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The current investigation involves design, synthesis, and assessment of the potential
antimycobacterial activity of three sets of 4,4-diphenylimidazolidinone-2-hydrazone derivatives,
3a-1, 4a-h, and 5a,b. Their In vitro efficacy against M. smegmatis ATCC 607 was assessed
versus isoniazid (INH) as reference drug. The results revealed that, ten of the tested compounds
exhibited inhibitory ability analogous to INH, with MIC values ranging from 0.032 to 0.45 uM
(INH: 0.046 pM). Explicitly, the p-tolylethylidene hydrazone 4c and the 2-oxoindoline-3-
ylidene 5a are the most potent compounds (MIC = 0.033 uM). Compound 5a exhibited
bactericidal effect equivalent to INH, as evidenced by the time-kill kinetics pattern (= 3 log
reduction in bacterial count: 99.9 % Kkilling), at 4x MIC value, after 72 h of incubation.
Cytotoxicity assessment of the most potent compounds, 4a,c,e, 5a,b, against Vero cells line,
revealed minimal in vitro cytotoxicity (SI ~ 40 - > 2000). Bioactivity profiling analysis using
several computational and inverse molecular modeling approaches revealed that the studied
compounds exhibit multitarget potential as antimycobacterials. The results indicate that
mycobacterial acyl-carrier-protein reductase (InhA) is the most credible potential target.
Molecular docking studies in the active site of ACP reductase (InhA) revealed promising
interaction with the catalytic triad amino acid residues, Tyr 158, Lys165, and phel49.
Computational assessment of the molecular characteristics and drug-like scores demonstrate
prospective eligibility for further assessments as new series of antimycobacterial agents. The
attained results suggest that the studied arylidene hydrazinylimidazolidinones be worthy for
further optimization for antimycobacterial activity
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INTRODUCTION

Tuberculosis infection (TB) is a
contagious disease resulting from a unique
bacterial strain. The disease regarded as one of
the higher causes of death worldwide. It is
established globally that there are three main
types of mycobacterial infections: the most
common form is the drug-susceptible (DS-
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TB)l, however, the two others are the
multidrug-resistant (MDR-TB), and extensively
drug-resistant (XDR-TB) 2. The greatest barrier
to eradication and/or successful control of TB
is the emergence of drug-resistant strains of
TB®. Moreover, long-term therapeutic
regimen, patient non-compliance remains the
most important reason for treatment failure.
This situation brings increased urgency to the
task of developing efficacious



antimycobacterial compounds based on novel
chemical scaffolds.
One of the fruitful approaches devoted to

mycobacterial chemotherapy is the efforts
placed on investigating mycobacterial cell
envelope structure and the biosynthesis of its
hallmark entities to identify attractive drug
targets’. Several drugs were acknowledged,
targeting the biosynthesis of mycolic acids, e.g.

isoniazid, ethionamide, thiocarlide,
thiacetazone®®. In addition, novel
antitubercular drugs such as Delamanid and
Bedaquiline, targeting alternative

mycobacterial cellular biosynthesis machinery,
were also approved **°. Meanwhile, different
scaffolds were identified including indole-2-
carboxamides 1'*?, phenoxyphenol derivatives
11"®,  pyrrolidone  carboxamides  111*,
thiadiazolylhydrazones \Vad and
diphenylpyrazole carboxamides V'**", (Fig. 1).
The results of these hits highlight their
therapeutic  potential in  treatment  of
mycobacterial  infections and  motivate
development of new chemical entities.
Unfortunately, clinical approval of most of the
above drug candidates has been hampered by
several difficulties involving limited
pharmacokinetic characteristics, severe side
effects, resistance development through genetic
mutations and/or enhanced efflux of the
drugs®™.

Compounds  compressing  hydrazide-
hydrazone motif are reported to display
significant anti-TB activity *%, in addition to
activities against further infectious diseases
such as bacterial infections and malaria %,
Evidently, the observed antimicrobial activities
are attributed to the ability of these structural
functionalities to interfere  with vital
biochemical processes of respective infectious
agents.
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Imidazoles are important heterocycles that
exists in the core structure of many drugs and
lead compounds for combating infectious
diseases. Interestingly, disubstituted imidazole
derivatives were reported to be potential
antimycobacterial bacterial agents functioning
as inhibitors of enoyl acyl carrier protein
reductase (Fabl)®. This provided a good
incentive to develop novel structures that could
be endowed with less toxic features and better
activity.

Accordingly, it is anticipated to design
and synthesis a series of 2-(aryl/hetroaryl-
hydrazono)-4,4-diphenylimidazolinones  (Fig.
2) to be tested for their potential
antimycobacterial activity. The design strategy
involves pharmacophoric features comprising
diphenylimidazolinone scaffold as 5-membered
heterocyclic isostere to the above-mentioned
lead compounds. The diphenyl-substituent
imparts lipophilic trait, which likely enhances
the permeability of the molecules into the
lipophilic inner membrane of mycobacterium.
The two N-atoms and the C=0O allow H-
bonding elements in the interaction with the
target protein. Additionally, the pendant
arylhydrazone moiety might be involved in the
redox aspects of the target enzymes. Moreover,
adding substituents, with variable
physicochemical characteristics, to the terminal
aryl moieties might manipulate the potential
activity of the designed compounds.
Ultimately, computational assessment of
activity profiling to elucidate the possible
mechanism of action of the synthesized
compounds. Moreover, cytotoxicity study and
drug-likeness characteristics will also be
discussed.
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Fig. 2: Design strategy of 2-(aryl/hetroary|hydrazono)-4,4-dieyI-imidazoIinones.

RESULTS AND DISCUSSION

Results
Chemistry

The synthesis of the designed 2-
(aryl/hetroaryl-hydrazono)-4,4-
diphenylimidazolinones 3a—l, 4a-h, and 5a,b is
outlined in Scheme 1. The key intermediate, 2-
hydrazinyl-4,4-diphenyl-1H-imidazol-5(4H)-
one 2, was obtained by treatment of
thiohydantoin 1 with hydrazine hydrate in

refluxing EtOH %. The structure and
physicochemical characteristics of 2 are
consistent with the reported data . The IR
spectrum displayed the absorption bands
characteristic for NH2, 2NH-, and -C=0O groups
at ~ 3440, 3324, 3228, 1724 cm™', respectively.
The 'H-NMR spectrum revealed two upfield
singlets at 6 = 2.10, and 3.57 ppm assigned to
the terminal -NH,, and -NH- protons of the
hydrazine moiety respectively, and singlet at o
= 9.34 ppm of the imidazolinone -NH- proton.
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The 10 protons of the diphenyl rings displayed
multiplet at 6 = 7.29 — 7.38 ppm.

