had 13 a-helices which correspond with the
Xray crystal structure also having 13 a-helices (Figure 3).
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Figure 3. Secondary structure prediction of SdiA model using PDBsum.
3.3. Analysis of the conserved residues and domains of SdiA

Multiple sequence alignment of SdiA (Klebsiella pneumoniae) with the conserved LuxR
family proteins (CviR: Chromobacterium violaceum, LasR: Pseudomonas aeruginosa and
SdiA: Escherichia coli) revealed that a good number of the amino acid residues in SdiA of K.
pneumoniae were conserved (conserved areas indicated with asterisk*) (S1 figure).
Furthermore, analysis of the conserved domains of SdiA showed that it contains an
autoinducer binding domain (24-156), a helix-turn-helix Lux regulon (180-234), C-terminal
DNA-binding domain of LuxR-like proteins (180-235), DNA binding transcriptional regulator
(180-240), DNA binding response regulator (175—-240) and other domain hits (S2 figure).



Table 3. Active site prediction of modeled SdiA protein through CASTp.

(A)

Mame of the protein Surface area (A%) Volume (A7)
Regulatory protein SdiA 555.759 365.829

(B) (€) Amino acids located at the active site:

43ser, 45cys, 54arg, 55pro, 56lys, 57val, 59phe, 61thr, 63tyr, 67trp, 68val, 70tyr, 71tyr, 72gln, 75asn, 76phe, 77leu,
80asp, B2val, B3leu, 94met, 95trp, 96asn, 97asp, 100phe, 106leu, 107trp, 10%ala, 110ala, 111arg, 113his, 115leu,
116arg, 117arg, 118gly, 132phe, 134ser

Key: (A) Area and volume of the active site; (B) 3D structure of the active site; (C) Amino acids located at the active site.
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3.4. Analysis of the binding pocket of SdiA

CASTp 3.0 predicted binding pocket of SdiA with an area of 555.759A2 and volume of
365.829A3. The amino acid residues lining the binding pocket were 43ser, 45cys, 54arg,
55pro, 56lys, 57val, 59phe, 61thr, 63tyr, 67trp, 68val, 70tyr, 71tyr, 72gln, 75asn, 76phe,
77leu, 80asp, 82val, 83leu, 94met, 95trp, 96asn, 97asp, 100phe, 106leu, 107trp, 109ala,
110ala, 111arg, 113his, 115leu, 116arg, 117arg, 118gly, 132phe, 134ser (Table 3).

3.5. Molecular docking of selected terpenes and flavonoids against SdiA protein

The in silico molecular docking results of the modeled SdiA protein against selected
terpenes and flavonoids are shown in Table 4. The results of the docking analysis allowed
for the determination of the best binding modes. In particular, the terpenes showed good
potentials as bioactive antagonists or as quorum sensing inhibitors (QSls) in K. pneumoniae
SdiA (4LFU) protein.

Based on these findings, terpenes possess high docking scores (Table 4) with a maximum
score of -9.205 kcal/mol achieved by 3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol)
comparable to the scores obtained for SdiA native ligand (Al-2 furanosyl borate diester) with
a docking score of -6.081 kcal/mol. In addition to 3,7,11,15-tetramethyl-2-hexadecen-1-ol
(phytol), eight (8) other terpenes: beta-pinene, alpha-pinene, 3-carene, sabinene,
camphene, alpha-terpinene, p-cymene and isoterpinolene showed good docking scores
between -7.473 kcal/mol and —7.039 kcal/mol (Table 4). These values (> -7 kcal/mol) were
comparable to the obtained score of the Al-2 furanosyl borate diester (-6.081 kcal/mol),
hence, they are regarded as terpenes showing good docking scores. The binding affinities of
all 31 compounds are presented in S1 Table.

Flavonoids such as glycitein, phloretin, fisetin, genistin, apigenin, baicalein, daidzein and
guercetin against the active site of SdiA protein in K. pneumoniae demonstrated improved
binding affinities and possess high docking scores (Table 4). The maximum score of
-9.752 kcal/mol achieved by glycitein, which was slightly higher than quercetin

(-9.290 kcal/mol), a known QSI reference compound (Table 4). Daidzein showed the least
docking score (-6.969 kcal/mol), although, comparable to the native ligand

(-6.081 kcal/mol) (S1 Table).

