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Abstract: As a frequent cause of colitis and nosocomial infections, Clostridium difficile continues to be an important
pathogen of concern. To the authors’ knowledge, no specific medication is available to counteract the effect of C.
difficile toxins. This study aimed to identify the most potential antagonists for the two major toxins of C. difficile:
TcdA and TedB. A library of plant-derived compounds (N=8,858) was screened for toxin inhibitors using a series of
computational methods. In standard-precision docking, the binding affinity for TcdA inhibitors was lower (-13.265 to
-12.132 kcal/mol) than the control UDP-glucose (-9.62 kcal/mol). Similarly, the binding affinity for TcdB inhibitors
was lower (-6.995 to -5.395 kcal/mol) than the control apigenin (-4.377 kcal/mol). The Gibbs free energy (AG) was
also lower for TcdA inhibitors (-116.08 to -67.31 kcal/mol) and TcdB inhibitors (-59.88 to -35.06 kcal/mol) as com-
pared to their respective controls (-13.82 and -41.26 kcal/mol, respectively). Based on interactions of these toxins
and drug candidacy, the top 10 compounds for each target, providing higher binding affinities for TcdA and TcdB
as compared to their positive controls, were identified. An evaluation of the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties of these selected compounds suggests them to be good drug candidates
against C. difficile toxins. Notably, one compound, TIPO09928, was common in both selected inhibitor pools, and
may be a good drug candidate against both TcdA and TcdB toxins. This finding is based on chemoinformatics and
therefore requires validation with in vivo and in vitro experiments before these potential inhibitors could be consid-
ered as prospective therapeutics for C. difficile infections.
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Introduction

Clostridium difficile is a gram-positive, spore-
producing bacterium that causes diarrhea and
intestinal inflammation, known as colitis, in
patients who have undergone antibiotic thera-
py [1-3]. Globally, the C. difficile incidence rate
was estimated by a meta-analysis study [3] to
be 8.3 cases per 10,000 patient-days, while in
the United States, the incidence was estimated
to be 453,000, with 29,300 deaths [4], making
C. difficile one of the most frequent and costly
nosocomial emerging infections [5]. The patho-
genic invasion of C. difficile depends on a vari-
ety of virulence factors, including toxins, spore
formation, adherence, and motility [2, 6]. In a
hostile environment, C. difficile produces toxins

that target intestinal epithelial cells, and this is
followed by endocytosis, the activation of cata-
lytic domains, and tissue necrosis [2]. There-
fore, the use of inappropriate antibiotics may
increase toxin production [7]. Also, recently, the
antibiotic resistance of C. difficile is increasing
[8]. Further, its spore-forming ability helps this
pathogen survive in unsuitable conditions and
facilitates nosocomial and community trans-
mission [2].

The C. difficile encodes five pathogen-related
proteins [9]. Among them, two major homolo-
gous toxins are Toxins A (TcdA) and B (TcdB),
both belonging to the family of clostridial toxins
[10]. The lengths of the TcdA and TcdB proteins
were 537 and 540 amino acid residues, respec-
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tively, and both toxins contain glucosyl-transfer-
ase domains, which inactivate key signaling
molecules within the host [2, 10]. For instance,
once inside the cell, they deactivate the cyto-
solic Rho/Ras GTPases that disrupt the cyto-
skeleton and cellular junctions, leading to a
loss of epithelial integrity [9]. Nevertheless, a
multi-laboratory follow-up study revealed TcdB
as the principal virulence factor, while TcdA was
a minor influencer of intestinal inflammation in
animal models [10, 11].

