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1 | INTRODUCTION

An inappropriate balance between cell proliferation and
cell death results in either cell accumulation or cell loss,
consequently contributing to the pathogenesis of various
human diseases. Increased apoptosis can result from

Abstract

Inhibitory potential of 19 benzimidazoles against bovine pancreatic deoxyribonu-
clease I (DNase I) was investigated in vitro. Three compounds inhibited DNase I
with ICs, below 100 uM and proved to be more potent DNase I inhibitors than
crystal violet (ICs,=351.82 +29.41 uM), used as a positive control. Compound 9
showed the most potent DNase I inhibition with an ICs, value of 79.46 4+ 11.75 uM.
To further explore the relationship between inhibitory activity and 2D pharmaco-
phore features, Pharma/E-State R-group quantitative structure-activity relationship
(RQSAR) models were generated and validated using Schrodinger Suite. RQSAR
models showed a significant enhancement of benzimidazoles activity using
hydrogen-bond acceptor substituents at the R2, R3, and R4 positions, or aryl
substituents at the R4 position. The Site Finder module and molecular docking
defined the benzimidazoles interactions with the most important catalytic
residues of DNase I, including H-acceptor interaction with residue His 134
and His 252 and/or H-donor interaction with residue Glu 39. We also found a
positive correlation between ICs, inhibition values and relative binding free
energies of the most active benzimidazoles. In addition, a molecular dynamics
simulation was performed for DNase I-compound 9 docking complex in
Desmond. Trajectory analysis showed that docking complex and intermole-
cular interactions were stable throughout the entire production part of
simulations. Furthermore, the results of protein structure alignment module
suggested the potential translational impact of benzimidazoles against human
DNase I. Due to the significant involvement of DNase I in the pathophysiology
of many disease conditions, benzimidazoles as DNase I inhibitors could have
potential therapeutic applications.
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acquired or genetic conditions that enhance the accu-
mulation of signals that induce apoptosis or decrease the
threshold at which such conditions induce apoptosis.®
Excessive cell death has been observed among patients
with autoimmune disorders (AIDS),> neurodegenerative
disorders (Alzheimer’s disease, Parkinson’s disease,
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Huntington’s disease, amyotrophic lateral sclerosis,
retinitis pigmentosa, spinal muscular atrophy, cerebellar
degeneration),l'4 graft-versus-host disease,’ ischemic in-
juries (myocardial infarctions and stroke),"®” and acute
fatty degeneration of the liver (induced by various toxins,
including alcohol).® Deoxyribonuclease I (DNase I), a
Ca®*/Mg”**-dependent endonuclease, is considered one
of the main nucleases involved in DNA fragmentation
during apoptosis,”** and thus might be involved in the
pathophysiology of such diseases. Elevated DNase I
levels, together with increased DNA fragmentation, have
been determined in conditions such as idiopathic dilated
cardiomyopathy,'* type 2 diabetes,'>'® cisplatin-induced
nephrotoxicity,'”'® acetaminophen-induced hepatocellu-
lar necrosis,”® and gamma radiation-induced injuries in
several radiosensitive organs (intestine, bone marrow
and white pulp of the spleen).”’ These data indicate
the potential application of DNase I inhibitors in
the treatment of such diseases. However, the number
of known organic DNase I inhibitors, either natural
or synthetic, is relatively small,** including 2-nitro-
5-thiocyanobenzoic acid,®  2-nitro-5-thiosulfobenzoic
acid,** nitrogen mustard,?® and crystal violet.?® There-
fore, discovery of novel organic DNase I inhibitors,
especially those with potential therapeutic applications,
represents an attractive research field.