The interaction networks between SdiA protein and the terpenes (Figure 4) revealed phytol
(3,7,11,15-tetramethyl-2-hexadecen-1-ol) had sixteen hydrophobic interactions and formed
hydrogen bonds with Val57 (Figure 4A). Whereas beta-pinene formed a polar interaction
with HIS 113 and ten hydrophobic interactions (Figure 4B). Alpha pinene compound formed
a polar interaction with HIS 113 and ten hydrophobic interactions (Figure 4C) while 3-Carene
formed ten hydrophobic interactions (Figure 4D). Sabinene also formed polar interaction
with HIS 113 (Figure 4E). Hydrophobic interactions were also observed in camphene, alpha-
terpinene, p-cymene and isoterpinolene as shown in Figure 4. The native ligand, Al 2
furanosyl borate diester bound to the active site with hydrogen bonding to amino acids
Argl11, Leul115, Argl116 and polar interaction with Asn96, Ser136 (Figure 4J).
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Table 4. Molecular docking scores, root mean square deviation and fluctuations, binding free energy and drug-likeness prediction of best-docked
terpenes and flavonoids.

Binding
Chemical Molecular Docking score RMSD AMSF energy Drug likeness
Compound name structure welght (keal/mol) score (A) score (A) (keal/mel) (Upinski rule)
Glycitein (F) 18426 -5.752 223 285 -30.3714 Yes; 0 violation
Phioretin (F} 7427 -§.722 196 15 -28.8415 Yes; 0 violation
Quercetin (F] r J\ 302236 -5.250 157 1.08 -37.1247 Yes; 0 violation

37008 256.5 =§.205 154 178 =44.2625 Yes; 1 violation:
Tetramethyl-2- \’H"\Ar\'\r‘v‘j’ MLOGP > 415

hexadecen-1-cl
(phytol) ()
Flsetin (F] H 18624 -8.364 n 109 -334770 Yes; 0 violation
Genistin (F] r 4324 -8337 144 135 -£8.1393 Yes: 1 violation:
) NK or OH > §
Sy
e
J
b o
- -I < -
Apigenin (Fi 2700528 -8.222 114 1483 ~40.5054 Yes; 0 violation
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Chemical Molecular Docking score RMSO RMSF energy Drug likeness
Compound name structure welght (kealdmol) score (A) score (A) (keal/mol) (Lipinskl rule)
Beta-pinene (T) 13623 -T473 258 323 -21.4366 Yes; 1 violation.
MLOGP > 4,15

Aipha-pinene (11 f‘f 3635 -7343 FA 45
P-cymene (T} S d 13422 -7277 r¥ 152 ~166186 Yes; 1 violation:
: MLOGP > 4,15
Aipha ~ 13423 ~7.243 73 139 ~15.2816 Yes; O viciation

terpinene (T) :

5-Carene (T N 13635 -7.iid i i35 i5.a74 h( n:
\(:D{ MLOGP > 4,15
Sabinene (T} 13623 -7.209 148 117 -19.3283 Yes; 1 viclation:
MLOGP > 4,15
Camphene (T} 13624 -7.039 186 374 -19.8651 Yes; 1 violation:
MLOGP > 4,15
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Binding

Chemical Molecular Docking score RMSD RMSF energy Drug likeness
Compound name structure weight (keal/mol) score (A) score (A) tkeal/mol) (Lipinskl rule)
Blacaleln (F) 270.24 -6.996 154 1.56 ~39.1342 Yes; 0 violation
Daldzein {F) . 25424 -5.565 189 0 =32740% Yes; 0 viclation

Key: T = Terpene; F = Flavonoid.
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Figure 4. Interaction network between SdiA protein and terpenes showing good docking scores. The
protein residues with a negative charge are shown in red, positive charge in velvet, polar in cyan,
and hydrophobic in parrot green. The H-bond interactions are shown as a purple arrow, pi-pi
stacking as a green line. (A) 3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol), (B) beta pinene, (C)
alpha pinene, (D) 3-carene, (E) sabinene, (F) camphene, (G) alpha-terpinene, (H) p-cymene, (1)
isoterpinolene, (J) furanosylborate diester (Al-2 molecule).