The infection caused by C. difficile becomes
challenging to treat due to its increased resis-
tance to multiple classes of antibiotics, includ-
ing metronidazole and vancomycin [12], which
necessitates the need for alternative therapeu-
tics [1, 8, 13], including candidate vaccines
[14, 15] and plant-based medicines [16, 17].
Since toxins cause C. difficile colitis, research-
ers are trying to identify small molecule inhibi-
tors that specifically target these toxins to
deactivate their glucosyltransferase activities
[18]. In this case, computer-aided drug design
and virtual screening may be an important
approach to filter out potential drug candidat-
es from large databases. Interestingly, plant-
based chemicals may be a potential source of
such inhibitors, as they are less likely to pro-
duce unwanted side-effects. In recent years,
the computational approach has become a
powerful tool in the field of drug discovery by
reducing time, effort, and costs involved. For
instance, several drugs, such as PRX-03140,
PRX-00023 in Phase llb, and Aggrastat, were
successfully discovered through the virtual
screening processes [19]. Furthermore, molec-
ular docking and recognition can play signifi-
cant roles in understanding the complex rela-
tionships in the biological system.

In this study, we intend to identify potential phy-
tochemicals that can act against C. difficile tox-
ins, and the identified phytochemicals will also
be assessed for their drug-likeness by a com-
putational approach.

Materials and methods
Collection and preparation of protein

The crystal (3D) structures of TcdA (PDB# 3SRZ;
Res: 2.58 A) and TcdB (PDB# 5UQT; Res: 2.75

A) were collected from the Protein Data Bank
(https://www.rcsb.org/) and processed for fur-
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ther computational analysis by the removing
water molecules around the active site (>5A).
The Protein Preparation Wizard (Mestro v11.8,
Schrodinger) was employed to optimize and
minimize in terms of proper bonding orders, the
addition of hydrogen (H) atoms and missing
residues and the generation of tautomer/ion-
ization states at the physiological pH of 7.0
[20]. Lastly, the crystal structure was minimiz-
ed (RMSD cutoff =0.30 A) by applying the
OPLS_2005 force field [21].

Generation of receptor grid

A 3D cubic space (called the grid-box) around
the active site of the protein, where the ligands
are supposed to interact was identified for tar-
geted molecular docking. Mestro’s Glide v8.1
module was used to define the grid-box by
using the co-crystal ligands of the TcdA and
TcdB proteins. Furthermore, the cutoff value for
the Van der Waals interactions was set to 1.0 A,
while 0.25 was kept as the threshold for the
partial atomic charge. Moreover, no constraints
or rotatable groups were defined.

Ligand selection and preparation

The TIPdb database (https://cwtung.kmu.edu.
tw/tipdb/), which is manually curated, contains
a variety of indigenous and endemic plant spe-
cies of Taiwan [22]. All of the compounds from
this database were downloaded in SDF format,
containing the 3D structure, and an internal
library was developed using the LigPrep v2.2
module (Maestro v11.8). This was followed by
ligand preparation. The Epik v4.6 software [23]
was applied to desalt the ligands and to gener-
ate ionization/tautomeric states at a physiolog-
ical pH of 7.0+2.0. The 3D structures of the
ligands were used to anticipate their chirality.

Molecular docking studies

The binding interactions between TcdA/TcdB
and the ligand molecules were estimated with
the Glide v8.1 module [24], where the co-crys-
tal ligands, UDP-glucose analogue and apigen-
in, were considered as the controls for TcdA
and TcdB, respectively. An extra-precision (XP)
docking was applied to the top 10 identified
candidates, that is, from the molecules show-
ing greater binding affinities as compared to
the controls in standard-precision (SP) dock-
ings against toxin proteins. The binding affinity
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was calculated with a standard-precision meth-
od, where results were provided by a score
(G-score) assigned to each ligand. A lower
G-score indicates a higher affinity for the mole-
cule. The docked complexes were analyzed and
visualized for binding interactions and associ-
ated residues with Discovery Studio 2017
(BIOVIA, USA).

Estimation of binding free energy

Docking interaction was then validated by cal-
culating the binding Gibbs free energy (AG) of
the docked complexes using the Prime/MM-
GBSA method (Maestro v11.8). The optimiza-
tion and minimization of the docked complex-
es were done by using the OPLS_2005 force
field [25]. Then, AG was estimated via the com-
bination of OPLS molecular mechanics ener-
gies, a polar solvation term, a nonpolar solva-
tion terms, i.e., the solvent-accessible surface
area and Van der Waals interactions. The simu-
lations were executed with the GBSA continu-
um solvent model [26].

