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Abstract: Uropathogenic strains belonging to the Enterobacteriaceae family are considered one of factors for urinary 
tract infections, and type 1 pilus fimbrial adhesin (FimH) and beta lactamase CTX-M-15 play crucial roles in their 
pathogenesis and resistance. Thus, a promising approach is to explore dual-targeting therapeutic agents that act against 
both FimH and CTX-M-15. In the present study, active constituents of Nigella sativa were selected on the basis of 
significant  activity against UTIs. Molecular docking was used to target active constituents of Nigella sativa to the active 
sites of FimH and CTX-M-15; these included thymoquinone, dithymoquinone, carvacrol, p-cymene, thymol, 
thymohydroquinone and longifolene. Dithymoquinone was found to be the most potent dual inhibitor, with binding 
energy of -7.01 and -5.38kcal/mol against CTX-M-15 and FimH, respectively; In addition, Dithymoquinone exhibited 
superior activity compared to positive controls avibactam and heptyl α-D-mannopyranoside. Further molecular dynamic 
simulation studies were carried out to assess the stability of dithymoquinone-target protein complexes via RMSD, Rg, 
SASA, hydrogen bond number, and RMSF analysis. Both protein-ligand complexes were conserved and attained 
equilibrium at around 2.0 to 2.5 ns during 10 ns runs. These results suggest that active constituents of Nigella sativa, 
particularly dithymoquinone, might represent a plausible therapeutic strategy against resistant uropathogenic bacteria. 
. 
Keywords: CTX-M-15, FimH, multi-drug resistance, Nigella sativa, urinary tract infections. 

 
INTRODUCTION 
 
The most prevalent bacterial infections in clinical settings 
are urinary tract infections (UTIs) (Foxman, 2010). 
Globally, these affect nearly 150 million individuals every 
year and are more predominant in the female population 
than the male (Gonzalez and Schaeffer, 1999, Harrington 
and Hooton, 2000). Uropathogenic bacterial species of the 
Enterobacteriaceae family are considered the key 
causative organism for UTIs (Adwan et al., 2014, Tayh et 
al., 2019). The majority of UTIs are caused by 
Escherichia coli (accounting for 80%), followed by 
Klebsiella, Acinetobacter, Enterobacter, Pseudomonas, 
Serratia, and Proteus species and finally Enterococcus 
and Staphylococcus species as causative Gram-positive 
pathogens for the remainder of infections (Mohammed et 
al., 2016). Recently, the incidence of complicated UTIs 
caused by resistant gram-negative bacteria has increased, 
presumably due to the spread of bacteria possessing 
extended spectrum β-lactamases (ESBLs), which present 
a great therapeutic challenge (Eltai et al., 2018). ESBLs 
are a group of enzymes that hydrolyze antimicrobial 
agents and render them ineffective; among these, the most 
frequent enzymes are the CTX-M class (Cantón and 

Coque, 2006, Shaikh et al., 2016a). named for being more 
highly active against cefotaxime than against ceftazidime 
(Bauernfeind et al., 1992). Within the CTX-M family, 
type 15 (CTX-M-15) is the most prevalent in 
uropathogenic strains (Shakil and Khan, 2010a, Zorgani 
et al., 2017, Hussain et al., 2012).  
 
Beside this, initial aspect of any UTIs is the attachment or 
adherence of uropathogenic strain to the host mucosal 
surface. Type 1 pilus fimbrial adhesin FimH located on 
type 1 pili of uropathogenic bacterial strains are indeed 
responsible for this attachment (Stahlhut et al., 2009, 
Krammer et al., 2018). Glycoproteins existing on the 
surface of urinary tract epithelial cell are the adhesive 
factors for these FimH (Krammer et al., 2018, Zhou et al., 
2001). More generally, adherence to the host cell surface 
is considered fundamental for any bacterial invasion 
(Hung et al., 2002). The initial aspect of any UTI is the 
attachment or adherence of a uropathogenic strain to the 
host mucosal surface; the type 1 pilus fimbrial adhesin 
(FimH) is responsible for this attachment (Mydock-
McGrane et al., 2016). Furthermore, this strategy has 
some additional benefits over the available antibiotics: 
The host’s normal flora remain unaffected, targeting the 
adherence process has no bactericidal action and therefore 
less concern of resistance and the attachment mechanisms *Corresponding author: e-mail: heahmed@kfu.edu.sa 
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of particular bacterial strains can be targeted with precise 
specificity (Krammer et al., 2018).  
 