Docked flavonoid compounds against SdiA protein with respective interactions were as
detailed in Figure 5. Glycitein had twelve hydrophobic interactions, hydrogen-bonded with
Ser43 and a pi-pi stacking with Trp95 (Figure 5A) whereas phloretin formed hydrogen bonds
with PG4 302 and H0, a pi-pi stacking with Tyr71 and Phe59 and fifteen hydrophobic
interactions (Figure 5B). Fisetin compound was also shown to form hydrogen bonds with
Asp80 and Ser13 as well as fourteen hydrophobic interactions (Figure 5C) while genistin also
formed hydrogen bonds with Asp97 and Trp 95 with ten hydrophobic interactions (Figure
5D). Apigenin had eleven hydrophobic interactions (Figure 2E) as well as baicalein having
eight hydrophobic interactions, a pi-pi stacking with Trp95, a hydrogen bond with Asp97 and
a salt bridge with Argl11 (Figure 5F). Daidzein formed a hydrogen bond with Ser43, pi-pi
stacking with Trp95 and eleven hydrophobic interactions (Figure 5G). Quercetin actively

16



bound to the protein forming hydrogen bonds with Trp57, polar interactions with GIn72,
Thrél and Ser43 (Figure 5H).
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Figure 5. Interaction network between SdiA protein and flavonoids showing good docking scores. The protein
residues with a negative charge are shown in red, positive charge in velvet, polar in cyan, and hydrophobic in
parrot green. The H-bond interactions are shown as a purple arrow, pi-pi stacking as a green line. (A) Glycitein,
(B) Phloretin, (C) Fisetin, (D) Genistin, (E) Apigenin, (F) Baicalein, (G) Daidzein, (H) Quercetin.

3.6. Dynamic conformational stability and fluctuations of the studied terpenes and
flavonoid compounds

Further analysis of interactions of terpenes and flavonoids and MDSs were conducted to
investigate their respective inhibitory performance in SdiA. Through validation of the
system’s stability, we can deduce disrupted motions and avoid artifacts that may arise
during the simulation. In this study, root-mean-square deviation (RMSD) calculated to
measure the systems’ stability during the 100 ns simulations (Figure 6) were recorded as
average RMSD values (Table 4).

For all frames of SdiA bonded terpene compounds systems, alpha-pinene, alpha-terpinene,
beta-pinene, camphene, 3-carene, isoterpinolene, p-cymene, 3,7,11,15-tetramethyl-2-
hexadecen-1-ol (phytol), sabinene and the unbound SdiA (Apo) revealed RMSD values of
2.14A,1.73A,2.58A,1.86 A, 2.09A, 1.61 A, 2.21 A, 1.54 A, 1.48 A, and 2.50 A respectively.
The comparative C-a RMSD plots showing the degree of stability and convergence of the
studied systems over the 100 ns MDS time is shown in Figure 6(A).

On the other hand, the recorded average RMSD values for all frames of SdiA bonded
flavonoids which include apigenin, biacalein, diadzein, fisetin, genistin, glycitein, phloretin,
quercetin and unbound SdiA (Apo) were 2.14 A, 1.54 A, 1.69 A, 1.71 A, 1.44 A, 2.23 A, 1.96 A,
1.57 A, and 2.50 A, respectively (Table 4). The comparative C-a RMSD plots showing the
degree of stability and convergence of the studied systems over the 100 ns MDS time is
shown in Figure 6(B).
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Figure 6. Comparative C-a RMSD plots showing the degree of stability and convergence of the studied terpene compounds (A) and flavonoids (B) over the
100 ns molecular dynamics simulation time.
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Figure 7. The time evolution RMSF of each residue of the protein Ca atom over 100 ns for the studied flavonoids (A) and terpenes (B) superposed on the
crystal structures of the studied systems to show differences in fluctuations and conformational changes. Comparative Ca RMSF plot showing the degree of

major flexibility of certain loops and helixes at the highest fluctuation during the simulation.
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The time evolution root-mean-square fluctuation (RMSF) of each residue is indicative of the
differences in fluctuations of conformational changes of the protein Ca atom over 100 ns for
the studied systems (selected terpenes and flavonoids) was superposed on the crystal
structures of the studied systems (Figure 7).