Prediction of ADMET properties

Based on the G-scores, we selected potential
ligands and evaluated them on their absorp-
tion, distribution, metabolism, excretion, and
toxicity (ADMET) properties to identify the most
important and most suitable drug leads [25].
The QikProp v5.8 module of Maestro v11.8 was
used to evaluate the drug-likeness features of
the potential ligands [27]. This module antici-
pates a total of 44 features that were consid-
ered while designing and finding drug leads.
Finally, we compared those criteria with their
respective optimal values found in 95% of
known drugs [25]. Also, we applied Lipinski’s
rule of five [28] to filter out potential leads that
are important in rational drug design [25].

Results
Proteins and ligand database

For docking studies, we optimized and mini-
mized the TcdA and TcdB proteins energetically.
An internal library, containing 8,858 phyto-
chemicals with a total of 19,171 conformation-
al states, was created in the LigPrep module.
For ligand-based virtual screening, the whole
library was docked into the generated grid-box
area in the TcdA and TcdB active site.
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Binding affinity and interactions

Molecular docking was performed to observe
the efficiency of phytochemicals to inhibit
the toxins, TcdA and TcdB, from C. difficile
through competitive binding. In standard-preci-
sion (SP) docking against the TcdA protein, a
total of 895 molecules showed greater binding
affinity as compared to control UDP-glucose
(-9.62 kcal/mol). After extra-precision (XP) do-
cking, 10 candidate molecules with a greater
binding affinity (-16.369 to -19.432 kcal/mol)
were selected towards TcdA (Table 1). Similar-
ly, a total of 883 molecules showed greater
binding affinity in the SP docking for TcdB inhib-
itors. After XP docking, the top 10 potential
inhibitors were selected with binding affinities
ranging from -7.522 to -5.433 kcal/mol, which
were lower than those of the control, apigenin,
which had a binding affinity of -3.186 kcal/mol
(Table 1).

Most of the molecules from the selected panel
(Table 1) against TcdA had more active site res-
idues than the control. There were two excep-
tions: TIPO06135 and TIPO09947. For instance,
the native ligand produced a total of 23 con-
tacts, including 20 hydrogen bonds (H-bonds),
and interacted with 13 binding residues, where-
as the TIPOO6588 molecule provided a total
of 33 contacts (highest), including 24 H-bonds,
that interacted with 15 binding residues.
Notably, the binding patterns of the selected
10 molecules were similar to those of the native
ligand. For example, the most common resi-
dues were Asp285 and lle102, which were
prevalent in all docked complexes (12), includ-
ing the control, followed by Leu264 (11), Trp101
(12), Trp519 (10), Ser268 (10), Leu518 (9),
Asp269 (8), Val100 (8), Asn516 (7), and Arg272
(6). Conversely, Lys141 and Gly469 were the
least frequent residues, interacting only once
with TIPO0O6135 and TIP0O10278. Other less
prevalent residues include Asp287, GIn513,
and l1e382, which were found with three com-
pounds while 1le465 was present with three
compounds. Altogether, our results suggest 11
potential compounds which exhibit binding pat-
terns that were similar to those of the native
ligands, offering higher efficiency, and indicat-
ed the proper binding with the active site resi-
dues. Figure 1 shows the interactions of the
best three compounds with TcdA, along with
the control ligand.
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Table 1. Binding affinities, interactions, and residues involved between inhibitors and toxin (TcdA and