The current study explored active constituents of Nigella 
sativa as natural dual inhibitors targeting two aspects of 
infection by uropathogenic bacterial strains: Attachment 
via FimH and resistance due to ESBLs, namely CTX-M-
15. N. sativa and its components have been extensively 
explored for pharmacological potential, including 
antibacterial activity against different uropathogenic 
strains (Chaieb et al., 2011, Namjoo et al., 2013, 
Forouzanfar et al., 2014, Hayatdavoudi et al., 2016, 
Utami and Diagnosis, 2018, Dhanasekaran, 2019, 
Alqannam and Health, 2020, Basavegowda et al., 2020). 
Moreover, N. sativa extracts have shown protective 
effects against nephrotoxicity caused by gentamicin 
(Namjoo et al., 2013). Recently, ethanolic extracts of N. 
sativa have even been reported to modify the mechanism 
of multiple drug resistance in uropathogenic bacterial 
strains (Dhanasekaran, 2019). Based on these reports, 
selected compounds of N. sativa were used for current 
study. The major active components of N. sativa are p-
cymene, carvone, trans-anethole, α-thujene, β-pinene, 
limonene, thymohydroquinone, carvacrol, thymoquinone, 
thymol, longifolene, dithymoquinone and α-pinene 
(Srinivasan, 2018, Ali and Blunden, 2003, Boskabadi and 
Shirmohammadi, 2002, Hammadi et al., 2020, Elariny et 
al.). Among these, several reports have documented 
immense antimicrobial potential for thymoquinone 
(Forouzanfar et al., 2014, Chaieb et al., 2011, 
Basavegowda et al., 2020); namely, thymoquinone has 
found to prevent biofilm formation by Cronobacter 
sakazakii 7-17 and hindered quorum sensing in 
Cronobacter sakazakii ATCC 29544 (Shi et al., 2017). 
Nonetheless, the present study explored all above-
mentioned major active constituents of N. sativa for dual 
targeting potential against CTX-M-15 and FimH. 
Molecular docking experiments were performed to 
identify the best dual inhibitors, followed by a molecular 
dynamics simulation study of the best-docked structure to 
evaluate its stability. The results suggest that a 
dithymoquinone scaffold might be explored further to 
design novel inhibitors that could simultaneously 
overcome resistance, impede attachment and exert 
antibacterial potential against uropathogenic strains. 
 
MATERIALS AND METHODS  
 
Retrieval of compound and protein structures  
The 3-dimensional structures of FimH (ID: 4AV5) and 
CTX-M-15 (ID: 4S2I) were fetched from the Protein Data 
Bank. Those for trans-anethole (Chemspider ID: 637563), 
p-cymene (Chemspider ID: 7463), limonene (Chemspider 
ID: 22311), carvone (Chemspider ID: 7439), α-thujene 
(Chemspider ID: 17868), thymoquinone (Chemspider ID: 
10281), thymohydroquinone (Chemspider ID: 95779), 
dithymoquinone (Chemspider ID: 398941), carvacrol 

(Chemspider ID: 10364), β-pinene (Chemspider ID: 
10290825), thymol (Chemspider ID: 6989), longifolene 
(Chemspider ID: 289151), α-pinene (Chemspider ID: 
6654), avibactam (Chemspider ID: 9835049), and heptyl 
α-D-mannopyranoside (Chemspider ID: 11300413) were 
retrieved from the PubChem database.  
 