The evolution of protein structure flexibility upon ligand binding probes residue
performance and their association with the ligand during MD simulation. The complexes
(SdiA bonded terpenes and flavonoids) residual fluctuations were evaluated using the RMSF
algorithm to assess the effect of inhibitor binding towards the respective targets over 100 ns
simulations. The computed average atomic fluctuation of the terpenes which include alpha-
pinene, alpha-terpinene, beta-pinene, camphene, 3-carene, isoterpinolene, p-cymene,
3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol), sabinene and the unbound SdiA (Apo)
were 1.40A, 1.394A,3.23A,3.74A,1.53A,2.10A,1.92A,1.78 A, 1.17 A and 1.87 A
respectively (Table 4, Figure 7A). However, the average atomic fluctuation of the flavonoids
was also computed which revealed RMSF values for apigenin, biacalein, diadzein, fisetin,
genistin, glycitein, phloretin, quercetin and unbound SdiA (Apo) as 1.83 A, 1.56 A, 2.05 A,
2.09A,1.35A,2.85A,1.59A, 1.08 A, and 1.87, respectively (Table 4, Figure 7B).

3.7. Binding free energy landscape of SdiA bonded terpene and flavonoid compounds

The binding free energy of the studied SdiA bonded terpenes ranged from

-16.6186 kcal/mol to as high as -44.2625 kcal/mol (Table 4). Results revealed that
3,7,11,15-tetramethyl-2-hexadecen-1-ol (phytol) has the highest binding energy of
-44.2625 kcal/mol while the least binding energy was observed in P-cymene

(-16.6186 kcal/mol) (). For the SdiA bound flavonoids, their binding free energy ranged from
-28.8415 kcal/mol to -68.1393 kcal/mol. Genistin showed the highest binding energy of
-68.1393 kcal/mol while the least binding energy was observed in Phloretin

(-28.8415 kcal/mol) (Table 4).

Results of MM/GBSA-based binding free energy profile of SdiA bonded terpenes and
flavonoids revealing other energy components (electrostatic energy, van der Waals energy,
solvation free energy and gas-phase free energy) are shown in S2 Table.

3.8. Validation of drug likeness properties of the studied terpenes and flavonoids

All the terpenes had 10 heavy atoms (except phytol that had 21), 0 aromatic heavy atoms
(except p-cymene that had 6) and Csp3 fractions of 0.80 (Table 5). The compounds, except
for phytol (with higher values) had 0 number of H-bond acceptors and donors with molar
refractivity > 45.22 and TPSA of 0 A2. On the other hand, flavonoids had heavy atoms and
heavy aromatic atoms > 10 with a higher number of H-bond acceptors and donors, Molar
refractivity and TPSA2 4, 73 and 70A2? respectively (Table 5).

The consensus Log Po/w of the terpenes was predicted to be >3.0 with phytol having 6.21
while the flavonoids had a value ranging from 0.42—2.3 (Table 5). In the same vein,
considering the Log S (Esol and SILICOS-IT), all the terpenes appear to be soluble in water
except phytol that appears to be moderately soluble while in the case of the Log S (Ali), a-
pinene and 3-Carene are moderately soluble with poor solubility predicted for phytol. For
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Table 5. Drug likeness properties of studied terpenes and flavonoids.

Physice-chemical properties Upophilicty Water Solubility Pharmacckinetics Medicinal Chemistry
Log Kp
No. No. No. (Skin
No. heavy rotatable H-bond H.-bond  Molar TPSA  Consensus Log § Gl Ba8 permeatlon)

Compounds atoms bonds  acceptors donors Refractivity  (8%)  Log Poiw  (ESOL) Class absorption permeation (emy's) PAINS Brenk

Phytol Fii 13 1 1 98.94 2023 6.21 -5.98 Moderately soluble Low No -2.29 0 alert 1 alert: isolated_alkene
Beta-pinene 10 0 0 0 45.22 0.00 344 -3iNn Soluble Low Yes -4.18 0 alert 1 alert: isolated_alkene
Alpha-pinene 10 0 0 0 4522 0.00 342 =351 Soluble Low Yes -395 0 alert 1 alert: isolated_alkene
P-cymene 10 1 0 0 45.99 0.00 350 -3,63 Soluble Low Yes -4.21 0 alert 0 alert
Alpha-terpinene 10 1 0 0 412 0.00 330- -3.30 Soluble Low Yes -4 0 alert 0 2lert
Isaterpinolene 10 0 0 0 47.12 0.00 3.09 -2.90 Soluble Low Yes —4.64 0 alert 0 alert
3-Carene 10 0 0 0 45.22 0.00 342 -344 Soluble Low Yes -4.02 0 aler 1 alert: isolated_alkene
Sabinene 10 1 0 0 45.22 0.00 325 -2.57 Soluble Low Yes -4.94 0 alert 1 alert: isolated_alkene
Camphene 10 0 0 0 4522 0.00 343 -3.34 Soluble Low Yes -4,13 0 alert 1 alert: isolated_alkene
CGlycitein rii 2 @ 2 78.46 79.90 230 -3.57 Soluble High Ne -6.30 0 alert 0 alert
Phlcretin 20 4 5 4 74,02 97.99 193 -338 Soluble High No -6.11 0 alert 0 alert