TcdB)
SP Docking XP Docking Total con- ’ .
Compounds H-bonds Interacting residues
P (kcal/mol) (kcal/mol) tacts (n) g
Docking result for TcdA toxin
UDP-glucose -9.62 -15.273 23 20 (15) Arg272, Arg4d62, Asn383, Asp269, Asp285, Glu514, 1le102, Leu264,
Pro470, Ser268, Trp101, Trp519, Val100 (13)
TIPO06135 -12.534 -18.622 22 12 (8) Ala265, Arg272, Asn138, Asp269, Asp285, lle102, Leu264, Leu518,
Lys141, Ser268, Trp101, Trp519, Val100 (13)
TIPO06588 -12.629 -18.93 33 24 (15) Ala377, Asn516, Asp269, Asp285, Asp522, Glu514, lle102, 11e382,
1le465, Pro470, Ser517, Trp101, Trp519, Tyr283, Val100 (15)
TIPOO7177 -12.512 -18.634 31 18 (14) Ala265, Arg272, Asn138, Asn516, Asp269, Asp285, Asp287, GIn513,
1le102, Leu264, Leu518, Ser268, Ser517, Trp101, Trp519 (15)
TIPOO7178 -12.429 -19.432 31 18 (14) Ala265, Arg272, Asn138, Asn516, Asp269, Asp285, Asp287, GIn513,
1le102, Leu264, Leu518, Ser268, Ser517, Trp101, Trp519, Val100 (16)
TIPOO7429 -12.306 -18.76 24 13(10) Ala265, Arg272, Asn138, Asp269, Asp285, lle102, Leu264, Leu518,
Ser268, Trp101, Trp519, Val100 (12)
TIPO09269 -12.47 -17.101 24 11(6) Ala265, Argd62, Asn383, Asp285, Ile102, Leu264, Leu518, Ser268,
Trp101, Trp519 (10)
TIPO09928 -12.458 -16.369 27 18 (12) Ala265, Ala377, Argd62, Asn516, Asp269, Asp285, Glu514, lle102,
11382, lle465, Leu264, Leu518, Pro470, Ser268, Trp101, Trp519,
Val100 (17)
TIPO09947 -12.132 -16.954 22 15 (11) Ala265, Arg272, Argd62, Asn383, Asn516, Asp285, GIn513, 1le102,
Leu264, Leu518, Ser268, Trp101 (12)
TIP0O10278 -13.265 -16.825 25 15(8) Ala265, Asn516, Asp269, Asp285, Gly469, lle102, Leu264, Leu518,
Pro470, Ser268, Trp101 (11)
TIP012332 -13.116 -17.793 26 14 (9)  Ala265, Asn138, Asn516, Asp285, Asp287, 1le102, Leu264, Leu518,
Ser517, Trp101, Trp519,Val100 (12)
Docking result for TcdB toxin
Apigenin -4.377 -3.186 4 4(3) Argd45, Agi602, Gly444, Alad41, and 1le491 (5)
TIPO06360 -6.995 -7.522 19 16 (11) Ala439, Alad41, Argd45, Asn440, Asn490, Gly444, His492, lle491, and
Met436 (9)
TIP0O09928 -6.069 -5.545 14 12 (8) Alad41l, Argd45, Asn440, Glu449, and 1le491 (5)
TIPO06585 -6.015 -6.101 14 11(5) Ala439, Alad41, Argd45, Glu449, and 11e491 (5)
TIPO10071 -5.832 -7.315 16 13(8) Alad41, Argd45, Asn490, Glu449, and Gly444 (5)
TIPO03016 -5.735 -5.827 11 8(6) Ala439, Alad41, Arg445, Gly444, Met436, and Met448 (6)
TIPO06587 -5.548 -6.274 13 12 (7)  Alad41, Argd45, Asn440, Glu449, Glud72, Gly444, Lys452, and
Met448 (8)
TIP0O11613 -5.545 -7.017 16 14 (9)  Ala439, Ala441, Argd45, Glu449, Gly444, Lys452, And Met448 (7)
TIPOO5703 -5.5627 -5.433 4 3(2) Glu4d72, Asn467, Ala441, and Arg445 (4)
TIPO06359 -5.467 -6.193 13 9(7) Argd45, Asn443, Asn490, Glu449, Met448, and Met489 (6)
TIPOO7931 -5.395 -5.766 15 11(8) Alad41, Argd45, Asn490, Glu449, Gly444, and Met448 (6)

The calculation of interactions and involved residues were based on the XP docking and executed in Discovery Studio 2017. Abbreviations: SP, standard-precision dock-
ing; XP, extra-precision docking; H-bonds, hydrogen bonds; and CHB, conventional hydrogen bond; UDP-glucose, uracil-diphosphate glucose.

