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Abstract

The Shiga toxin-producing strain of Escherichia coli with serotype O157:H7 can cause acute
bloody diarrhea, which can lead to life-threatening hemolytic uremic syndrome. Accord-
ing to the World Health Organization, this bacterium causes 2.8 million cases annually.
Therefore, this theoretical study based on molecular docking and dynamics examined the
inhibitory capacity of a series of aza-heterocyclic derivatives against the effector protein
NleL of enterohemorrhagic E. coli (PDB ID: 3BNAW), by determining affinity energy, sta-
bility, H-bond interactions and binding free energies of the compounds. The results ob-
tained have enabled the identification of compounds with the potential to inhibit this in-
fectious strain, contributing to an understanding of this protein.

Keywords: molecular docking; molecular dynamics; binding free energy; effector protein
NleL; aza-heterocyclic compounds

1. Introduction

The Gram-negative bacterium Escherichia coli, commonly found in the human intes-
tine, is typically harmless. However, the Shiga toxin-producing strain with serotype
0157:H7 is primarily transmitted through the consumption of contaminated food such as
raw or undercooked meat, raw or poorly pasteurized milk, and fruits and vegetables con-
taminated with feces from an infected animal [1,2]. The symptoms of the infection usually
include fever, vomiting, abdominal cramps, and diarrhea, which can progress to bloody
diarrhea (hemorrhagic colitis) [2]. The disease lasts about ten days; nonetheless, the infec-
tion can lead to hemolytic uremic syndrome, especially in young children and the elderly,
with a fatality rate of 3 to 5% [2].

To combat serotype O157:H7, only intravenous fluids are usually administered be-
cause the use of antibiotics, such as fluoroquinolones, is considered to increase the release
of enterotoxins, increasing diarrhea and the possibility of developing hemolytic uremic
syndrome [1].
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Lin, D. Y. W. et al. [3] characterized the non-Lee-encoded effector ligase (NleL) from
enterohemorrhagic E. coli O157:H7 (PDB ID: 3NAW), which mimics the structure and
function of eukaryotic HECT E3 ligases, playing vital roles in bacterial adhesion, entry,
and survival and modulating host cellular functions such as cytoskeletal dynamics, gene
expression, and post-translational modification. NleL also catalyzes the formation of
unanchored polyubiquitin chains by forming specific bonds with the Lys6 and Lys48 sites
of the ubiquitin, as well as with its own catalytic Cys753 residue which, forms a thioester
intermediate with ubiquitin, thereby regulating the process [3]. The final amino acid in
this sequence is known to be essential for the activity of the E3 ligase [3]. Interactions
between NleL and the E2 enzyme have been found. These interactions include important
van der Waals interactions with Phe569 of NleL as well as interactions, near the catalytic
amino acid, with the polar residues Glu705, Tyr706, and Asp707 [4]. Finally, there are in-
teractions of Asn578 of the NleL protein and Phe63 of E2, which are responsible for most
of the contacts between them [5]. Additionally, hydrophobic interactions with the E2 en-
zyme and E3 ligases are critical for molecular recognition [4].

Although knowledge about the functions of pentapeptide repeat proteins is limited,
it is known that E3 ubiquitin ligases can act simply as a scaffold to provide the surface
area required to support binding interactions with another protein [5]. Elucidating the
function of these proteins may contribute to a deeper comprehension of the pathogenesis
of this bacterium.

2. Materials and Methods
2.1. Molecular Docking

The structures of the proposed compounds [6,7] shown in Figure 1 were retrieved
from PubChem [8] (specifically ligands 1, 2, 4, and 5) or were built in Spartan [9] (ligands
3, 6,7, and 8). Then, the ligands were prepared by adding all their hydrogen atoms and
detecting their rotatable bonds using Discovery Studio [10] and AutoDockTools [11], re-
spectively. The effector protein NleL was obtained from the RCSB PDB [12] (PDB ID:
3NAW) with a resolution = 2.5 A and was isolated in Chimera [13]. Subsequently, the
receptor was prepared by adding all its hydrogen atoms, merging the non-polar ones, and
adding the Kollman charges with AutoDockTools. Thereafter, AutoDock GR was em-
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Figure 1. Molecular structure of the aza-heterocyclic compounds analogous to INF55 proposed as
inhibitors of the effector protein NleL.
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In the molecular docking process, approximately 5 amino acids were selected to al-
low flexibility within each site, with a padding of 4 A, employing the AutoDock FR soft-
ware package [14,15], and considering a seed number of 1, which refers to the random
number generator seed used to initialize the stochastic search algorithms and allows for a
docking calculation to be reproduced for a given version of the code.