Fisetin 21 1 6 4 76.01 11113 155 -335 Soluble High No -6,65 1 alert: catechol_A 1 alert: catechol_A
Cenistin n 4 10 6 106.11 17005 042 -3,18 Soluble Low No -8.33 0 alert 0 alert
Apigenin 20 1 5 3 73.9% 90.90 an -3.94 Soluble High Neo -5.80 0 alert 0 adlert
Balcalein 20 1 5 3 7395 90.90 2.24 ~4,03 Mcderately soluble High Ne -5.70 1 alert: catechol_A 1 alert: catechol_A
Daidzein 19 1 4 2 ne 70.67 2.24 -3.53 Soluble High Yes -6.10 0 alert 0 alert
Quercetin 2 1 7 5 78.03 13136 1.23 -3,16 Soluble High No -71.05 1 alert: catechol_A 1 alert: catechol_A
Furanosy!boratediester 13 0 7 4 3. 108,61 -2-32 0.48 Highly soluble Low No -9.18 0 alert 1 alert: heavy_metal
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the flavonoids, all the compounds were soluble (except baicalein) by the Log S (Esol)
parameter while the baicalein, apigenin, genistin, glycitein, daidzein were moderately
soluble by the Log S (Ali and SILICOS-IT) solubility values (S3 Table).

Additionally, the terpenes had low gastrointestinal (Gl) absorption, are not P-glycoprotein
substrates and can permeate the blood-brain barrier (BBB), except phytol with Log Kp2

4.0 cm/s although phytol and a-pinene had values of -2.29 cm/s and -3.95 cm/s
respectively (Table 5). The terpenes were predicted as non-inhibitors of CYP1A2, CYP2C19,
CYP3A4 with only P-cymene, alpha-terpinene and sabinene having the potential not to
inhibit CYP2C9. In the case of the flavonoids, all the compounds except for genistin showed
high Gl absorption potential, could not serve as Pgp substrates while only Daidzein can
permeate the BBB. The alkaloids had Log Kp > 5.0 with no inhibitory potentials on CYP2C19
and CYP2C9 (except phloretin) although all the compounds could possibly inhibit the activity
of CYP1A2, CYP2D6 and CYP3A4 respectively (S4 Table).

Apart from phytol that disobeyed the Veber and Egan rule, all the terpenes obeyed the rules
in addition to Lipinski’s although they disobeyed the Ghose and Muegge rules. The

flavonoids on the other hand obeyed all the rules except for genistin that violates the Veber,
Egan and Muegge rules respectively. Overall, the bioavailability scores of both terpenes and
flavonoids were found to be 0.55 F (S5 Table). All the terpenes did not pass the lead likeness
test while all flavonoids (except for genistin) scaled through the lead likeness test (S6 Table).

Moreover, the terpenes had zero alert PAINS with zero or one alert brenk and synthetic
availabilities of 2 1.00. In the case of flavonoids, the compounds fisetin, baicalein and
quercetin had 1 alert PAINS and brenk with catechol A. Other compounds showed 0 alert
PAINS and 0 alert brenk respectively (Table 5).