The 2-(aryl/heteroarylmethylidene
hydrazono)-4,4-diphenyl-1H-imidazolin-5(4H)-
ones ,3a — |, were obtained by refluxing an

ethanolic solution of 2-hydrazino-
imidazolinone 2 with the appropriate
aryl/neteroaryl aldehydes in presence of
catalytic amount of glacial acetic acid
analogous to reported method *’. Likewise,
treatment of 2 with the appropriate
acetophenones or indoline-2,3-diones lead to
the corresponding arylethylidenes 4a-h, or 3-
hydrazono-indolin-2-ones, 5a,b respectively.
The structures of the synthesized
hydrazones, 3a-l, 4a-h, and 5a,b, were
confirmed based on spectral and elemental
analytical data. Their IR spectra revealed
vibrations characteristic for imidazolinone -
C=0 (~ 17341710 cm ") and two -NH- bands
at V' = 3430-3220 cm ', in addition to bending
and stretching vibrations of aromatic C-C and
C-H bonds. The *H-NMR spectra (Fig. SM8 —
29; Supporting material) reveal disappearance
of the NH, singlet at § = 2.10 ppm
characteristic for the starting agent, 2-
hydrazinyl-diphenyl-1H-imidazolidinone 2, and
a concomitant downfield shift of the -NH-
singlet from 6 = 3.57 ppm to 6 = 9.20 — 9.60
ppm, due to tautomeric nature. This behavior
was previously reported in a series of 2-[(2-
(phthalazin-1-yl)hydrazono)methyl]phenol and
related derivatives 2. However, the signals of
the imidazolinone -NH- protons appear in a
range of & = 11.68 — 12.29 ppm indicating
nonsignificant downfield shift relative to its
position in the parent unsubstituted hydrazine
2. Additionally, the spectra demonstrate
distinctive signals for the respective compound
classes. In case of the benzylidene series 3a-l,
the methine protons (-N=CH-) are clearly
detectable at &6 = 8.06 - 8.87 ppm.
Alternatively, such singlets are missing in the
spectra of the phenyl-ethylidine hydrazones
4a-h, as well as the 3-hydrazono-indoline-2-
ones 5ab. The protons of the diphenyl
substituent  linked to C-4 of the
imidazolidinone nucleus and those of the
phenyl moiety attached to the hydrazinyl linker
appeared mostly as unresolved multiplets at 6 ~
6.90 - 8.33 ppm. In addition, characteristic
signals of protons relating to specific function
groups are detected e.g compound 3h showed
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two singlets at 6 = 2.95 and 2.97 ppm due to
N(CHjs), moiety. However, compounds 3j and
3k displayed singlets of the methoxy
substituents at 6 = 3.82 and 3.78 ppm
respectively.

Among series 4a-h, compounds 4c and 4g
displayed signals at 6 = 2.35 and 3.78 ppm due
to (CH3) and (OCHs) groups respectively. In
addition, compounds 3i, 3j, 4d and 4e showed
downfield shifted exchangeable protons due to
(OH) and (NH,) groups. The *C-NMR spectra
(Fig.s  SM8-29;  Supporting  material)
illustrates some common characteristic signals
due to imidazolinone C-atoms: C-2 (8 =
161.00), C-4 (6 = 71.49), C=0 (6 = 176.0
ppm); and the azomethine C-atoms (-N=CH-)
(6 = 14499 - 148.89 ppm). The signals of
remaining C-atoms appeared at the expected
chemical shifts.

Biological evaluation
In-vitro antimycobacterial activity

The synthesized 2-
(aryl/hetroarylhydrazono)-4,4-
diphenylimidazo-linones 3a-l, 4a-h, and 5a,b
were screened for their antimycobacterial
activity against M. smegmatis, using broth
microdilution method, in comparison to INH as
reference drug. M. smegmatis (biosafety level
1) was utilized as a screening model. It is
considered as the most appropriate for research
analysis in laboratory experiments, being a
"fast grower" and non-pathogenic
mycobacterial stain®. It represents a good
model to study mycobacteria in general and the
highly pathogenic M. tuberculosis, since it
shares the same peculiar cell wall structure as
M. tuberculosis and other mycobacterial
species®*, Moreover, it shares more than 2000
homologous genes with M. tuberculosis®.
The present investigation involves assessment
of the primary effect on bacterial growth
expressed as inhibition zone's diameter (1ZD:
mm). Furthermore, the minimal inhibitory
concentration, (MIC; uM) and time-kill
kinetics assay for compounds exhibiting
meaningful inhibition zones (IZD > 10 mm)
were also evaluated. The inhibition zones (Fig.
3) created by the tested compounds, at a
concentration of 100 pg/well, illustrate that the
benzylidene hydrazones 3a-1 have limited
inhibition of M. smegmatis. Only compounds
3b, and 3i, showed comparable inhibition



zones, (1ZDs = 17.5, and 14 respectively), to
that of the parent hydrazine 2. Remarkably, the
arylethylidene hydrazones 4a-h and the 2-
oxoindol-3-yl  hydrazones 5ab  exhibit
enhanced in vitro antimycobacterial activity.
The inhibition zones of compounds 4a,b,c,e, 5a
and 5b were greater than that of the parent
hydrazine 2 (IZDs ~ 17 — 24 mm). Obviously,
the 2-oxoindolylhydrazone 5a demonstrated the
highest zone of inhibition of M. smegmatis (~
24 mm), which is nearly equal to that of the
reference drug INH. The minimum inhibitory
concentrations (MIC) were determined for

compounds displaying significant growth
inhibition zones (IZD > 10 mm), using broth
microdilution method *. Two-fold decreasing
concentrations (from 200 to 0.19 pg/ml) were
tested. The results are summarized in Table 1,
indicating that the arylethylidine hydrazones
4a, 4c, 4e, and 5a showed MIC values = 0.068,
0.033, 0.065, and 0.032 uM respectively, that
are comparable to that of the reference drug,
INH (0.046 pM). Meanwhile, compounds 4f,
49, 4h, and 5b showed MIC ranging from
0.106 — 0.134 pM, accounting for 25 — 45%
decreased potency than INH.