Benzimidazole derivatives exhibit numerous pharma-
cological activities, including analgesic, anthelmintic,
antiallergic, anticancer, anticoagulant, antidiabetic, anti-
HIV, antihypertensive, anti-inflammatory, antimicrobial,
antimycobacterial, antioxidant, antiparasitic, antiulcer,
antiviral, anxiolytic, central nervous system stimulant,
coagulant, depressant, and also act as hormone modula-
tors, immunomodulators, lipid level modulators, and
proton pump inhibitors.””** Some of them have been
clinically approved, such as albendazole, mebendazole,
and thiabendazole as anthelmintics; lansoprazole, ome-
prazole, and pantoprazole as proton pump inhibitors;
astemizole as antihistaminic; enviradine as antiviral; and
candesartan and telmisartan as antihypertensive agents.*
Benzimidazole heterocycle is a structural isostere of the
purine base, which is a component of the nucleotides. To
find novel organic DNase I inhibitors, continuing our
research on the synthesis and pharmacological activities of
benzimidazoles,>'>* in the current study, 19 benzimida-
zoles, including five 1,3-disubstituted-benzimidazole-2-
imines (group A, 1-5) and four 2-substituted-1,3-thiazolo
[3,2-a]benzimidazolones (group B, 6-9) synthesized by
Mavrova et al*® as well as ten 1,3-disubstituted-benzimi-
dazole-2-thiones (group C, 10-19) synthesized by Anastas-
sova et al’” were evaluated for inhibitory activity against
bovine pancreatic DNase I in vitro (Table 1). R-group
analysis, 3D pharmacophore modeling, molecular docking,

molecular dynamics simulations, and protein structure
alignment are in silico drug design methods used for better
understanding drug properties and target interaction that
hypothesize the designing of novel drug candidates.*®
Keeping in mind that our studied molecules were built on
a similar scaffold, by attaching different groups at one or
more points on the benzimidazole ring, we wanted to
examine the DNase I inhibitory property of the benzimi-
dazoles as a function of the groups at the various
attachment points. As a result of missing X-Ray diffrac-
tion/nuclear magnetic resonance atomic-level details
between small organic inhibitor and bovine pancreatic
DNase 1,>° 3D pharmacophore modeling were used. We
hoped that feature geometries common to the active
benzimidazoles will contain information related to the
important interactions between the bound conformations
of the active benzimidazoles and DNase I. In addition, we
wanted to clarify the DNase I inhibitory properties of
benzimidazoles at the molecular level using the Site Finder
module, molecular docking studies, molecular dynamics
simulations, and protein structure alignment.

2 | MATERIALS AND METHODS

2.1 | Synthesis

The synthesis of the studied compounds, five 1,3-
disubstituted-benzimidazole-2-imines (1-5), four 2-sub-
stituted-1,3-thiazolo[3,2-a]benzimidazolones (6-9) and
ten 1,3-disubstituted-benzimidazole-2-thiones (10-19),
was described in our previous publications.*®”

2.2 | Evaluation of DNase I inhibition

DNase I from bovine pancreas, DNA, dimethyl sulfoxide
(DMSO) and perchloric acid were purchased from Sigma-
Aldrich (St. Louis, MO). Crystal violet was purchased
from Lach-Ner (Neratovice, Czech Republic).

DNase I from bovine pancreas was used for in vitro
evaluation of enzyme inhibition by spectrophotometric
measurement of acid-soluble nucleotides formation at
260 nm (method slightly modified by Bartholeyns et al*°).
The inhibition was studied in a series of test-tubes with
the reaction mixture (total volume 1040 pL), prepared in
the following order: (a) test samples contained 80 Kunitz
units of DNase I, one of the studied compounds (1-19)
diluted in DMSO (the final concentration of DMSO in the
assay was 3.85% v/v), 0.0077% of DNA, and 80.77 mM
Tris-HCI buffer (pH 7.6); (b) solvent control samples
contained the same amount of DNase I, appropriate
amount of DMSO, DNA and Tris-HCl buffer. Corre-
sponding blank samples were prepared for each group in
the same way as the test solutions (a and b).
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After incubation at 37°C for 30 minutes the reaction
was stopped by adding 80 uL of perchloric acid. The
percentage of enzyme inhibition was determined by
measuring the difference in absorbance that correlates
with acid-soluble nucleotides formation; it was calculated
as a percentage of specimen absorbance versus absor-
bance of the solvent control samples. All samples
containing one of the studied compounds (1-19) were
assayed for DNase I inhibitory activity at a concentration
of 200 uM. Those showing inhibition greater than 50% at
these concentrations were tested in a broader concentra-
tion range to allow calculation of ICsq values. ICs, curves
were generated using 4 concentrations of the studied
compounds (200, 150, 100, and 50 uM). Crystal violet was
used as positive control. All experiments were performed
in triplicate and averaged.