4, Discussion

K. pneumoniae was studied due to its ability to become progressively resistant to almost all
classes of conventional antibiotics (Adeosun et al., 2022). As such, its virulence poses threat
to global health, hence, the need to explore the potentials of bioactive compounds as
alternative treatment remedies. The present study explored new targets within the bacterial
cell that could be modulated by bioactive compounds as potential therapeutic targets and
inhibitors to attenuate mild to severe infections (Gorlenko et al., 2020). Since terpenes,
commonly found in essential oils and flavonoids possess antimicrobial actions of
bacteriostatic and bactericidal effects (Mahizan et al., 2019), they were explored to inhibit
virulence factors in K. pneumoniae, which is often modulated by SdiA protein. Due to the
unavailability of the crystal structure of SdiA protein from K. pneumoniae in the structural
databases, its 3D model was built using the Swiss model workspace and the quality of the
built model was validated. Currently, in silico pharmacology paradigm is being explored as a
result of its wide range of prospects which speeds up the identification of new targets and
eventually result in the development of drugs with anticipated biological activity for these
novel targets (Ekins et al., 2007).

Virtual screening strategies such as molecular docking and MDS are often employed for the
prediction of the preferred binding orientation of ligands into receptors (Ramirez &
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Caballero, 2018). These approaches provide quick insights on the specific targets and
compounds that are likely to move from the laboratory to the clinic and eventually to the
market as rapidly as possible given the amount of information that needs to be processed
for drug discovery (Swaan & Ekins, 2005).

Molecular docking is a technique in drug discovery which is useful in estimating the binding
and fitting of two molecular structures. In addition, it reveals the molecular recognition
pattern between protein and ligands (Naqvi et al., 2018), hence, it was employed in this
study. Findings from our docking studies presented insightful interactions between the test
phytocompounds and the SdiA receptor protein, implicated in the expression of virulence in
K. pneumoniae. Ligand interactions were shown in Figures 4 and 5. Docking results
confirmed nine (9) terpenes and eight (8) flavonoids as competitive inhibitors of virulence,
vital in the development of therapeutic agents for the management of K. pneumoniae
infections. Of the studied chemical groups, phytol (-9.205 kcal/mol) and glycitein

(-9.752 kcal/mol) had the best docking scores, displaying the highest binding affinity.

The improved binding affinities can be attributed to the test compounds’ ability to fit well in
the receptor’s pocket (Baloyi et al., 2021). Good docking scores observed for these
compounds suggest that they are better QSIs which can be characterized by the presence of
functional groups. The presence of methoxy and hydroxy functional groups in glycitein
structure could have contributed to its good binding property, thereby making it a better
QSl as per the criteria stated by Qin et al. (2020). Hydroxyl group is also found in phytol
which consists of an oxygen atom covalently linked to a hydrogen atom. The link between
oxygen and hydrogen is extremely polar due to the strong electronegativity of the oxygen
atom (Swaan & Ekins, 2005). Resulting from this, water molecules are drawn to the hydroxyl
group, generating hydrogen bonds which in turn improves the binding affinity. (Chen et al.,
2016; Oyewole et al., 2020) documented that ‘the higher the binding affinity as observed for
phytol and genistin in this study, the more improved the inhibitory effect of the compound’.
This presents them as the most potent of all the terpene and flavonoid compounds
considered in this study.

Good docking scores were also reported for apigenin (-8.222 kcal/mol), quercetin

(-9.290 kcal/mol) and phloretin (-9.722 kcal/mol) in this study. Congruent to our findings,
(Vikram et al., 2010) have previously reported apigenin and quercetin as effective
antagonists of QS, inhibiting virulence in other GNB such as Vibrio harveyi and Escherichia
coli 0157:H7. The good docking scores observed for the tested terpenes and flavonoids
imply that they have inhibitory actions that are linked to SdiA binding mechanisms. This also
suggests that they may be physiologically active as well as highly efficient molecules, as they
provide energy to promote the protein-ligand binding interaction (Gupta & Bajaj, 2018). The
direct binding of virulence-associated proteins as observed in this study can be added as
potent therapeutic target of flavonoids, in addition to the antibacterial mechanism of
action, as also noted by Donadio et al. (2021).

Furthermore, the hydrogen bond interactions observed in some compounds like phytol
against the SdiA protein were comparable to furanosyl borate diester (A1-2 molecule)
hydrogen bonded with Val57, Argl11, Leul15, Arg116. Glycitein formed hydrogen bonds
with Ser43, phloretin with PG4 302 and H0, fisetin with Asp80 and Ser13, genistin with
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Asp97 and Trp 95, baicalein with Asp97, daidzein with Ser43 and quercetin with Trp57.
According to (Ahmed et al., 2021), the hydrogen bond between a protein and a ligand plays
a significant role in their recognition and is often useful in investigating the stability,
directionality, and specificity of polar interactions.