1 N
H
l H,NNH,
(O
\ NH
) NTC
N H
H 2
C,H;O0H | Gl acetic
O l Ar-CHO Ar-COCH; Isatin
Ar Y3
OT o~ ey
\>-NH Q \>_N/N
o N o=—~N H
H v H
AI’ Q N\ /N{ 5a, b
a: CgHs > NH R
b: 2-CI-CgH,4 @) N a:H
C: 4-Cl-CgH, H 4a-h b: Br
d: 4—F—06H4
e: 2,4-(C|)2-C6H3 Al‘
f: 4-NO,-CgH, a: CgHs
g: 3—N02—C6H4 b: 4—Br—CGH4
h: 4-N(CH3),-CgHy4 c: 4-CH3-CgHy4
i 2—OH—C6H4 d: 4—NH2—C6H4
j: 4-OH-3-OCH3-CgH3 e: 4-OH-CgH,4
k: 2,6-(OCH3),-CgH3 f: 4-CI-CgH,4

I: 2-Furfuryl

g: 4—OCH3—CGH4
h: Thiophene

Scheme 1: Synthesis pathways of the designed compounds: 3a — I; 4a — h; 5a,b.
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Fig. 3: Inhibition zones of the tested compounds.

Table 1: Antimycobacterial activity and cytotoxicity (CCsp) of the studied compounds and INH.

*: All measurements were done in triplicate.

Aryl/heteroaryl 1ZD MIC (nM)* CCs® (UM) (SIP)

Code (mm)

2 H 16 0.188

3b 2-Cl-Phenyl 17 >0.515

3i 2-OH-Phenyl 13 > 0.540

4a Phenyl 18 0.068 26.93 £5.4 (396.0)

4b 4-Br-Phenyl 16 0.447

4c 4-CHj;-Phenyl 21 0.033 71.11 £5.9 (2155)

4d 4-NH,-Phenyl 6 > 50

4e 4-OH-Phenyl 22 0.065 8.91 +£0.4 (137.1)

4f 4-Cl-Phenyl 10 0.124

49 4-OCHgz-Phenyl 10 0.130

4h 2-Thienyl 10 0.134

5a 2-Oxoindol-3-yl 24 0.032 27.84 £2.3 (870)

5b 5-Br-2-Oxoindol-3-yl 16 0.106 11.46 +2.4 (108.1)
INH 25 0.058

% The concentration of the tested compound reduces the cell viability by 50%.

b. Selectivity index is the ratio of CCso/MIC.
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Time-kill kinetics

Assessment  of time-kill kinetics is
routinely applied to allocate the observed
antimicrobial activity of tested molecules as
bacteriostatic or bactericidal against specific
bacterial strain. This is achieved predominantly
by counting the viable bacterial cells at serial
two-fold dilutions of the tested compounds
after specific time intervals in a 96-well
microtiter plate **. Generally, a reduction in
CFU/ml of < 3log value of the initial count,
during incubation period of 24 h, indicates
bacteriostatic activity, whereas a value of >
3log decrease designates bactericidal activity
% In this study, the time-kill kinetics of
selected compounds including the
unsubstituted imidazolyl-2-hydrazine 2, 2-
Hydroxybenzylidene hydrazone 3i, 4-tolyl-
ethylidene hydrazone 4c, and 2-oxoindoline-3-
hydrazone 5a were evaluated in comparison to
the reference drug INH. The results are
depicted in Fig. 4, demonstrating clearly that
compound 5a showed a killing-kinetics pattern
almost identical to that of INH. The other
compounds 2, 3i and 4c suppress the
proliferation of M. smegmatis and maintained
the initial bacterial count almost unchanged
(Fig. 4A). Unequivocally, compound 5a as
well as INH displayed > 1 log reduction (~ 90
% killing) of the initial population of the cells
and marginally < 2 log reduction (~ 99%
killing) at 2xMIC after 48 h. and 72 h. of
treatment, respectively, indicating
bacteriostatic effect. Alternatively, at 4xMIC
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both compounds 5a and INH exhibited > 3 log
reduction, (Fig. 4B), of bacterial count (~ 99.9
% killing) after 72 h, illustrating bactericidal
effect. Compounds 2 and 4c showed only 1 log
reduction after 72 h of treatment, while
bacterial count remained constant in culture
treated with compound 3i at all time intervals.

In-vitro cytotoxicity study

Cytotoxicity assessment represents a
prime  requirements for investigational
compounds showing antimicrobial efficacy.
This study is done to highlight the of the tested
compounds on the host normal cells.
Consequently, the compounds exhibiting
significant antimycobacterial activity (4a,c,e
and 5a,b) with MIC values < 0.20 uM were
tested for potential toxic effects on normal
kidney epithelial cells derived from African
green monkey (Vero cells) using MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay. The method depends on
colorimetric assessment of the decrease in
color intensity of insoluble purple formazan
crystals resulting from reduction of the
tetrazolium salt. This effect is due to inhibition
of certain enzymes responsible for cellular
viability *. The produced formazan crystals are
then dissolved using a solubilizing solution e.g.
isopropyl alcohol and the absorbance is
measured at 500 - 600 nm using plate-reader.
The darker the solution, the greater the number
of viable cells.

B 10
8
-
l‘? ! == Control
0 == INH
[ ]
g ¢ =t
9 ) =i
) “t=d¢
~0=5a
0 Y : \
0Oh Uh 8h 12h

Time

Fig. 4: Time-kills assay results against M. smegmatis. A: 2xMIC; B: 4xMIC
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The cytotoxicity results (CCs in M) and
the respective selectivity index (SI) of the
tested compounds are presented in table 1. SI
is the ratio of in vitro cytotoxicity (CCsy M) to
antimycobacterial activity (MIC in uM). It now
generally accepted that, candidate compounds
are considered as nontoxic antimycobacterial,
if the Sl value is > 10, with MIC value lower
than 6.25 mg/ml . The results indicate that the
calculated Sl values (Tab. 1) of the tested
compounds ranging from 108.1 to 2155,
demonstrating higher safety margin to the host
cells.