Molecular docking 
The compounds were docked to FimH and CTX-M-15 
using ‘Autodock4.2’ (Scripps Research Institute, La Jolla, 
CA, USA). Energy of ligands was minimized using the 
MMFF94 force field. Kollman charges, solvation 
constraints and hydrogen atoms were added. To explicitly 
focus on the active site of CTX-M-15 and FimH, grid 
maps were set via Autogrid establishing 60×60×60 Å grid 
points with 0.375 Å spacing. For CTX-M-15, the x, y and 
z co-ordinates were kept as 6.930, 14.060 and 9.920, 
respectively to target‘s active site of CTX-M-15’. The 
docking procedure was carried out by using Solis & Wets 
local search and the Lamarckian genetic algorithm. For 
every docking test, a hundred runs were used ending upon 
reaching a limit of 2,500,000 energy assessments.  
 
LIGPLOT+ analysis  
After performing the docking, the best ligand-CTX-M-15 
and ligand-FimH complexes were analyzed by 
LIGPLOT+ version v.2.1 (EMBL-EBI, Cambridgeshire, 
UK). LIGPLOT analysis assists in identifying the 
hydrogen-based and hydrophobic interactions between a 
ligand and important amino acid residues in the protein. 
The 3D structures so produced were transformed into 2D 
figs. using the LIGPLOT algorithm. 
 
Molecular dynamic (MD) simulation study 
GROMACS 5.1.5 platform (Hess et al., 2008) with total 
atom force field CHARMM27 (Bjelkmar et al., 2010) was 
used to execute molecular dynamics simulation study on 
the native form of CTX-M-15 and FimH both in innate 
and in docked complex with dithymoquinone. Swiss 
Param server (Zoete et al., 2011) with CHARMM force 
field was applied to generate ligand topology files, with a 
1.0 nm cut-off distance to evaluate Van der Waal 
interactions. The Partial Mesh Ewald (PME) method was 
used to ascertain long-range electrostatics with a 1.0 nm 
cut-off for columbic interaction, with counter ions 
included to maintain the condition of system electro-
neutrality. A TIP3P water model was used to solvate the 
system and protein atoms were separated from the box 
dimension wall by 1.0 nm to 1.5 nm during simulation in 
order to retain the periodic boundary conditions (Mark 
and Nilsson, 2001).The steepest descent algorithm with 
1000 KJ/mol/nm tolerance was used for initial energy 
minimization of the structures. Position restrains were 
applied on the complex and during simulation for the 
equilibration of the system via NPT ensembles after 
canonical NVT ensembles. Each equilibration was under 
conditions of 300 K temperature and 1 bar pressure for a 
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run of 200 ps. Velocity rescaling with 0.1 ps coupling 
constant was used for temperature coupling and Maxwell 
distribution was used for the generation of initial 
velocities, the Parrinello-Rahman algorithm with 2ps 
constant coupling was used for temperature-pressure 
coupling. A Production run of 10 ns was performed after 
equilibration with a 2 fs time step integration and 
trajectories were saved every 500 steps (Mandal et al., 
2018). GROMACS along with XMGRACE-5.1.22 
platform were used for the final analysis. 
 
RESULTS 
 
Binding energy and inhibition constant values of 
compounds with CTX-M-15 and FimH are represented in 
table 1. Fig. 1 represents the molecular docking 
simulation, showing the interaction of β-pinene, carvone, 
dithymoquinone, longifolene, thymoquinone and 
avibactam with amino acid residues of CTX-M-15. Fig. 2 
represents the molecular docking simulation, showing the 
interaction of β-pinene, carvone, dithymoquinone, 
longifolene, thymoquinone and avibactam with amino 
acid residues of FimH. Fig. 3 and 4 show the molecular 
dynamic simulation studies that performed on the best-
docked structures ‘CTX-M-15-dithymoquinone and 
ꞌFimH-dithymoquinone’ complex, respectively to 
determine the dynamic behavior with respect to time 
under solvated environment. 
 
DISCUSSION 
 
E. coli is the main uropathogen (80% of UTIs), followed 
by Staphylococcus saprophyticus (10-15%), then 
Klebsiella, Enterobacter and Proteus species and finally 
Enterococcus as being uncommonly responsible for 
uncomplicated cystitis and pyelonephritis (Ronald, 2003). 
The present study investigated the dual inhibition 
potential of the active components of N. sativa against the 
FimH adhesion protein and ESBLs (CTX-M 15) as a 
strategy for overcoming UTIs caused by antibiotic-
resistant bacterial pathogens.  
 