A similar result was observed for the TcdB pro-
tein, with much higher interactions for the
potential candidates than the control, apigen-
in. For instance, the most potent inhibitor,
TIPO06360, interacted with TcdB through a
total of 19 contacts (highest), while apigenin
provided only 4 contacts. Moreover, most of
them shared several active site residues with
the native ligand. The residue, Arg445, was
found to be involved in the interactions of all of
the docked complexes. Other prevalent resi-
dues include Ala441 and Gly444. The number
of residues involved in the apigenin-TcdB com-
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plex was four, while TIPOO6360 showed inter-
actions to nine residues, which was followed by
TIPO06587 (8) and TIP011613 (7), as listed in
Table 1. Figure 2 shows the interactions of the
best three compounds with TcdB, along with
the control ligand.

Binding free energy and post-docking valida-
tion

The calculated binding energy (AG,, ) for the
TcdA inhibitors ranged from -116.08 to -67.31
kcal/mol, lower than the control (-13.82 kcal/

Int J Clin Exp Med 2021;14(12):2620-2630
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Figure 1. Molecular docking between TcdA and its inhibitors. The binding interactions between (A) TcdA protein and UDP-glucose analogue (control); (B) TcdA and
compound TIPOO7178; (C) TcdA protein and compound TIPO06588; and (D) TcdA and compound TIPO07429. The docking illustration is prepared in Schrodinger’s
Maestro.
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Figure 2. Molecular docking between TcdB and its inhibitors. The binding interactions between (A) TcdB protein and apigenin (control); (B) TcdB and compound
TIPO06360; (C) TcdB protein and compound TIP0O10071; and (D) TcdB and compound TIP011613. The docking illustration is prepared in Schrodinger’'s Maestro.

2625 Int J Clin Exp Med 2021;14(12):2620-2630



Molecular docking to identify inhibitors of C. difficile toxins

Table 2. The post-docking binding free energy of the top 10 inhibitors of TcdA and TcdB protein

Compounds AGBind AGCOUI AGCoval AGHbond AGl_ipo AGSOIVGB AGvdw SELig

post-docking binding free energy of the top 10 inhibitors of TcdA
UDP-glucose -13.82 175.16 14.59 -6.1 -19.5 -129 -48.96 27.31
TIP009928 -100.55 -40.77 13.5 -4.37 -54.82 60.28 -71.61 3.7
TIPOO7429 -14.47 -40.93 16.26 -4.46 -35.09 43.97 -50.71 18.38
TIP012332 -67.31 -37.84 2.83 -4.48 -26.71 51.98 -51.84 9.59
TIPO06135 -77.3 -26.02 10.24 -5.65 -35.29 36.23 -53.44 3.93
TIPO09947 -93.31 -565.37 7.23 -4.67 -38.54 53.04 -51.91 13.32
TIP010278 -83.15 -47.86 20.53 -4.54 -563.15 56.55 -52.34 24.18
TIPO09269 -79.82 -1.22 9.92 -7.45 -35.53 16.68 -52.36 8.77
TIPOOT7177 -77.6 -19.22 11.31 -5.94 -40.12 47 -66.88 11.22
TIPOO7178 -82.29 -22.56 8.22 -7.38 -39.19 45.63 -63.68 14.75
TIPO0O6588 -116.08 -32.92 13.39 -3.07 -79.11 55.83 -70.22 24.31