2.3 | In silico studies
R-group analysis

Pharma/E-State  RQSAR models Pharma/E-State
RQSAR models analyzed the benzimidazoles activity as a
function of the kind of R-group at each attachment
position, and displayed the results qualitatively in terms
of increasing, decreasing, or having a little effect on the
activity.®® We ran a partial-least-squares procedure that
fitted the observed inhibitory data to the counts of the
features present in each R-group at each position. For
Pharma/E-State RQSAR models, the counted features are
the pharmacophore types and various E-state atom types.*®
This was done using a 75%: 25% random training: test-set
split. The procedure was repeated 100 times, picking each
time the model that does the best job without overfitting.
For each model, each pharmacophore/E-state feature type
at each R-group position was given a coefficient that reflects
how much it contributes to the property being modeled. A
feature type was deemed significant (colored red or blue) if
the absolute value of the mean of its coefficients over the
models exceeded the importance cutoff, which is a statistic,
computed from all coefficients over all models.

Importance analysis Importance analysis addressed
the question of how sensitive the DNase I inhibitory
property of the studied benzimidazoles was to R-group
variation at a specific position. A position was more
important than the other, if the variation of the R-group
at that position led to greater property differences than
those observed when the R-group varied at the other
position. The importance value of a position was the
range of the property over the R-groups at a specific
position averaged over all structures containing a given
R-group at that position.

3D Pharmacophore modeling

Pharmacophore mapping was carried out using PHASE
version 4.2 available in Maestro 10.1 molecular modeling
package from Schrodinger.*' Pharmacophore modeling is
the qualitative picture for finding the chemical feature for
the active site geometry and spatial arrangements in 3D
space of the ligands. There are 6 in-built pharmacophore
features available in PHASE: hydrogen bond acceptor (A),
hydrogen bond donor (D), hydrophobic group (H), negative
charged group (N), positive charged group (P) and aromatic
ring (R). Common pharmacophore features were used to
construct pharmacophore sites. For defining a pharm-set in
PHASE, an activity threshold range was selected in such a
way that compounds were active if ICs, value was below
200 uM and inactive if ICs, value was above 200 uM. The
common pharmacophore hypotheses were generated with
default settings. A pharmacophore cluster was proceeded
based on the highest average similarity. The preferred
hypothesis was then selected based on the survival score.

Molecular docking

Ligand preparation Examined benzimidazoles were
built with ChemBioDraw Ultra 13.0 (PerkinElmer, Inc),
and their geometries have been optimized with ChemBio 3D
Ultra 13.0 (PerkinElmer, Inc) using MM2 force field until a
minimum 0.100 root-mean-square gradient was reached.
Subsequently, all compound structures were followed by
energy minimization with MMFF94x force field in the
molecular operating environment (MOE) Software package
2014.0901. Conformational search for ligand preparation
was carried out by the MOE LowModelMD method, which
performs molecular dynamic perturbations along with low-
frequency vibrational modes with energy window of 7 kcal/
mol, and conformational limits of 1000.

Receptor preparation The X-ray crystallographic struc-
ture of a complex of DNase I and the self-complementary
octamer duplex d(GGTATACC), (PDB code: 1DNK) was
obtained from the Protein Data Bank.** The errors of DNase
I were corrected by the structure preparation process in
MOE. After the correction, hydrogens were added and
partial charges (Gasteiger methodology) were calculated.
Energy minimization (AMBER12:EHT, root mean square
gradient: 0.100) was performed.