Structure activity relationship (SAR) study
This study is executed to explore the
impact of the structural fragments of the
designed compounds on the observed
antimycobacterial activity. The results (Fig. 5)
demonstrate that derivatization of
diphenylimidazolinone-2-hydrazine 2 to the
corresponding arylidene hydrazones results
generally  in  enhancement  of  the
antimycobacterial activity. Comparison of the
studied series 3a-l, 4a-h, and 5a, b indicates
that the arylethylidenes 4a-h and the
indolinones 5a, b surpassed their benzylidene
analogues 3a-1. A plausible explanation for this
difference could be attributed to the presence
of CH; substituent at the o-C atom of the
hydrazone moiety in case of aryl ethylidenes
4a-h, which confers bulkiness attaining proper

Arylidene
substituents
>> NH,.

9
®

Aniydodiy padueyuyg

0O J
~

Pharmacophore
H-bonding moiety

H . .
N\YN\N)\J' Aryl/ \J [R = CHj;
NH
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orientation of the binding groups in the active
site of the target enzyme. The bending
substituents on the arylidene  moiety
demonstrate variable effects on the observed
antimycobacterial activity. The MIC values of
the arylethylidenes 4a-h indicate that
compounds  having  electron  donating
substituents: 4c (4-CH;), and 4e (4-OH) are
more potent, (MIC values: 0.033, and 0.065
uM, respectively), than the corresponding
analogs with electron withdrawing substituents
e.g. 4b (4-Br), and 4f (4-Cl): MIC values:
0.447, and 0.124 uM, respectively.

Bioactivity profiling and molecular modeling

Several computational approaches have
been developed for prediction of putative
targets of many newly developed molecules as
well as isolated natural products. This is
considered as an interesting tactic specially in
demanding resources to perform enzymatic
assays. In the present investigation, some of
these computational and in silico applications
were explored to delineate the potential
molecular target(s) involved in the observed
antimycobacterial activity of the studied
compounds (3a-l, 4a-h, and 5a,b). A stepwise
analysis compressing both ‘reverse or inverse’
ligand-based and structure-based approaches
have been accomplished %%,

R=H;
X(EWG >> EDG

Het. Aryl; X: EDG >> EWLJ

. .
~

1
1
Y

’
~ -

Fig. 5: Summary of the SAR of the studied antimycobacterial compounds.
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Shape-based similarity analysis

ChemMine tools is an online service
involving a web interface to a set of
cheminformatics and data mining tools that are
useful for various analysis routines performed
in chemical genomics and drug discovery.
Several approaches were developed e.g.,
similarity searching, which includes pairwise
matching of structural fragments among
compounds, and the result is expressed as
numerical similarity index “. Informatics
resources in these areas are essential for
exploring the structure, properties, and
bioactivity of biologically relevant molecules.
Additionally, this might assist the process of
target fishing relevant to respective mechanism
of action **. In the present investigation, we
applied shape-based similarity (Tanimoto
coefficient) approach for assessment of the
similarity index between the most active

compounds (4c and 5a) and a set of selected
hydrazone  and/or  amide-based related
compounds, A — H (Tab. 2). The selection
criteria based principally on experimentally
reported antimycobacterial activity combined
with successful docking into a recognized
mycobacterial target. Explicitly, inhibitors of
acyl carrier protein reductase  (InhA),
Mycobacterial membrane proteins Large
(MmpL3), Pantothenate Synthetase (PS), f-
ketoacyl acyl-carrier-protein  synthase IlI
(FabH), and Cytochrome P450 (CYP121A1).
The results revealed that compounds B - H
showed similarity indexes in the range of 0.189
— 0.458. However, compound A targeting acyl-
carrier-protein reductase (InhA), showed the
lowest Tanimoto coefficient, hence, it is
excluded from the next step.

Table 2: Atom pair (AP) Tanimoto similarity indexes with compounds 4c and 5a using

ChemMline tools.

B) N=N \Q

Code Structure AP (4c) AP (5a) | Mycob. target Lit.
A) ? 0.068 0.073 InhA 42
(0]
Cl
0.290 0.302 InhA 43
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Table 2: Continued.

C) N=n 0.235 0.209 InhA 44
\_¢
HN
/ 0
—N
D) 0.198 0.189 MmpL3 45
E) N N 0.242 0.241 PS 46
SN
/ ﬁ—NH N
© OH
o
F) 0.458 0.425 PS 47

G) o N\SCI 0.247 0.247 FabH 48
/

F

H) i 0.340 0.326 CYP121AL 49
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Pharmacophore mapping

Pharmacophore mapping is a broadly used
ligand-based  method in drug target
identification. In this respect, the adopted target
fishing phases involves application of “reverse
pharmacophore  mapping” approach, for
elucidation of the potential mycobacterial
target of the studied compounds *. Firstly, a
pharmacophore model, derived from the
investigated compounds (4a, ¢, e-g and 5a, b)
as training set was generated using the
pharmacophore elucidator module of the
software Molecular Operating Environment,
(MOE 2020.01, https://www.chem-comp.com).
This is followed by testing against a database
set compressing the structures B — H (test set),
which  displayed  significant ~ Tanimoto
similarity indexes (Tab. 2). The procedure
involves initial flexible alignment of the
training set molecules, to assign scores to the
respective generated queries. The score is
based on a shared measure of their cover, how
many compounds were used to generate the
model out of the initial set, overlap, how well
they applied the ligands, and accuracy, how
well they group the dataset into actives and
inactives *’. The respective values for the
generated pharmacophore queries of the
training set compounds reveal the cover = 7
compounds out of 7, overlap = 6.11, accuracy =
1.0, (Table SM1, supporting material). The
following pharmacophoric features (Fig. 6A)
were allocated within the training set
compounds: two potential aromatic ring centers
(F1 and F2, green spherical meshes), and H-
bond acceptor (F3, cyan spherical mesh). Fig.
6B illustrates the overlay of the training set
molecules to the generated pharmacophore
model. The validity of the model has been also
assessed against a database set including the
least active tested compounds (3b, 3i, and 4b),
with MIC values higher than 0.4 uM (Tab. 1).
The results identified 3 hits, (Table SM2), with
rmsd values = 0.05, 0.02, and 0.02 respectively,
reflecting the reliability of the generated
pharmacophore model (Fig. SM1).