post-docking binding free energy of the top 10 inhibitors of TcdB
Apigenin -41.26 -16.79 2.49 -0.88 -23.68 16.89 -19.29 2.39
TIPOO6360 -44.43 -40.1 5.38 -2.5 -16.31 33.76 -22.98 22.03
TIPO10071 -40.7 -11.78 -5.46 -3.06 -15.35 28.72 -33.6 16.97
TIPO11613 -51.03 -27.59 2.01 -2.88 -25.63 35.08 -31.91 24.9
TIPO06587 -54.7 -22.91 -0.43 -4.85 -26.15 40.19 -40.38 28.56
TIPO06359 -51.34 -35.28 8.41 -3.65 -26.91 40.04 -32.97 32.22
TIPO0O6585 -45.01 -19.95 -5.95 -34 -13.6 23.29 -24.07 24.64
TIPO0O3016 -57.37 -28.86 6.91 -1.25 -26 25.7 -33.87 9.86
TIPOO7931 -49.28 13.87 10.04 -6.68 -19.56 -24.86 -22.09 10.56
TIP0O09928 -59.88 -45.59 -3.51 -3.61 -19.4 44.45 -31.73 16.12
TIPOO5703 -35.06 -66.18 213 -1.11 -18.33 62.84 -14.04 2.34
TIPOO6360 -44.43 -40.1 5.38 -2.5 -16.31 33.76 -22.98 22.03

The calculation of binding free energy and related energy statistics were based on the XP docking and executed in Maestro’s

Prime/MM-GBSA module. Abbreviations: AG
van der Waals energy of the complex; AG
strain energy of the ligands.

Bind’

Lipo’

mol), while for the TcdB inhibitors it ranged
from -35.06 to -59.88 kcal/mol, comparable
with the control (-41.26 kcal/mol), as can be
seen in Table 2. These results are completely
in line with the docking studies. In brief, the AG
of the H-bonds were also comparable (-3.07 to
-7.45 kcal/mol) to those of the native ligand
(-6.10 kcal/mol) for the TcdA inhibitor. Similarly,
the AG of the covalent and Van der Walls inter-
actions was close to those of the control ligand.
Importantly, the strain energies of all ligands
(3.70-24.31 kcal/mol) were lower than the
27.31 kcal/mol of the positive control (Table 2).
Unlike the control, however, the solvation ener-
gy (AG, s Was positive for all potential com-
pounds, which indicates their endothermic
binding. Likewise, the AG of the Coulomb inter-
actions of all compounds was negative, in con-
trast to the native ligand.
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MM-GBSA free binding energy; AG
lipophilic energy of the complex; AG

Coulomb energy of the complex; AGvdW,
solvation energy of the complex; SE,

Coul”

SolvGB’ Lig’

As for the TcdB inhibitors, the AG of these inhib-
itors was also consistent with their respective
docking scores. For instance, the TIPO09928
inhibitor revealed -59.88 kcal/mol of binding
free energy, while it provided -5.545 kcal/mol
of binding affinity.

Pharmacological profile and drug-likeness

The drug-like properties of potential com-
pounds selected by SP and XP dockings were
further considered in an absorption, distribu-
tion, metabolism, excretion, and toxicity (AD-
MET) properties evaluation (Table 3). Most
of the evaluated compounds of the TcdA inhibi-
tor had molecular weights below 725 kDa,
except for TIPO09928, while only four com-
pounds of the TedB inhibitor were within the
accepted range. Also, the solubility index of
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Table 3. The drug-like properties of the 10 inhibitors of TcdA and TcdB protein