Subsequently, the best conformation of each ligand at each site was selected, and the
best site was chosen according to its proximity to the amino acids of interest, as described
in the literature.

2.2. Molecular Dynamics

The best conformation of each ligand for the selected inhibition site in the receptor
was evaluated employing molecular dynamics simulations. First, the ligand was prepared
by adding its hydrogens at pH = 7.4 using Avogadro [16] and was parametrized with the
“Ligand Reader & Modeler” module of the CHARMM-GUI server [17,18]. Then, the com-
plex between each parametrized ligand and the receptor was formed in Chimera. In the
“Solution Builder” module of CHARMM-GUI, the complex was prepared at a pH = 7.4,
in a rectangular cell of 138 x 138 x 138 A3, solvated with a TIP3P water model [19] and
neutralized by adding NaCl ions at 0.15 M with the Monte Carlo method to collocate these
ions. The force field used for the simulations was CHARMM36m [20] and long-range elec-
trostatic interactions were modeled with the particle mesh Ewald (PME) method [21] and
a 12 A cutoff for non-bonded interactions.

The molecular dynamics simulations were performed in four stages using the soft-
ware NAMD [22]. First, an energy minimization was done using a conjugate gradient al-
gorithm [23] with 100,000 iteration steps and a time step of 1.0 fs. Second, the NVT ensem-
ble was performed to heat from 0 to 310 K at 1 K intervals for a period of 500 ps, and then
the temperature was maintained at 310 K for an additional 500 ps using the Langevin
thermostat. Third, an equilibration was performed by means of the NPT ensemble at 1
atm and 310 K for a period of 2.5 ns with a time step of 1 fs using the Langevin thermostat
and the Nosé-Hoover Langevin piston barostat [24,25]. Fourthly, production was exe-
cuted with the NPT ensemble for a duration of 50 ns, with a time step of 2 fs. To ensure
the energy stabilization of the most promising complexes, the simulation was extended to
100 ns.

From the production stage of the molecular dynamics simulations, the root mean
square deviation (RMSD) values of the protein backbone and the ligand aligned to the
protein were determined to evaluate the stability of the complexes and the residence of
the hydrogen bond interactions, considering the maximum donor-acceptor distance of 3.2
A and a cutoff angle of 50° using VMD [26]. Then, the properties and the binding free
energies were calculated using the molecular mechanics-generalized Born surface area
(MM/GBSA) model with the gmx_MMPBSA tool [27] for the final 50 ns, exploring an av-
erage of 500 snapshots.

3. Results
3.1. Molecular Docking

The affinity energies determined from the molecular docking assessments for the se-
lected inhibition site are shown in Table 1, and the interaction maps of each ligand against
the receptor are shown in Figure S1. (See Figure S1 from the Supplementary Materials).

Table 1. Affinity energies (in kcal/mol) for the ligands 1-8 against the receptor effector protein NleL.

Ligand Affinity Energies
1 -7.2
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3.2. Molecular Dynamics

The RMSD values for the protein backbone (Figure 2a) and the ligand aligned to the
protein (Figure 2b), of the most stable complexes studied in this work, are shown in Figure
2, and they can be represented in quantitative terms in Table S1. (See Table S1 from the
Supplementary Materials).
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Figure 2. RMSD (in A) (a) of the receptor and (b) of the ligand aligned to the receptor in each com-
plex.
Regarding the hydrogen bond interactions between the ligands and the receptor dur-
ing the 100 ns, those with a percentage greater than 5% are shown in Table 2.

Table 2. H-bond interactions observed during the 100 ns of simulation.

Ligand Donor Acceptor % of Occupancy
1 GLN605 LIG 8.60
4 LIG SER604 54.46
6 LIG LEU775 43.08
LIG SER604 43.14
VAL779 LIG 6.06
7 VAL608 LIG 29.60
LIG LEU775 38.58
LIG ASN630 37.40

For the simulated ligands for 100 ns, the binding free energy was subsequently de-
termined using MMGBSA, calculating only the free energy during the last 50 ns and ob-
taining the results shown in Table 3.