Mapping the test set compounds B — H,
(Table 2), to the generated pharmacophore
model revealed that six of them (B, C, E, F, G
and H) are aligned with acceptable root-mean-
square distance (rmsd) values, (Table SM3).
Analysis of the obtained results indicates that
compounds B and C displayed rmsd value =
0.950 and 0.445, respectively. Both compounds
are inhibitors of mycobacterial InhA, however
compound B has higher RMSD value than C,
hence, it was disregarded. Likewise,
compounds E and F are reported pantothenate
synthetase inhibitors. Compound E showed a
lower RMSD value (0.490) than F (RMSD =
0.681). Moreover, (E) is the native ligand of
pantothenate synthetase “°, hence selected for
the next step. Consequently, the results of
reverse pharmacophore mapping analysis
indicate that compounds C, E, G, and H, (Tab.
2), aligned adequately with the generated
pharmacophoric model (Table. 3). The
assigned targets for these compounds are acyl-
carrier protein reductase InhA, Pantothenate
synthetase, R-ketoacyl acyl-carrier-protein
synthase Ill FabH, and CYP121A1,
respectively.

Furthermore, we utilize the flexible
alignment plate form to explore the possible
matching of the 3D structures of the training
set compounds (4a, ¢, e-g and 5a, b). The
results show high grade placement with least
strain energy (U = 64.44, F = -22451, S = -
160.07) (Fig. SM2). Interestingly, appropriate
alignments were also documented between the
investigated compounds (training set) and the
top-scored test set compounds C, E, G, and H
(Tab. 3), as depicted in Fig. SMS3,
supplementary material. The results of reverse
pharmacophore  mapping and  flexible
alignment illustrate that the designed
compounds (4a, ¢, e-g and 5a, b) might bind to
the proposed targets of the selected hits, (C, E,
G and H), in a comparable set of interactions.
Accordingly, the obtained results provide
virtual evidence for the multitarget potential of
the studied compounds.
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Fig. 6 A: The derived Pharmacophore model.

Table 3: Pharmacophore mapping and Flexible alignment results of the hit structures.

B: Overlay of the training set compounds

(4a, c, e-g and 5a, b) on the
pharmacophore Model.

Flexible alignment Score
Code RMSD (A) Mycob. target 2c o

C 0.449 InhA -60.37 -36.86

E 0.490 PS -146.38 -121.14

G 0.543 FabH -81.48 -60.72

H 0.801 CYP121A1 -84.42 -61.44
Inverse docking study mycobacterial targets. Namely, acyl-carrier
Inverse docking represents the most protein  reductase pantothenate
popular tool mainly in drugs repurposing synthetase (PS), B-ketoacyl acyl-carrier-protein
studies. It offers a useful approach to drug synthase Ill  (FabH), and cytochrome

discovery. Obviously, reverse docking is a
known target fishing tool involving exploration
of binding complementarity between sets of
small molecule ligands and a panel of selected
clinically validated biological targets. The
result offers a list of targets ordered according
to scoring functions. Targets demonstrating the
highest scores represent reliable candidates for
potential interaction with the ligands .
Application of this approach designates the last
step in the present study aiming to rationalize
mechanism-based evidence for the observed
antimycobacterial activity elicited by the
studied compounds 3a-l, 4a-h, and 5a, b.

Based on the results of Shape-based
similarity analysis (Tab. 2), pharmacophore
mapping, and flexible alignment (Tab. 3), we
could assign four different potential
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CYP121A1. Accordingly, an inverse docking
study was achieved involving compounds
4a,c,e and 5a, that showed MIC values ranging
from 0.03 — 0.06 uM against M. smegmatis.
The X-ray crystal structures of the assigned
mycobacterial targets were obtained from,
protein data bank (PDB), are listed in table 4.
Primarily, method validation was performed by
redocking the respective native ligands
reported for each target and assessing the root
mean square deviation (rmsd). The analytical
potential of a computational module is verified
by rmsd value < 1.5 A. Superimposition of the
respective native ligands and their redocked
pose are shown in Fig.s SM4(A-D), supporting
material.



Table 4: Inverse docking scores (S, Kcal/mol), and the ranking of the most active compounds (4a, c, e
and 5a) against the selected mycobacterial targets.

. Docking Scores (ranking)
Ligands =7 3IVX 1U6S 6GEQ MIC (uM)
4a -13.07 (4) -11.95 (4) -12.44 (4) -12.05 (4) 0.056
4c -14.95 (2) -12.36 (3) -13.00 (3) -14.55 (2) 0.031
4e -15.71 (1) -13.67 (1) -14.45 (1) -14.95 (1) 0.062
5a -14.42 (3) -12.94 (2) -13.78 (2) -13.00 (3) 0.026
Mean S.* | -14.54 (1% -12.73 (4™) -13.41(3") -13.63 (2"
Nat. Lig.” | -11.75 -18.89 -21.33 -12.74

4TZK: acyl-carrier protein reductase InhA; 31V X: pantothenate synthetase; 1U6S: p-ketoacyl acyl-carrier-protein

synthase 111 (FabH); 6GEQ: (CYP121A1).
& Mean of docking Score values.

** Docking scores of the co-crystallized ligand (Native ligand).

The docking results were interpreted
based on docking scores, total number and type
of hydrogen bonds and hydrophobic
interactions with the respective target. Analysis
of the docking results revealed that the studied
compounds, 4a,c,e and 5a, indicate analogous
interactions with the selected targets.
Comparing the docking ranks (Table 4) to the
in vitro antimycobacterial activity revealed that
the unsubstituted benzylethylidene hydrazone
4a, showed the lowest binding affinity, (4"
rank), to the studied mycobacterial targets.
Alternatively, the 4-hydroxy congener 4e
displayed the top docking scores (1% rank)
within the four targets. Meanwhile, the docking
scores of the p-tolylethylidene derivative, 4c
and the 2-oxoindolyl derived hydrazone, 5a
showed almost equal docking scores.
Additional ranking parameters based on
calculating the mean values of docking scores
elicited by the four compounds for each target
(Table 4) also provide additional validating
evidence. The results indicate  that
mycobacterial acyl-carrier-protein reductase
InhA (PDB: 4TZK) is the most credible target,
followed by cytochrome CYP121A1 (PDB:

6GEQ), B-ketoacyl acyl-carrier-protein
synthase Il FabH (PDB: 1U6S), and
pantothenate  synthetase  (PDB:  31VX),

respectively.