CTX type M variants, especially blaCTX-M-15, are the 
most common type of ESBL (Shaikh et al., 2016a, Fam et 
al., 2011). The present study explored the interaction of 
main catalytic domain residues of CTX-M-15 with N. 
sativa extract components and found that Ser70, Lys73, 
Asn104, Tyr105, Tyr129, Ser130, Asn132, Glu166, 
Asn170, Thr216, Ser220, Lys234, Thr235, Ser237 and 
Arg276 were involved in interaction with β-pinene, 
carvone, dithymoquinone, longifolene and thymoquinone 
(Supplementary fig. S1a-S1e). Interestingly, amino acids 
Asn104, As132, Thr235 and Ser237 have been revealed 
as active site residues (Shakil and Khan, 2010c) and 
Glu166 has also been observed to make important contact 
with cefotaxime (Shakil and Khan, 2010b). In this study, 
Glu166 also contributed in the binding of CTX-M-15 with 

dithymoquinone. The free energy of binding (∆G) and 
inhibition constant (Ki) values for the interactions of 
CTX-M-15-β-pinene, CTX-M-15-carvone, CTX-M-15-
dithymoquinone, CTX-M-15-longifolene and CTX-M-15-
thymoquinone were respectively determined to be -5.11 
kcal/mol and 973.42µM, -4.63 kcal/mol and 406.43µM, -
7.01kcal/mol and 7.33µM, -5.24 kcal/mol and 148.89 µM, 
and -5.57kcal/mol and 338.50 µM (Table 1). 
 
The CTX-M-15 amino acid residues Ser70, Ser130, and 
Ser237 were found to be involved in hydrogen bonds with 
carvone, thymoquinone and dithymoquinone (fig. 1b, 1c 
and 1e). In addition, Thr216, Thr235, Gly236, and Ser237 
were involved in common hydrophobic interactions with 
β-pinene, carvone, dithymoquinone, longifolene, and 
thymoquinone (fig. 1a-1e). Both hydrogen bonds and 
hydrophobic interactions have been reported to play vital 
roles in the binding of a ligand to its target protein 
(Shaikh et al., 2014, Shaikh et al., 2016b, Rizvi et al., 
2014a). This study used avibactam as the positive control 
for CTX-M-15 binding and identified the amino acids 
Ser70, Lys73, Asn104, Tyr105, Ser130, Asn132, Thr216, 
Ser220, Lys234, Thr235 and Arg276 as being involved in 
the interaction with avibactam (Supplementary fig. S1f). 
These same amino acids were also involved in 
interactions with β-pinene, carvone, dithymoquinone, 
longifolene and thymoquinone.  
 

Beta-lactam antibiotics bind to the catalytic site of a beta-
lactamase enzyme and undergo acylation, resulting in 
breaking of the beta-lactam ring and formation of a 
transient imine intermediate. The imine intermediate may 
then rearrange to form an enamine intermediate with 
either cis- or trans- conformation. Beta-lactam inhibitors 
undergo the same process, but form trans-enamine 
intermediates that stabilize in the enzyme's active site, 
leading to inactivation of the enzyme (Drawz and 
Bonomo, 2010). When CTX-M-15 comes in contact with 
beta-lactam antibiotics, the deacylation rate is enhanced 
several-fold, resulting in rapid CTX-M-15 regeneration. 
Conversely, CTX-M-15 inhibitors reduce the enzyme’s 
deacylation or regeneration ability by forming a stable 
acyl-CTX-M-15 complex. Therefore, acylation and 
deacylation rates determine the competence of CTX-M-15 
inhibitors (Faheem et al., 2013). The avibactam structural 
class of β-lactamase (CTX-M-15) inhibitor does not 
contain a β-lactam core but maintains the capacity to 
covalently acylate targets of β-lactamase (Ehmann et al., 
2012, Lahiri et al., 2014). In fact, avibactam shows a 
distinctive carbamyl-linkage to the catalytic serine residue 
of CTX-M-15 that does not decompose by the hydrolytic 
mechanism, as happens in the case of β-lactam-based 
inhibitors (Ehmann et al., 2012, King et al., 2015). The 
conserved Ser130 amino acid residue of CTX-M-15 plays 
a crucial role during the carbamylation and 
decarbamylation of avibactam via acting as a general acid 
and base, respectively.  
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In the carbamylation reaction, the N6 nitrogen of 
avibactam gets protonated after opening of the ring, and 
the γ-OH of Ser130 is expected to be involved in this 
protonation reaction. Meanwhile, Lys73 and Lys234 play 
important roles in the activation of Ser130 during 
recyclization/ decarbamylation (King et al., 2015). In 
addition, Ser70 is also considered as a key interacting 
residue of CTX-M-15 in the acylation of an inhibitor 
(King et al., 2015, Lahiri et al., 2013, Winkler et al., 