Binding site selection The Site Finder module of the
MOE was used to identify possible ligand-binding
pockets within the optimized structure of DNase I
Hydrophobic or hydrophilic alpha spheres served as
probes denoting zones of tight atom packing. These alpha
spheres were used to define and rank potential ligand-
binding sites according to their propensity for ligand
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binding score, which was based on the amino acid
composition of the pocket.*?

Docking protocol The molecular docking study was
performed using MOE to understand the ligand-protein
interactions in detail. The default Triangle Matcher
placement method was used for the induced fit docking.
The generalized born volume integral/weighted surface
area (GBVI/WSA) dG scoring function, which estimates
the free energy of binding of the ligand from a given pose,
was used to rank the final poses. Each ligand-protein
complex with the lowest relative binding free energy
(AG) score was selected. A more negative score indicates
that the ligand is more likely to dock with the receptor
and achieve more favorable interactions.

Molecular dynamics simulation

The molecular dynamics simulation of the DNase
I-compound 9 docking complex was carried out using
Desmond, implemented in Schrodinger 2015-1 software.
Forcefield parameters for the protein-ligand system were
assigned using the AMBERI12:EHT forcefield. The
structure of the added water was based on the simple
point charge (SPC) solvent model. The system was
neutralized with Na* ions to balance the net charge of
the whole simulation box to neutral. The final system
contained approximately 29 120 atoms. The system was
passed through a 6-step relaxation protocol before
molecular dynamics simulations. The relaxed system
was simulated for 10ns, using an normal pressure
temperature (NPT) ensemble with a Nosé-Hoover ther-
mostat at 310K and Martyna-Tobias-Klein barostat at
1.01325 bar pressure. Atomic coordinate data and system
energies were recorded every 1 ps. The root mean square
deviation (RMSD) and root mean square fluctuation
(RMSF) of the protein-ligand complex were analyzed
with respect to simulation time.

TABLE 2 DNase I inhibition by benzimidazoles 1-19

DNase I inhibition
Compound I1Cs¢ (uM) =+ SD
1 151.19 +14.80

>200

>200

>200

>200

>200

>200

>200

79.46 +11.75

>200

© 0N SN BT A W DN

[y
(=]

Note. SD, standard deviation.
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Protein structure alignment

The superposition of human DNase I (PDB: 4AWN) with
the bovine pancreatic DNase I (PDB: 1DNK) was
performed using the Protein structure alignment feature
in Maestro.*® Using the default matrix embedded in the
program, the calculation was run until the maximum
number of aligned atoms with the lowest RMSD was
obtained. An alignment score lower than 0.6-0.7 indi-
cated a good alignment.** The number of identical amino
acid residues in examined DNases I was compared with
the percentage of sequence similarity and was displayed
by the color matching residues scheme.

3 | RESULTS AND DISCUSSION

3.1 | DNase I inhibition

Four of the 19 studied benzimidazoles inhibited bovine
pancreatic DNase I with an ICs, value below 200 uM (Table
2), whereby 1 compound (1) belonged to 1,3-disubstituted-
benzimidazole-2-imines, 1 (9) belonged to 2-substituted-1,
3-thiazolo[3,2-a]benzimidazolones, and 2 compounds
(14 and 19) belonged to 1,3-disubstituted-benzimidazole-
2-thiones. Compound 9 was shown to be the most potent
DNase I inhibitor with an ICs, value of 79.46 + 11.75 uM.
Crystal violet, used as positive control, exhibited weaker
DNase I inhibition (ICsy=351.82 +29.41 uM) compared
with compounds 1, 9, 14, and 19. Due to the lack of
organic DNase I inhibitors, compound 9 could be set as a
novel standard DNase I inhibitor used in further
investigations.