Docking into the active site of acyl-carrier-
protein reductase (InhA)

Based on the previously discussed results
of the assumed sequential analysis it could be
concluded that acyl-carrier-protein reductase
(InhA) is the most credible target for the
observed antimycobacterial effect of the

studied compounds. Subsequently, it was
interesting to accomplish a exhaustive docking
study of the most active compounds, 4a,c,e and
5a, into the active site of this enzyme to
explore the binding modes and the critical
amino acid residues involved in interactions
with the designed inhibitors.

ACP reductase belongs to the tyrosine
dependent oxidoreductase family and depends
on NADH as a cofactor *. Its crystal structure in
complex with NAD" and a fatty acyl substrate
shows that the later binds in U-shaped
conformation and consists of the amino acid
residues: Phel49, Tyrl58 and Lys165, (Fig.
SMD5, supporting material), that are assigned as
catalytic triad and found to be fundamental for
trans-enoyl reduction catalysis **. Additionally,
a set of hydrophobic residues are in the
substrate  binding loop (SBL) involving
Met103, Phel49, Thr196, Met199, Leu207 and
11e215°%%,

The crystallographic structure of enoyl
ACP reductase (InhA), co-crystallized with 1-
cyclo-hexyl-4-dichlorophenylpyrrolidine-2-one
carboxamide 11l (PDB code: 4TZK), is
downloaded from PDB, http://www.rcsb.org.
The proposed docking algorithm was validated
by redocking of the native ligand into the target
protein (InhA). The respective validation
criteria in this study showed rmsd value =
0.8343 A and the docking score = -11.34
kcal/mole, (Fig. SM4A, supporting material).
The results (Table 5) display docking scores
for compounds, 4a,c,e and 5a, ranging from -
13.07 to -15.71 Kcal/mol, suggesting higher
affinity than the co-crystallized ligand (11.34
Kcal/mol). The respective interactions with the
amino acid residues in active site are almost
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analogous to those elicited by the native ligand.
Essentially, H-bonding, n-H, =-cation, as well
as hydrophobic interactions with Tyrl58,
Lys165, Phel49, Met103, which are crucial for
enzyme inhibition. Fig.s 7 and 8 demonstrate
the 2D and 3D docking representations of
compounds 4c and 5a, respectively.
Furthermore, the respective Fig.s illustrating
the 2D and 3D interactions of compounds 4a
and 4e are presented in Fig.s SM6 and SM7 in
supporting material.

Molecular characteristics and drug-likeness

Molecular features denote a balance of the
respective structural moieties that verify the
coherence of drug molecules. Lipophilicity,
molecular volume, flexibility, and presence of
various pharmacophoric groups are the main
physicochemical properties that influence the
behavior of molecules in a living organism.
Good bioavailability can be achieved with an
appropriate balance between solubility and
partitioning properties. Thus, the compliance of
the synthesized compounds to Lipinski's rule of
five was computationally investigated **. In
addition, topological polar surface area (TPSA)

Enas A. Taha, et al.

and the number of rotatable bonds (# rotb) are
correlated to drug bioavailability >’.

Consequently, the mentioned
characteristics of the studied compounds were
calculated using the online free Molsoft and
Molinspiration software and compared to the
values of the reference drug, INH (Table 6).
The results indicate that all the investigated
compounds displaying TPSA values < 140A?,
and 3 — 6 rotatable bonds suggesting higher
possibility of intestinal absorption. This has
been augmented by enhanced lipophilic
characteristics of the studied compounds (Log
P=3.61-4091).

The drug likeness score combines Log P,
solubility, molecular weight, and toxicity risks
in one handy value that may be used to afford
the overall potential to qualify for a drug *°. A
value of 0.5 or more implies that a compound is
a promising lead for future development and
optimization. The overall drug score values for
the studied compounds were calculated using
molsoft software (http://molsoft.com/mprop)
and compared to that of the reference drug,
INH. The data (Table 6) revealed that the
studied compounds showed acceptable drug-
like score values.

Table 5: Docking results of the most active compounds and the native ligand Il into Enoyl-acyl carrier

protein reductase (InhA), (PDB: 4TZK)

Comp. Score (S) # of H-bonding interact. # Arene-H interactions
Native |-11.34 3 HBD (Met103,161), 2 HBA 2 (Tyr 158, lle215)
ligand* (Tyr158, Leu218)
4a -13.07 HBA (Gly96) [1e95, Met161
4c -14.95 2 HBD (Met155), HBA (Tyr158) | Tyr158, n-cation (Lys165)
4e -15.71 HBA (Lys165) 3 (11e95, Tyr158, Phe149)
5a -14.42 2 HBA (Lys 165, 11e194) Phel49

* 1-cyclo-hexyl-4-dichlorophenylpyrrolidine-2-one carboxamide I11.

Fig. 7: Binding pattern of 4c (in violet) and its overlay with the native ligands (in green) into ACP
reductase active site (PDB 4TZK); 3D (left panel) and 2D (right panel).
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Fig. 8 Binding pattern of 5a (|n violet) and its overlay with the native ligands (in green) |nto ACP
reductase active site (PDB 4TZK); 3D (left panel) and 2D (right panel).

Table 6: Computational molecular characteristics of the most active compounds in
comparison to the reference drug (INH).
Comp. M. cLogP | TPSA srth Lip. acc. | Lip. don £ viol. Drug-Like
# Wi, score
4a 368.44 | 441 57.17 5 5 3 0 1.00
4c 38247 | 455 65.85 5 5 2 0 1.00
4e 384.44 | 3.63 74.79 5 6 2 0 1.00
4f 402.89 | 4.78 65.85 5 5 3 0 1.00
49 398.47 | 4.16 75.09 6 6 2 0 1.00
4h 37447 489 | 65.85 5 5 2 0 1.00
5a 396.45| 361 81.69 4 6 2 0 1.00
5b 47534 | 452 81.69 4 6 3 0 1.00
INH |137.14| -0.97 | 68.01 2 4 3 0 1.00

cLog P: lipophilicity parameter, TPSA: topological polar surface area, rt: rotatable bonds.