2015). Interestingly, in this study, all of these amino acids 
and especially the Ser70 and Ser130 residues were found 
to be common interacting residues of β-pinene, carvone, 
dithymoquinone, longifolene and thymoquinone (fig. 1a-
1e).  
 
FimH adhesion promotes colonization of 
uropathogenic bacteria on the host cell surface, resulting 
in biofilm formation (Anderson et  al., 2003).  hence,  this  

Table 1: Binding energy and inhibition constant values of compounds with CTX-M-15 and FimH. 
 

CTX-M-15 FimH  
Compounds Binding Energy 

(kcal/mol) 
Inhibition 

Constant (µM) 
Binding Energy 

(kcal/mol) 
Inhibition 

Constant (µM) 
Avibactam* 
trans-anethole 
α-pinene 
β-pinene 
Carvacrol 
Carvone 
p-cymene 
Dithymoquinone 
Limonene 
Longifoline 
α-thujene 
Thymohydroquinone 
Thymol 
Thymoquinone 
Heptylα-D-mannopyranoside** 

-6.27 
-4.04 
-4.06 
-5.11 
-4.40 
-4.63 
-3.87 
-7.01 
-4.11 
-5.24 
-3.74 
-4.19 
-4.32 
-5.57 

- 

25.51 
1090 
1060 

973.42 
594.71 
406.43 
1450 
7.33 

975.68 
148.89 
1820 

854.38 
686.86 
338.50 

- 

- 
-4.38 
-4.38 
-5.35 
-4.24 
-5.01 
-4.05 
-5.38 
-4.12 
-5.61 
-3.97 
-4.19 
-4.25 
-5.42 
-4.72 

- 
620.75 
620.06 
548.42 
785.38 
211.34 
1080 

114.78 
955.76 
76.64 
1220 

849.32 
766.69 
106.85 
349.56 

*Positive control for CTX-M-15, **Positive control for FimH 

 

Fig. 1: Ligplot analysis of a)β-pinene, b)carvone, c)dithymoquinone, d)longifoline, e)thymoquinone and f)avibactam 
with CTX-M-15 showing the hydrophobic interacting amino acid residues (red arcs) and hydrogen bond (green dashed 
line). 
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Fig. 2: Ligplot analysis of a) β-pinene, b) carvone, c) dithymoquinone, d) longifoline, e) thymoquinone and f) heptyl-α-
D-mannopyranoside with FimH showing the hydrophobic interacting amino acid residues (red arcs) and hydrogen 
bond (green dashed line). 

 
Fig. 3: RMSD, Rg, SASA, hydrogen bonds and RMSF exploration of complex ꞌCTX-M-15 with dithymoquinoneꞌ at 
10000 ps. (a) RMSD time evolution for CTX-M-15 alone and with dithymoquinone complex. (b) Protein backbone Rg 
analysis for CTX-M-15 alone and with dithymoquinone complex during the total simulation time. Here, time interval 
(ps) is abscissa and Rg (nm) is ordinate. (c) SASA is indicated, where time interval (ps) is abscissa and SASA (nm) is 
ordinate. (d) Hydrogen bonds forming between CTX-M-15 and dithymoquinone during the total simulation time. (e.1 
and e.2) Average RMSF analysis of CTX-M-15 and dithymoquinone residue wise. 
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adhesion protein has been regarded as a potential 
therapeutic target for treating UTIs (Mydock-McGrane et 
al., 2016). In terms of interactions with tested compounds, 
this study found the FimH functional domain to interact 
with β-pinene through 11 amino acids, specifically Phe1, 
Ile13, Asn46, Asp47, Tyr48, Ile52, Asp54, Gln133, 
Asn135, Asp140 and Phe142 (Supplementary fig. S2a); 
with carvone through 12 amino acids, namely Phe1, Ile13, 
Gly14, Asn46, Asp47, Tyr48, Ile52, Asp54, Gln133, 
Asn135, Asp140 and Phe142 (Supplementary fig. S2b); 
with dithymoquinone via eight amino acids, namely 
Val22, Asn23, Leu24, Ala25, Leu34, Val35, Asp37 and 