3.2 | R-group analysis

As the Pharma RQSAR model showed, the presence of
hydrogen-bond acceptor substituents at R2, R3, and R4

DNase I inhibition

Compound I1Cs¢ (uM) = SD
11 >200

12 >200

13 >200

14 89.85+17.20

15 >200

16 >200

17 >200

18 >200

19 96.38 +19.27

Crystal violet 351.82 +29.41
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FIGURE 1 The Pharma RQSAR model of the studied
benzimidazoles. The attachment positions on the benzimidazole
ring were labeled with a list of pharmacophore features, colored by
significance: blue for significant positive contributions, red for
significant negative contributions, and gray for insignificant
contributions to DNase I inhibition. If a pharmacophore feature
was absent from an attachment position, a lower-case letter was
used for the pharmacophore feature type. Examined
pharmacophore features: hydrogen-bond acceptor (A),
hydrogen-bond donor (D), hydrophobic (H), negatively

charged (N), positively charged (P), and aromatic (R).

DNase I, deoxyribonuclease I; RQSAR, R-group quantitative
structure-activity relationship

positions, as well as the presence of aryl substituents at R4
position of the studied benzimidazoles, substantially in-
creased DNase I inhibition. However, the presence of
hydrophobic substituents at R4 position resulted in a
decreased DNase I inhibition (Supporting Information Table
S1, Figure 1). Next, we examined the effect of the E-State
parameters of benzimidazoles on DNase I inhibition
(Supporting Information Table S2, Figure 2). As shown in
Supporting Information Table S2, the introduction of aasC,
dssC, aaCH, and dO fragments at R4 position, ssCH, and ssO
fragments at R3 position, as well as the introduction of ssO
fragment at R2 position exerted a significant enhancement to
the benzimidazoles activity. On the contrary, the use of aaCH
fragment at R2 and R3 positions resulted in a decreased
DNase I inhibition (Supporting Information Table S2,
Figure 2). In addition, we wanted to examine how sensitive
the DNase I inhibitory property of benzimidazoles was to
R group variation at specific position. As shown in Figure 3,
variations of substituents at R2, R3, and R4 positions had
substantial effects on DNase I inhibition compared with the
benzimidazole scaffold or substituents at R1 position.

FIGURE 2 The E-State RQSAR model of the studied
benzimidazoles. The attachment positions on the benzimidazole
ring were labeled with a list of letters representing the E-state atom
types (Supporting Information Table S2), colored by significance:
blue for significant positive contributions, red for significant
negative contributions, and gray for insignificant contributions to
DNase I inhibition. If an E-state atom type was absent from an
attachment position, it was not included in the annotation for that
position. DNase I, deoxyribonuclease I; RQSAR, R-group
quantitative structure-activity relationship

3.3 | 3D pharmacophore modeling

The best hypothesis model for the studied benzimida-
zoles was selected by analyzing the survival scores in
Supporting Information Table S3. Of note, the model
with the best survival score can differentiate between the
actives and inactives.*’ The selected common pharma-
cophore hypothesis had 5 features namely, 2 acceptor
groups (A) and 3 aromatic groups (R). The result is
presented in Figure 4, which depicts the superimposed
images of the active benzimidazoles with the generated
hypothesis. The angle and distances between different
sites of the model are given in Supporting Information
Tables S4 and S5, respectively. The AARRR.243 hypoth-
esis highlighted the 3D space arrangement among

2 o e [N |
Care 1
"

R-Ciroup Position

FIGURE 3 The Importance analysis histogram of the studied
benzimidazoles
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FIGURE 4 Superimposed images of the active benzimidazoles
with AARRR.243 hypothesis

hydrogen-bond substituents and aromatic rings at
benzimidazoles (Figure 4) and confirmed the results of
the Pharma RQSAR model at R3 and R4 positions
(Supporting Information Table S1).