Conclusion

Three sets of 4,4-diphenylimidazolinone-
derived hydrazones 3a-l, 4a-h, and 5a,b were
designed, synthesized, and tested as potential
antimycobacterial ~ activity  against M.
smegmatis. The benzylidene hydrazones 3a-I
exhibited limited antimycobacterial activity,
whereby only compounds 3b and 3i showed
moderate activity (MIC values: ~ 0.13 - 0.54
UM respectively). Alternatively, the
phenylethylidenes 4a-h  and  indolinone
hydrazones 5a,b demonstrated enhanced
activity (MIC wvalues: 0.032 — 0.45 pM).
Remarkably, the results of the time-kill assay
revealed that compound 5a demonstrated
bactericidal activity against M. smegmatis
comparable to that of INH. Computational

biological profiling approaches were adopted
for assessment of plausible target(s) for the
most  active compounds. The results
demonstrate multitarget potential of the
investigated compounds. Sequential analysis of
the predicted targets revealed that enoyl ACP
reductase (InhA) is the most credible target
accounting for the observed activity. This
result is assisted by molecular docking study on
the active site of the putative target, illustrating
that the tested compounds bind to the active
site of InhA (PDB: 4TZK) in an analogous
manner to that of the native ligand. Moreover,
computational assessment of the molecular
properties and drug-like score revealed that the
studied compounds are complying with the
conventional characteristics of investigational
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drugs. The results suggest that the studied
arylidene hydrazinylimidazolinones are
contenders  for  further testing and/or
optimization as antimycobacterial therapeutics.

Experimental
Chemistry

The IR spectra were recorded in potassium
bromide discs on a PyeUnicam SP 3300
Shimadzu FT IR 8101 PC infrared
spectrophotometers. 'H-NMR (400 MHz) and
BC-NMR (100 MHz) were run in deuterated
dimethylsulphoxide (DMSO-d6). Elemental
analyses carried out at the Regional Center for
Mycology and Biotechnology, Al-Azhar
University, Cairo/Egypt. All reactions were
monitored by TLC (Silica gel, Aluminum
Sheets 60 F254, Merck), using petroleum
ether/ethyl acetate at appropriate proportion to
separate  the products. The following
intermediates and/or final compounds were
prepared according to the assigned reported
methods:1%; 2,3a,b,c.e,f,i,j?; 4a 7.

Synthesis of Arylmethylidenehydrazones
(3a-1)

A mixture of 2-Hydrazinyl-4,4-diphenyl-
1H-imidazol-5(4H)-one 2 (2.5 mmol) and the
appropriate arylaldehyde (2.5 mmol) in ethanol
(20 mL) and few drops of glacial acetic acid
(~1 mL) was heated under reflux for 6 — 20 h,
as monitored by TLC. The reaction mixture
was then cooled and diluted with water. The
formed solid product was then collected by
filtration, dried, and recrystallized from ethanol
(unless otherwise specified) to afford the
corresponding arylhydrazones 3a-l. %Yield,
reaction time, melting points, spectral &
elemental data are listed below.

Diphenyl-2-[(phenylmethylene)hydrazono]-
1H-imidazol-5(4H)-one (3a)

White powder (60 %), 9 h, MP. 297°C
(Lit. 240-242°C) ®. IR v cm™: 3341, 3150
(2NH), 1735 (CO). 'H-NMR, & ppm: 7.33 —
7.43 (m,13H, diphenyl and benzylidene-
H3,4,5), 7.88 — 7.90 (m, 2H, benzylidene-
H2,6), 8.20 (s, 1H, N=CH), 9.55 (s, 1H, -NH-
N=, D,O exchange), 11.76 (s,1H, im-NH, D,O
exchange). *C-NMR, & ppm: 71.48 (im-C-4),
126.66, 127.12, 127.41, 127.48, 127.66,
12791, 128.23, 128.44, 12852, 129.81,
134.62, 140.54, 145.49 (aromatic C-atoms),
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148.89 (N=CH). Anal. Calcd. for C,H;sN,O
(354.41) C, 74.56; H, 5.12; N,15.81. Found: C,
74.69; H, 4.88; N, 16.04 %.

[(2-Chlorophenylmethylene)hydrazono]-
4,4-diphenyl-1H-imidazol-5(4H)-one (3b):

White powder (80 %),12 h, MP. 299-
300°C, (204-206°C) %. IR v cm™: 3444, 3163
(2NH), 1755(CO)."H NMR, & ppm: 7.34 —7.49
(m, 13H, diphenyl and benzylidene H3,4,5),
8.39 — 8.49 (m, 1H, benzylidene H-6), 8.56 (s,
1H, N=CH), 9.63 (s, 1H, -HN-N=, D,O
exchange), 11.79 (bs, 1H, im-NH, D,O
exchange). *C NMR, & ppm: 71.40(im-C-4),
126.66, 127.11, 127.19, 127.81, 127.89,
128.00, 128.29, 128.49, 129.50, 129.71,130.5,
131.20, 131.78, 132.56, 132.87, 140.33, and
144,99 (aromatic C), 145.49 (N=CH). Anal.
Calcd. For C»,H;;CIN,O (388.86) C, 67.95; H,
4.41; N, 14.41. Found: C, 68.63; H, 4.33; N,
14.56 %.

[(4-Chlorophenylmethylene)hydrazono]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3c)

White powder (95 %),6 h, MP. 290°C
(decomp.), (lit. 280-282, Dioxane)®. IR vem™:
3250, 3163 (2NH), 1747 (CO). 'H-NMR, §
ppm: 7.32 — 7.49 (m, 12H, diphenyl and
benzylidene H3,5), 7.91 — 7.93 (d, J ~ 8Hz, 2H,
benzylidene H2,6), 8.20 (s, 1H, N=CH), 9.54
(s, 1H, -HN-N=, D,0 exchange), 11.65 (bs, 1H,
im-NH, D,O exchange). *C-NMR, & ppm:
71.36 (im-C-4), 126.66, 127.77, 127.95,
128.27, 128.39, 128.47, 128.58, 129.01,
129.11, 133.76, 134.17, 140.44, 147.97
(aromatic C-atoms), 148.89 (N=CH). Anal.
Calcd. for C22H17C|N4O (38886) C,67.95; H,
4.41; N, 14.41. Found: C, 67.74; H, 4.31; N,
14.60 %.