Another vital virtual screening tool employed in this study is MDS. MDS helps to study
atomic movements of biological systems, and to understand molecular interaction
mechanisms (Naqvi et al., 2018). The RMSD and RMSF are the two most widely used metrics
of structural fluctuations in MDS which provides insight on inter-atomic motions and
stability of the protein-ligand complex (Kuzmanic & Zagrovic, 2010).

RMSD is important for analyzing time-dependent structural motions as well as determining
structure’s inability to drift away from the initial coordinates over time in simulations
(Martinez, 2015). Our study ascertained the overall conformational stability of SdiA protein
upon binding to the test compounds by monitoring the RMSD, where RMSD of the bound
systems were measured relative to the unbound SdiA structure. Results revealed varying
stability of the compounds with RMSD scores ranging between 1.48 A to 2.58 A for terpenes
and 1.44 A to 2.50 A for flavonoids (Table 4). Overall, all the bound compounds (terpenes
and flavonoids) stabilized the SdiA conformation as evidenced by the estimated RMSD
averages in the range 1.44 A to 2.58 A for all bound systems in contrast to the unbound SdiA
system after the 100 ns simulation. Notably, sabinene and genistin had the lowest RMSD
averages of 1.48 A and 1.44 A respectively for the terpenes and flavonoids, correlating to
the compounds that enacted the most structural stability. In most structural studies, a
higher average RMSD correlates to a less stable structural conformation and vice versa as
employed in various studies (Abdullahi et al., 2018; Salifu et al., 2019). According to
(Ramirez & Caballero, 2018), RMSD < 2.0 A corresponds to good docking solutions.
Moreover, RMSD scores between 2.0 and 3.0 A may have deviated from the position of the
reference, but they keep the desired orientation. Corroborative to the set rules in (Qin et al.,
2020), none of the studied terpenes and flavonoids had RMSD score >3.0 A.

Furthermore, the displacement of a single atom, or a group of atoms, relative to the
reference structure is measured by RMSF, which is averaged across the number of atoms
(Farmer et al., 2017). RMSF was calculated in our study to elucidate the flexibility and
motion of individual residues in the protein.

The average deviation of the systems was monitored by the RMSF from a reference point
over 100 ns. Our findings revealed RMSF scores ranging from 1.08 A to 3.74 A for the studied
terpenes and flavonoids (Table 4). Overall, quercetin revealed the least RMSF score (1.08 A),
which correspond with the RMSD to depict high stability. The good RMSF score observed
may imply that the catalytic machinery in the SdiA active site was not altered by its binding
(Martinez, 2015).

The assessment of flexibility of the studied compounds indicates a diverse activity
associated with the binding of each compound. This is in reference to some of the
compounds (alpha-pinene, alpha-terpinene, 3-carene, phytol, sabinene, apigenin, biacelein,
genistin, phloretin and quercetin) exhibiting less flexibility on the SdiA structure while other
compounds such as beta-pinene, camphene, isoterpinene, p-cymene, diadzein, fisetin and
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glycitein proved to be highly flexible relative to the unbound SdiA state. The substantial
difference in structural flexibility of the bound terpenes and flavonoids in contrast to the
unbound SdiA could play a crucial role in the biological activity of the protein (Salifu et al.,
2019), as the binding of the compounds may result in a more flexible or more rigid SdiA
structure which directly impacts the native state of the protein.

The molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) and the molecular
mechanics/generalized-born surface area combine molecular mechanics computations with
continuum solvation models to derive binding free energies for macromolecules (Hou et al.,
2011). They serve as powerful tools in drug design where a correct ranking of inhibitors is
often emphasized (Hou et al., 2011). Hence, the approach which represents a higher-level
scoring theory than docking was used to estimate the aggregate binding free energy of the
compound complexes as presented in Table 4. Genistin revealed the highest binding free
energy score of -68.1393 kcal/mol for flavonoids while phytol revealed -44.2625 kcal/mol
as the highest for terpenes. These calculated energies provide comprehensive molecular-
level evidence that could be useful to design a drug by creating better ligand binding.