Table 3. The predicted binding free energies (in kcal/mol) of the ligands against the effector protein
NleL, obtained using the MMGBSA method.

Ligand AG van der Waals AG Electrostatic Binding Free Energies
1 -16.09 ~7.48 -8.20
4 -28.44 -7.14 -20.58

6 -41.18 -20.79 -32.57
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7 -37.26 -13.81 —23.80

4. Discussion
4.1. Molecular Docking

Table 1 shows that for the selected binding site, the ligand with the best affinity en-
ergy was 4, followed by ligands 7 and 6, all of which have values better than or equal to
-9 kcal/mol. According to Figure S1, all the ligands exhibited many interactions. Ligand 5
has the greatest number of interactions, followed by ligands 6 and 7, all these exhibit only
favorable interactions. However, ligands 1 and 4 exhibit the same number of favorable
interactions as ligand 7 but additionally exhibit unfavorable interactions. All the ligands
exhibit at least one favorable interaction with Leu775, seven of the ligands exhibit favora-
ble interactions with Lys601, Val608, and Pro778, and five of the ligands exhibit interac-
tions with Ser604, Leu629, and Arg782.

4.2. Molecular Dynamics

According to Figure 2a and Table S1, the receptor demonstrates enhanced stability in
the presence of ligand 1, compared to its response to the other ligands. In general, the
receptor in the presence of the ligands has average RMSD values in the range of 2.9 to 3.3
A. Figure 2b shows that ligands 4, 6, and 7 remain in the analyzed region, while ligand 1
diffuses to another region of the protein. Based on Table S1, ligands 7 and 4, have the
lowest average RMSD values, at 2.8 and 3.1 A, respectively.

As indicated by the data presented in Table 2, the highest number of interactions
greater than 5% was observed for ligands 6 and 7. However, only ligand 4 exhibits an
interaction greater than 50% with Ser604. Ligand 6 also exhibits an interaction with Ser604
with an occupancy percentage slightly below 50%.

Table 3 shows that ligand 6 exhibits the lowest binding free energy indicating the
highest affinity for the SNAW target. On the other hand, ligands 4 and 7 exhibit similar
but higher free energies than ligand 6. Meanwhile, ligand 1 has a much higher binding
free energy, probably because it diffused to another region of the receptor and failed to
stabilize. Besides, the van der Waals interactions were found to contribute more to the
binding free energy in all cases, which represents that hydrophobic interactions play an
important role in helping to stabilize the ligands in the complex.

5. Conclusions

According to the analysis of molecular docking assessments, potential inhibition sites
were identified; however, none were found in the catalytic amino acid Cys753. In contrast,
inhibition site 1 was found near this amino acid. Consequently, the inhibition site 1 was
selected for further investigation through molecular dynamics simulations.

For the molecular docking assessments in the selected inhibition site, the ligands ex-
hibiting higher affinity and more favorable interactions were 4, 6, and 7. Subsequent mo-
lecular dynamics simulations, revealed that the ligands 4, 6, and 7 remained in the inhibi-
tion site during the simulation and exhibited substantial stability and hydrogen bond in-
teractions. Nevertheless, ligand 6 demonstrated the optimal binding free energy, exhibit-
ing a considerable difference from the binding free energies of ligands 4 and 7. It can be
concluded that the interactions that most contribute to the binding free energy are van der
Waals for the most promising ligands. However, amino acids Ser604 and Leu775 have
been shown to play a vital role in the stabilization of ligands through the formation of
hydrogen bonds. Considering these findings, it is thought that the molecular structure of
ligand 6 could serve as a guide in the development of potential inhibitors of this enzyme
and could help to understand the importance of this protein in bacterial survival.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/doi/s1, Figure S1. Interactions and distances (in A) for ligands (a) 1, (b)
2,(c)3,(d) 4, (e) 5, (f) 6, (g) 7, and (h) 8 against the effector protein NleL.; Table S1. Average and maxi-
mum RMSD (in A) (a) of the receptor and (b) of the ligand aligned to the receptor for the 100 ns.
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