Thr40 (Supplementary fig. S2c); with longifolene via 
eight amino acids, namely Val22, Asn23, Leu24, Ala25, 
Val35, Val36, Asp37 and Thr40 (Supplementary fig. 
S2d); and with thymoquinone through ten amino acids, 
namely Phe1, Ile13, Asp47, Tyr48, Ile52, Asp54, Gln133, 
Asn136, Asn138 and Asp140 (Supplementary fig. S2e). 
 
The ∆G and Ki values for the interactions of FimH-β-
pinene, FimH-carvone, FimH-dithymoquinone, FimH-
longifoline and FimH-thymoquinone were determined to 
be -5.35 kcal/mol and 548.42µM, -5.01kcal/mol and 
211.34µM, -5.38 kcal/mol and 114.78µM, -5.61kcal/mol 

 
Fig. 4: RMSD, Rg, SASA, hydrogen bonds and RMSF exploration of complex ꞌFimH with dithymoquinoneꞌ at 10000 
ps. (a) RMSD time evolution for FimH alone and with dithymoquinone complex. (b) Protein backbone Rg analysis for 
FimH alone and with dithymoquinone complex during the total simulation time. Here, time interval (ps) is abscissa and 
Rg (nm) is ordinate. (c) SASA is indicated, where time interval (ps) is abscissa and SASA (nm) is ordinate. (d) 
Hydrogen bonds forming between FimH and dithymoquinone during the total simulation time. (e.1 and e.2) Average 
RMSF analysis of FimH and dithymoquinone residue wise. 
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and 76.64µM and -5.42kcal/mol and 106.85µM, 
respectively (table 1). The FimH amino acid residues 
Phe1, Ile13, Gly14, Asn46, Asp47, Tyr48, Pro49, Thr51, 
Ile52, Asp54, Thr134, Asn135, Asp140, Phe142 were 
found to be involved in interaction with its antagonist 
heptyl α-D-mannopyranoside (Supplementary fig. S2f). 
Notably, the key FimH binding pocket residues are Phe1, 
Asn46, Asp47, Asp54, Glu133, Asn135, Asp140 and 
Phe142; mutation in any of these residues affects FimH 
function and also decreases virulence (Hung et al., 2002, 
Chen et al., 2009). This study found these FimH amino 
acids to also be involved in binding with active 
components of N. sativa (β-pinene, carvone, 
dithymoquinone, longifolene, and thymoquinone). 
 
The FimH adhesin has two domains, the C-terminal pilin 
domain that anchors it to the pilus rod and the N-terminal 
lectin domain. Adherence of the uropathogen E. coli is 
promoted by binding of the FimH lectin domain to 
specific mannose-containing molecules on the epithelial 
cell surface (Snyder et al., 2006). The FimH lectin 
domain has a mannose-binding pocket (Asn46, Asp47, 
Asp54, Gln133, Asn135, Asn138 and Asp140) that 
interacts with the sugar via various hydrogen bonds. 
Hydrophobic regions are present in the structural 
surround of the mannose-binding pocket and consist of 
hydrophobic support (Phe1, Ile13 and Phe142), the 
‘tyrosine gate’ (Tyr48, Ile52 and Tyr137) and the residue 
Thr51 (Mydock-McGrane et al., 2016). Interestingly, in 
this study, FimH amino acids Phe1, Ile13, Asn46, Asp47, 
Tyr48, Ile52, Asp54, Gln133, Asn135, Asp140 and 
Phe142 contributed to its interaction with β-pinene, 
carvone and thymoquinone (fig. 2a, 2b and 2e). 
 