In addition, certain parameters of the selected terpenes and flavonoids were predicted for
their physicochemical properties, lipophilicity, water-solubility, pharmacokinetics, drug-
likeness and medicinal chemistry. In this study, the drug likeness properties were
characterized to determine the pharmacokinetics of the test compounds, by testing for
favorable ADME (absorption, distribution, metabolism, and excretion) properties. A major
criterion employed for the characterization was hinged on the lipinski rule of five. This rule
predicts the poor absorption or permeation of a drug when there are more than 5 hydrogen
bond donors, 10 hydrogen bond acceptors, molecular weight larger than 500, and an
estimated Log P (CLog P) value greater than 5 (Benet et al., 2016). Results of this assessment
revealed that the test compounds obeyed the rules, with glycitein, phloretin, quercetin,
fisetin, apigenin, alpha terpinene, isoterpinolene, biacalein and diadzein having no violation.
However, phytol, genistin, beta pinene, alpha pinene, p-cymene, 3-carene, sabinene and
camphene only showed one violation each, which is considered acceptable since the
violation does not exceed one, a submission opined by Pathania and Singh (2021). This
result suggests the potential drug-likeness features of the compounds. Drug likeness can
often be used as a proxy for oral bioavailability especially because bioavailability is amongst
the most prominent criteria of a drug (Bickerton et al., 2012). Heavy atoms were also
observed in the test compounds. The presence of heavy atoms in compounds is an
important chemical structure-related character linked to their physiochemical properties
and drug-likeness properties (Mao et al., 2016). Other pharmacokinetic principles such as
ghose filter, veber filter, egan filter and muegge filter also supported the drug likeness
characteristics of the test compounds as shown in S5 Table. These principles are accepted
by researchers as one of the key evaluation parameters for the drug-likeness of any virtually
screened molecule (Pathania & Singh, 2021).

Another interesting finding from this study is that all the terpenes studied but phytol can
permeate the blood-brain barrier (BBB) (Table 2), suggesting their potential to permeate the
central nervous system (CNS) which is indicative of therapeutic ability. This corroborates the
submission of Agatonovic-Kustrin et al. (2019) who opined that many terpenes could cross
the BBB. From the flavonoids tested, daidzein revealed the ability to permeate the BBB,
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possibly due to its broad therapeutic activities which include cardioprotective, anticancer,
anti-allergic, antidiabetic, anti-inflammatory and anti-oxidative properties as reported by
Kwiecien et al. (2020). Stout et al. (2013) corroborates that daidzein can cross the BBB in
mice, and to improve cognition, reduce anxiety, aggression, and increase locomotory
movement.

In medicinal chemistry, the Brenk and pan assay interference compounds (PAINS) structural
alerts predict unstable, reactive, toxic fragments present in the structure (Sultan et al.,
2020). All active compounds, except fisetin, baicalein and quercetin had zero alerts in PAINS
descriptors (Table 5), providing added promising indicators as drug candidates.
Physicochemical characteristics are critical in the efficiency, care, and absorption of
compounds (Meanwell, 2011).

Thus far, the in-silico results demonstrate phytol, genistin and glycitein as the best
compounds bound to the modeled SdiA receptor protein, revealed high binding energies,
demonstrated stability and less fluctuation in the atomic and inter-atomic interactions in
the protein-ligand system, showed drug-like properties as well as moderate solubility in
water. The ability of the studied compounds to inhibit virulence activities in K. pneumoniae
have been elucidated in vitro. Results of the in vitro studies validated the in-silico findings,
proving the compounds to be promising in the development of drugs against K. pneumoniae
infections.

5. Conclusions

The continuous emergence of MDR K. pneumoniae necessitates the search to explore
natural products of plant origin as pivotal in the management of its infections. This study
validated p-cymene, alpha-pinene, isoterpinolene, alpha-terpinene, phytol, 3-carene, beta-
pinene, sabinene, camphene, fisetin, genistin, diadzein, quercetin, glycitein, phloretin,
apigenin and biacalein (terpenes and flavonoids) bound SdiA's autoinducer binding site
forming critical interactions with the binding site’s key residues. The MDS established the
inhibitory performance and interactions revealing free binding energies as high as
-68.1393 kcal/mol for genistin (flavonoid) and -44.2625 kcal/mol for phytol (terpene). The
drug-likeness prediction of the selected compounds validated their drug potential
conferring them as promising QSI drugs for K. pneumoniae. Therefore, the study further
suggests the exploration of terpenes and flavonoids as alternative QSls, other than the
known antibacterial target sites.
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