3.4 | Molecular docking

The binding site residues in DNase I have been identified
using the Site Finder module implemented in the MOE
software. The results from the analysis highlighted that
amino acid residues like Asn 7, Arg 9, Glu 39, Tyr 76, Glu
78, Arg 111, His 134, Ala 136, Pro 137, Asp 168, Asn 170,
Thr 203, Thr 205, Thr 207, Tyr 211, Asp 251, and His 252
constituted the binding pocket of DNase I structure
(Supporting Information Table S6). Our results are
consistent with a recent study highlighting the conserva-
tion of the amino acids involved in the identified cation-
binding sites across DNase I and DNase I-like protein.* It
is worth mentioning that inhibitor-binding pocket, repre-
sented by a gray-red surface map, is within the region that
interacts with DNA octamer d(GGTATACC), (Figure 5).

e -

~~

FIGURE 5 The top-ranked DNase I binding site. DNase I,
deoxyribonuclease I

ey KRR

The intermolecular contacts between benzimidazoles
and DNase I was analyzed using the ligand interaction
diagram of MOE suite. It illustrates the existence
of hydrogen bond, pi-cation, and H-pi interactions
(Supporting Information Table S7). In addition, the
bond distances and bond energy between the inhibitor
and receptor atoms were also examined. Of note, the
importance of Glu 39, His 134, and His 252 residues in
the catalytic mechanism of DNase I has been already
highlighted.* It was confirmed that catalytic residues His
134 and His 252 are a part of the ion binding site IV,
which is implicated in the cleavage of scissile phosphate.
Furthermore, several site-directed mutagenesis experi-
ments on the residues surrounding His 134 and His 252
demonstrated that single mutations on a Glu 39 residue
resulted in a very low activities on a DNA molecule.**°
The effects of these mutations also confirmed the active
role of Glu 39 in the IV catalytic site.

The interaction profiles of benzimidazoles with
DNase I domain are shown in Figure 6 and Supporting
Information Table S7. In addition, the positive correlation
between the ICsq inhibition values and the relative binding
free energies of the most active benzimidazoles are shown
in Table 2 and Supporting Information Table S7. The
physicochemical descriptors of active molecules are shown
in Supporting Information Table S8. Compound 9, which
corresponds to one of the most promising ligands reported
in this series, showed a dominant hydrogen bond
interaction with His 134 catalytic residue (Figure 6D).
Furthermore, identical interaction was also observed for
the second most active compound 14 (Figure 6F). In
addition, these compounds exhibited some minor H-pi,
pi-cation, and H-donor interactions with Tyr 211, Arg 111,
and Asp 251 residues (Supporting Information Table S7).
The results from Supporting Information Table S7
indicate that benzimidazoles 1 and 19 were not found to
possess any similar interaction as previously discussed
compounds. These compounds were observed to interact
with other conserved catalytic residues such as Glu 39 or
His 252. It was shown that compound 1 forms hydrogen
bond interactions with both catalytic residues (Figure 6A).
Furthermore, compound 19 was exhibiting hydrogen bond
interactions with residues such as Tyr 76, Ser 110, Arg 111,
Ala 136, and Pro 137 along with the catalytic Glu 39
residue (Figure 6H). Consequently, the presence of
interactions with the most important catalytic residues of
DNase I binding pocket are expected to enhance the
efficiency of benzimidazoles.

3.5 | Molecular dynamics simulation

The study was further extended to assess the stability of
DNase I-compound 9 docking complex through molecular
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FIGURE 6 Binding interaction of the benzimidazoles with DNase I (PDB: 1DNK) domain: (A,B) 3D/2D binding pose of the compound
1; (C,D) 3D/2D binding mode of the most active compound 9; (E,F) 3D/2D binding mode of the second most active compound 14; and (G,H)
3D/2D binding mode of compound 19. DNase I, deoxyribonuclease I
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FIGURE 7 (A,B) RMSD plot of bovine pancreatic DNase I and compound 9 during the course of 10 ns molecular dynamics simulation;
(C,D) RMSF plot of bovine pancreatic DNase I and compound 9 during the simulation trajectory. DNase I, deoxyribonuclease I; RMSD, root

mean square deviation

FIGURE 8

(A)