Properties Rotor CNS MW SASA dHB aHB logPC16 logPoct logPw logPo/w  logS logBB logKkp  EA(eV) logKkhsa VRO5
(Optima) (0-15) (-2-2) (130-725) (300-1000) (0-6) (2-20) (4-18) (8-35) (4-45) (-2-6.5) (-6.5-0.5) (-3-1.2) (-8-1.0) (-0.9-1.7) (-1.5-1.5) (0-4)
The drug-like properties of the top 10 inhibitors of TcdA protein
TIPO06135 12 -2 480.4 721.1 8 14.5 16.3 345 289 2.1 -2.8 -4.8 -7.9 0.6 1.1 2
TIPO06588 27 -2 816.8 1087.0 12 305 26.2 57.0 48.7 -3.8 -1.4 -6.8 -7.1 0.6 2.4 3
TIPOO7177 15 -2 616.5 917.2 9 16.3 21.9 412 334 -1.6 4.3 -7.0 9.1 0.8 -0.9 3
TIPOO7178 16 -2 632.5 927.7 10 171 22.5 43.7 355 -2.3 4.1 -1.7 9.9 0.8 1.1 3
TIPOO7429 11 -2 464.4 710.5 7 13.8 15.8 322 26.8 -1.5 -3.0 4.2 -6.9 0.7 -0.9 2
TIPO09269 10 -2 478.4 661.0 6 13.1 15.2 29.8 249 -0.9 2.7 -4.0 -7.6 0.9 -0.9 2
TIPO09928 24 -2 756.7 1065.3 11 271 25.2 53.0 445 -2.9 2.3 -6.7 -7.1 1.0 -2.0 3
TIPO09947 11 -2 466.4 688.5 7 14.0 15.3 31.8 26.7 -1.5 2.7 -4.0 -7.0 0.4 -0.9 2
TIPO10278 16 -2 610.5 864.6 9 21.5 20.2 429 371 -2.9 -2.6 -5.6 -7.8 0.7 -1.5 3
TIPO12332 11 -2 494 .4 670.1 7 13.8 15.7 321 26.8 -1.3 -2.5 4.3 -8.2 0.8 -1.0 2
The drug-like properties of the top 10 inhibitors of TcdB protein
TIPO03016 13 -2 581.0 790.2 8 18.9 18.0 39.4 329 -2.0 2.7 4.2 -6.8 0.8 -1.2 3
TIPOO5703 4 0 137.0 354.8 3 1.8 5.9 9.6 7.7 0.3 0.2 -0.2 -4.9 -0.3 -0.6 0
TIPO06359 21 -2 699.0 905.8 7 16.6 21.8 40.7 284 1.3 -3.3 -4.6 -5.8 0.3 -0.4 3
TIPO06360 24 -2 731.0 1078.1 9 19.0 26.0 476  34.7 0.1 4.5 -7.3 -7.3 0.3 -0.9 3
TIPOOB585 26 -2 787.0 915.7 12 288 227 541 459 -3.4 -0.3 5.2 -6.6 0.1 -1.9 3
TIPOOB587 26 -2 787.0 1062.7 12 288 258 56.2 473 -34 -1.6 -6.7 -7.1 0.5 2.2 3
TIPOO7931 10 -2 492.0 753.2 5 13.1 16.1 29.9 236 -0.2 -3.9 -4.5 -4 0.8 -0.8 2
TIP0O09928 24 -2 757.0 1067.4 11 271 25.3 542 44.4 -2.6 2.4 -6.4 -6.8 0.6 -1.9 3
TIPO10071 21 -2 773.0 1017.8 12 291 24.7 55.6 48.6 -4.9 -1.9 -1.4 9.2 1.2 2.3 3
TIPO11613 26 -2 787.0 1077.1 12 288 26.1 55.8 475 -3.8 -1.8 -1.4 -8.0 0.4 2.3 3

Rotor, the number of rotatable bonds; CNS, central nervous system activity; MW, molecular weight; SASA, solvent accessible surface area; dHB, donor hydrogen bonds; aHB, ac-
ceptor hydrogen bonds; logP ., hexadecane/gas partition coefficient; logP _, octanol/gas partition coefficient; logP,, water/gas partition coefficient; IogPo/w, octanol/water partition
coefficient; logS, aqueous solubility; logBB, brain/blood partition coefficient; Iong, skin permeability; logK, _, binding affinity to human serum albumin; V., number of violations of
Lipinski’s rule of five.

RO5’
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each compound was within the optimal range.
Most importantly, all candidates were in viola-
tion of less than three Lipinski rules (RO5),
which is in the acceptable range, since a maxi-
mum of four violations is allowed for a potential
drug candidate.