Mannose is a probable inhibitor of the attachment of E. 
coli to epithelial cells of the human intestine; this was first 
reported way back in 1957 (Duguid et al., 1957), but 
continued to be ignored until the pivotal work of Nathan 
Sharon in 1977 (Ofek et al., 1977) which reported 
concrete information on the mannose-mediated 
attachment of E. coli K12 and B strains to intestinal 
epithelial cells. An interesting finding of that study was 
discovery of a ‘lectin-like’ material on the E. coli surface, 
which was later named FimH. Through competitive 
inhibition assays, it was observed that α-D-mannose and 
methyl α-D-mannopyranoside (αMM) have the potential 
to avert binding of E. coli to human epithelial cells, and 
furthermore to displace already-attached E. coli from the 
epithelial cells. Two years later, Aronson et al. 
emphasized the potential role of αMM in preventing E. 
coli colonization in the urinary tract of mice via blocking 
bacterial adherence (Aronson et al., 1979). With these 
proof-of-concept studies, the FimH lectin was recognized 
as a potential target for UTI therapy. Later on, several 
reports suggested the applicability of different FimH 
antagonists specifically against uropathogens (Mydock-
McGrane et al., 2016, Sarshar et al., 2020, Mydock-

McGrane et al., 2017). and aryl and hydrophobic 
substitution of α-D-mannose significantly increased its 
potency as a FimH (E. coli) antagonist (Mousavifar et al., 
2019). In fact, relative inhibitory antagonist potential is 
defined by the hydrophobicity and conformity of 
aglycone moieties and their orientation on the primary 
carbohydrate molecule (Ribić et al., 2018, Hartmann and 
Lindhorst, 2011). In particular, substitution with biphenyl 
derivatives could confer additional advantages on a FimH 
antagonist. It has been observed that the addition of 1,10-
biphenyl pharmacophore along with different aglycone 
atoms to α-D-mannose derivatives increased their 
suitability as FimH antagonists (Mousavifar et al., 2019, 
Mousavifar et al., 2018). These modifications would 
increase oral/intestinal absorption and the metabolic 
stability of modified mannosides and further promote 
efficient reabsorption via kidney tubuli, leading to 
increased dosage at the infection site via frequent 
excretion in urine (Mayer et al., 2017, Klein et al., 2010, 
Schwardt et al., 2011). In addition, mannose scaffold-
based glycomimetics have also been synthesized and 
extensively explored for their ability as FimH antagonists 
(Sarshar et al., 2020, Ribić et al., 2018). Beyond these 
synthetic compounds, natural compounds like 
proanthocyanidins, proanthocyanidin-derived metabolites 
of polyphenols and myricetin have shown strong anti-
adhesive properties against uropathogenic E. coli 
(Rafsanjany et al., 2015). 
 
Natural α-D-mannosides from herbal sources have 
already been explored in several trials as supplements or 
for use in addition to antibiotics for UTI treatment and 
prevention (Domenici et al., 2016, Genovese et al., 2018). 
In 2016, Enterome procured a license from Vertex for a 
FimH mannoside portfolio and presented EB8018 as a 
FimH antagonist. According to the opinion of Mydock-
McGrane et al. EB8018 is expected to be a divalent 
mannoside. Moreover, it entered a phase 1 trial in early 
2017 for treatment of Crohn's Disease. Simultaneously, 
several monovalent mannosides (O- and C-) have been 
developed for treatment of UTI patients with better 
efficacy, stability and bioavailability. In addition, 
Fimbrion Therapeutics also collaborated with 
GlaxoSmithKline at the end of 2016 for the preclinical 
evaluation of oral mannosides to transform them into a 
novel therapy against UTIs (Mydock-McGrane et al., 
2017).  
 