AVA

(B)

(A) The ligand torsions plot summarizes the conformational evolution of every rotatable bond in compound 9 throughout

the course of 10 ns molecular dynamics simulation; (B) Interactions of bovine pancreatic DNase I and compound 9 during the simulation

trajectory. DNase I, deoxyribonuclease I
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dynamics simulation (Supporting Information animation
content S1). The RMSD and RMSF plots for DNase I and
compound 9 (Figure 7) showed that docking complex was
stable during entire simulation period. The RMSD for Ca,
side chains and heavy atoms remained within the limit of
2A (Figure 7A,B). The similar situation was noted for
RMSF values (Figure 7C,D). The obtained results indicated
small structural rearrangement, less conformational
changes and confirmed DNase I complex stability.>® Once
the conformational stability of the system was established,
interaction stability of the system was monitored. The
interactions observed during 10ns molecular simulation
showed hydrogen bond interaction with catalytic His 134
and pi-cation interaction with Arg 111 (Figure 8). The
importance of carbonyl group in docking position of
compound 9 (Figure 6, Supporting Information Table S7)
was further confirmed by conformational strain that ligand
undergoes to maintain a protein-bound conformation
(Figure 8A). Furthermore, it was shown that 84% of the
simulation time, compound 9 interacts with catalytic His
134 (Figure 8B).

3.6 | Protein structure alignment

Sequence alignments of DNA-interacting residues of
DNase I from different species are in detail explained
by Pan et al.*® The authors showed that human DNase I
shares 78% sequence similarity with the bovine enzyme.
Of all the residues that directly contact DNA in either
bovine DNase I-octamer complex,** only 2 are different
in the human enzyme.*” At positions 9 and 206, human
DNase I has Gln and Pro, respectively, whereas Arg and
Ser are found in bovine DNase I. These observations are
similar with our results shown in Supporting Information
Figure S1. The superposition of human DNase I** with
bovine pancreatic DNase I** showed that human DNase I
shares 89% sequence similarity with bovine DNase I
(Supporting Information Figure S1). Our improved
sequence similarity results could be explained by the
more resolved X-ray crystal structure of human DNase I
at 1.95 A.*® Furthermore, the protein structure alignment
showed that binding site residues identified by the Site
Finder module are identical for bovine and human
DNase I (Supporting Information Figure S1). These
results suggest the potential translational impact of
benzimidazoles against human DNase I.

4 | CONCLUSION

In summary, 4 of 19 investigated benzimidazoles
(compounds 1, 9, 14, and 19) inhibited bovine
pancreatic DNase I with ICsq values below 200 uM,

with compound 9 being the most potent (ICsy = 79.46
+11.75uM). These 4 compounds showed higher
DNase I inhibitory activity then crystal violet (ICs, =
351.82 +29.41 uM), used as positive control. The in
silico methods showed a significant enhancement of
benzimidazoles activity using hydrogen-bond acceptor
substituents at R2, R3, and R4 positions, or aryl
substituents at R4 position. Furthermore, the benzi-
midazoles interactions with the most important
catalytic residues of DNase I, including H-acceptor
interaction with residue His 134 and His 252 and/or H-
donor interaction with residue Glu 39, were shown. In
addition, a molecular dynamics simulation was per-
formed for DNase I-compound 9 docking complex.
Trajectory analysis showed that docking complex and
intermolecular interactions were stable throughout
the entire production part of simulations. The results
of the protein structure alignment module suggested
the potential translational impact of benzimidazoles
against human DNase I. Benzimidazoles can be
regarded as a promising scaffold for design of new
DNase I inhibitors and could have potential therapeu-
tic applications due to the significant involvement of
DNase I in pathophysiology of many disease condi-
tions. To the best of our knowledge, this is the first
report on DNase I inhibition by benzimidazoles.
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