Discussion

This study represents the computational analy-
sis and molecular docking of TcdA and TcdB tox-
ins of C. difficile, which has become an emerg-
ing infectious agent with antibiotic resistan-
ce. Through molecular docking, we analyzed
19,171 conformational states of 8,858 phyto-
chemicals and identified 10 potential drug can-
didates to inhibit each toxin, separately. More
importantly, one candidate (TIPO09928) was
common for both toxins.

Previously, C. difficile was treated with antibiot-
ics and metronidazole. However, metronidazole
has issues regarding the pharmacokinetics in
intestinal infections, which made vancomycin
the preferred choice for treatment. However,
frequent use of vancomycin may lead to resis-
tance. Therefore, Fidaxomicin becomes anoth-
er choice [12]. However, not any of these treat-
ments are without potential side effects [3]. In
this study, therefore, a whole library of potential
plant derivatives from a Taiwanese (TIPdb)
database was investigated to specifically target
C. difficile toxins along with the positive con-
trols to provide a futuristic therapeutic candi-
date via a two-fold docking maneuver. In-
terestingly, most of the selected phytochemi-
cals for toxin inhibition were polyphenols, spe-
cifically, quercetin and myricetin derivatives.
They showed promising binding affinity towards
their targets through various non-bonded inter-
actions. Among the identified inhibitors, for
instance, compound TIPOO7178, that showed
the highest affinity for TcdA, is myricetin 7-(6"-
galloylglucoside). Another myricetin-based in-
hibitor was TIPO06135 (Myricetin 7-glucoside).
Furthermore, three TcdA inhibitors (TIPOO7177,
TIPOO7429, and TIPO09269) and two TcdB
inhibitors (TIPO10071 and TIPO03016) were
quercetin derivatives. Two hemiterpene gluco-
sides, hymenoside G (TIPO06360) and hymeno-
side F (TIPO06359), were also identified as
potential TcdB inhibitors, and these inhibitors
showed similar interactions to those of the
native molecules.

2628

The compound TIPO09928 that can bind to
and inactivate both TcdA and TcdB toxins is a
phenylpropanoid glycoside known as Lavandu-
lifolioside. Antibacterial activities of glycosides
are well-reported [29]. It has been demonstrat-
ed that myricetin and quercetin possess anti-
microbial activities against human pathogenic
microorganisms due to their inhibitory effects
on the cytoplasmic membrane, nucleic acid
synthesis, and energy metabolism [30]. In
some cases, the antibacterial effect of flavo-
noid glycosides is equal to or even higher than
that of ciprofloxacin. Hence, they might be
an effective replacement for antibiotics [29].
Other identified phytochemicals were mostly
different types of glycosides, e.g., lavandulifoli-
oside, lamiuside, plantagoside, hymenoside,
and purpureaside.

Furthermore, we estimated the binding free
energy to validate the docking results. The
higher AG values of the docked complexes sug-
gest that the identified phytochemicals are con-
sistent and efficient in binding with their tar-
gets. For instance, inhibitor TIP0O09928 showed
a strong binding affinity for TcdB and also pro-
vided the lowest binding free energies for TcdA
(-100.55) and TcdB (-59.88) proteins, which
were lower than their respective controls.
Further, we evaluated these compounds for
drug-ability and they showed optimal drug-like
properties with some violations in Lipinski’'s
rule of five, though the number of violations lies
within the acceptable limit. Therefore, these
phytochemicals can be useful in developing
therapeutic drugs to target the C. difficile
toxins.

Conclusion

In a nutshell, we employed a virtual screening
protocol to identify potential drug leads from
phytochemical resources that can inhibit the
catalytic domain of C. difficile toxins. The analy-
sis was done based on the binding affinities
of the compounds for TcdA and TcdB as com-
pared to their known ligands and inhibitors.
Interestingly, we found 19 potential phyto-
chemicals that showed both higher binding
affinities towards their respective targets and
suitable drug-like properties. Therefore, we
believe that these potential plant-based inhibi-
tors can be used in a prospective drug develop-
ment program for the treatment of C. difficile-
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mediated colitis. Nevertheless, these findings
are solely based on chemoinformatics. Hence,
they are required to be validated with proper in
vivo and in vitro experiments.
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