This study used docking analysis and molecular dynamic 
simulation studies to evaluate natural compounds in N. 
sativa extract for potential use in UTI treatment. In 
docking analysis, ΔG determines the strength of 
interaction between ligand and target protein, with higher 
(negative) binding energy indicating efficient binding 
(Verma et al., 2014, Rizvi et al., 2014b). Compared with 
the positive control heptyl α-D-mannopyranoside, the 
obtained binding energy values revealed strong 
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interactions with FimH for β-pinene, carvone, 
dithymoquinone, longifolene and thymoquinone. 
Meanwhile, relative to the interaction of avibactam with 
CTX-M-15, similar binding energies were observed for β-
pinene, carvone, longifolene and thymoquinone, while 
dithymoquinone exhibited more efficient interaction than 
avibactam in terms of binding energy.  
 
Molecular dynamic simulation studies were performed on 
the best-docked structures, i.e. CTX-M-15-
dithymoquinone and FimH-dithymoquinone, to determine 
their dynamic behavior and stability with respect to time 
under a solvated environment, providing further insight 
into binding ability. The values analyzed were root mean 
square deviation (RMSD), radius of gyration (Rg), solvent 
accessible surface area (SASA), number of hydrogen 
bonds, root mean square fluctuation (RMSF), and 
secondary structure pattern variation amongst the native 
protein and complex. Four different simulations of 10 ns 
duration were executed with the protein alone and with 
the ligand-protein complex. 
 
The RMSD plot showed that all protein-ligand complexes 
attained equilibrium at around 2.0-2.5 ns and maintained 
it from there on (fig. 3a and 4a), showing a stable 
trajectory with slight deviation in the range of 0.10-0.15 
nm RMSD. These results indicate that the structural 
flexibility of these proteins was conserved in the ligand-
bound complex form rather than the unbound free form. 
Interestingly, the unbound free proteins reached 
equilibrium after an initial fluctuation, while ligand-
bound proteins attained stable trajectories much faster in 
comparison. Rg considers the root mean square distances 
of masses in a molecule relative to its central rotation 
axis. More specifically, the Rg plot depicts the capability, 
folding, and shape of the protein through every time step 
of the entire trajectory during the simulation (fig. 3b and 
4b). Both native proteins and their ligand-bound forms 
showed similar Rg value patterns throughout the 
simulation, with a deviation range of 1.8-1.85nm. The 
zones around the hydrophobic cores of protein-ligand 
complexes were further evaluated by SASA (fig. 3c and 
4c), yielding steady SASA values with a typical 
fluctuation range of 115-120nm2. Hydrogen bonds 
observed in the docking study were analyzed over the 
total period of the simulation study, with only 
intermolecular H-bonds between ligands and protein 
being taken into consideration (fig. 3d and 4d). 
Subsequent plots showed that H-bond numbers fluctuated 
with time. In case of FimH, the overall disappearance of 
H-bonds suggested drug release from the binding cavity 
because of concurrent breaking and re-building of bonds. 
The RMSF plot likewise showed apparent residue-wise 
fluctuations (fig. 3e.1, 3e.2, 4e.1 and 4.e.2). Here, 
significant amino acids involved in interaction were 
rigidified in the complex form, in contrast to their state in 
the native protein. It is worth to mention that in silico 

outcomes usually correlate well with wet-lab results 
(Rizvi et al., 2016, Begum et al., 2018, Castro et al., 
2019, Malik et al., 2019, Oraiopoulou et al., 2018, Kim et 
al., 2013). Altogether, this study suggests that 
dithymoquinone could be a promising dual inhibitor 
against CTX-M-15 and FimH for use in the treatment of 
antimicrobial-resistant uropathogens responsible for 
UTIs. However, further microbiological and in vivo 
studies are urged to provide proof of our concept. 
 
CONCLUSION 
 
In the present study, the major active constituents of N. 
sativa were screened for their antibacterial potential 
against antibiotic resistance and attachment mechanisms 
via simultaneously targeting CTX-M-15 and FimH. 
Interestingly, molecular docking analysis revealed 
dithymoquinone as having promise against both these 
targets, including demonstrated stability when in complex 
form with each target protein. These results suggest that a 
dithymoquinone scaffold might be investigated further to 
design multi-targeting inhibitors against uropathogenic 
strains that could inhibit adherence, overcome resistance 
issues, and simultaneously possess bactericidal potential. 
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