[(4-Fluorophenylmethylene)hydrazono]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3d)

White powder (80 %),12 h, MP. >300°C
(decomp.). IR v ecm™: 3405, 3215 (2NH), 1742
(CO). 'H-NMR, & ppm: 7.19 — 7.42 (m, 12H,
diphenyl and benzylidene H3,5), 7.93 — 7.98
(m, 2H, benzylidene H2,6), 8.20 (s, 1H,
N=CH), 9.52 (s,1H, -HN-N=, D,O exchange)
11.70 (bs, 1H, im-NH, D,O exchange). **C-
NMR, & ppm: 71.39(im-C-4), 115.44, 115.65,
126.66, 127.10, 127.63, 127.93, 128.26,
128.45, 129.40, 129.60, 129.68, 131.34,
140.51, 140.63 (aromatic C-atoms), 147.87 (-



N=CH), 161.80 (im C=N), 164.62 (C=0).
Anal. Calcd. for C,Hi;FN,O (372.39): C,
70.96; H, 4.60; N, 15.04; Found: C, 70.97; H,
4.52; N, 15.15%.
Diphenyl-2-[(2,4-dichlorophenylmethylene)
hydrazono]-1H-imidazol-5(4H)-one (3¢e)
White powder (85 %),12 h, MP. > 300°C
decomp., (Lit. 244-246 °C) . IR v cm™: 3225,
3210 (2NH), 1745 (CO). 'H-NMR, & ppm: 7.29
- 7.50 (m, 11H, diphenyl and benzylidene H-5),
7.62 — 7.68 (m, 1H, benzylidene H-3), 8.42 (d,
J ~ 8 Hz, 1H, benzylidene—H-6), 8.48 (s, 1H,
N=CH), 9.64 (s,1H, -HN-N=, D,O exchange),
11.92 (bs, 1H, im-NH, D,O exchange). “*C
NMR, & ppm: 71.34(im-C-4), 126.66, 127.09,
12752, 127.87, 128.03, 128.33, 128.51,
129.09, 129.16, 131.01, 133.49, 140,23,
140.35, (aromatic C), 144.21 (N=CH), 163.0
(im C=N), 173.0 (C=0). Anal. Calc.
CH16CIN,O (423.29): C, 62.42; H, 3.81; N,
13.24. Found: C, 62.67; H, 3.89; N, 13.59 %.

[2-(4-Nitrobenzylidene)hydrazinyl]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3f)

White powder (70 %),12 h, MP. >300°C
decomp., (Lit. 238-240°C) %. IR v cm™: 3405,
3215 (2NH), 1742 (CO). 'H-NMR, & ppm: 7.35
—7.42 (m, 10H, diphenyl), 8.15 —8.39 (2H, d, J
~ 8 Hz, benzylidene H2,6; 2H, d, J ~ 8 Hz,
benzylidene H3,5; 1H, s, N=CH), 9.64 (s,1H, -
HN-N=, D,O exchange), 11.91 (s, 1H, im-NH,
D,0 exchange). *C-NMR, & ppm: 71.19 (im-C-
4), 121.36, 121.59, 123.84, 126.63, 127.10,
127.89, 127.99, 128.33, 128.48, 129.80,
133.54, 133.64, 136.90, 140,16, 140.41,
146.01, (aromatic C), 148.29 (N=CH), 158.0
(lm C=N) Anal. Calcd. for CyH;7;N50;
(399.40): C, 66.16; H, 4.29; N, 17.53; Found:
C, 66.38; H, 4.21; N, 17.80 %.

[2-(3-Nitrobenzylidene)hydrazinyl]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3g)

White powder (85 %), 6 h, MP. >300°C
decomp. IR v cm™: 3405, 3215 (2NH), 1742
(CO). *H-NMR, & ppm: 7.34 — 7.42 (m, 10H,
Ar-H), 7.65 — 7.73 (m, 1H, benzylidene H-5),
8.21 — 8.23 (m, 1H, Benzylidene H-4), 8.31 —
8.37 (m, 2H, benzylidene H-2,6), 8.69 (s, 1H,
N=CH), 9.61 (s,1H, -HN-N=, D,O exchange),
11.94 (bs, 1H, im-H, D,O exchange). **C-
NMR, & ppm: 71.21 (im-C-4), 121.32, 121.60,
123.22, 123.86, 126.65, 127.11, 127.90,
128.00, 128.35, 128.50, 129.82, 129.98,

133.56, 133.64, 136.91, 137.69, 140.17,
140.42, 148.04 (aromatic C), 148.21 (N=CH),
157.23 (im C=N), 178.0 (C=0). Anal. Calcd.
for Cy,H1;NsO; (399.40): C, 66.16; H, 4.29; N,
17.53. Found: C, 66.37; H, 4.44; N, 17.81 %.

2-(4-(Dimethylamino)benzylidene)
hydrazinyl]-4,4-diphenyl-1H-imidazol-
5(4H)-one (3h)

White powder (81 %), 20 h, MP. 280°C.
IR v em™ 3225, 3210 (2NH), 1745 (CO). 'H-
NMR, 6 ppm: 2.95, 2.97 (2s, 6H, -N(CHa),),
6.71 (d, J~8 Hz, 2H benzylidene H3,5), 7.29 —
7.42 (m, 10H, diphenyl), 7.66 (d, J ~ 8 Hz, 2H
benzylidene H2,6), 8.06 (s, 1H, N=CH), 9.49
(s,1H, -HN-N=, D,0 exchange), 11.72 (bs, 1H,
im-NH, D,O exchange). *C-NMR, & ppm:
59.76 (-N(CHj3),, 72.04 (im-C-4), 11.43, 11.62,
120.50, 122.60, 122.69, 124.13, 126.57,
126.72, 127.43, 127.49, 128.10, 128.37,
128.51, 130.97, 137.02, 140.82 (aromatic C-
atoms), 145.00 (N=CH), 160.00 (im C=N),
172.02 (C=0). Anal. Calcd. For C,4H23NsO
(397.47): C, 72.52; H, 5.83; N, 17.62. Found:
C, 72.13; H, 6.12; N, 17.65 %.

[2-(2-Hydroxybenzylidene)hydrazinyl]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3i)

White powder (94 %), 6 h, MP. 285°C,
(Lit. 216-218°C, Dioxane) *. IR v cm™: br
3200, 3166 (2NH and OH), 1755 (CO). 'H-
NMR, & ppm: 6.86 — 6.91 (m,2H, benzylidene
H-3,5), 7.22 — 7.41 (m,11H, diphenyl and
benzylidene H-4), 7.62 — 7.77 (dd, J ~ 8/3 Hz,
1H, benzylidene H-6), 8.47 (s, 1H, N=CH),
9.58 (s,1H, -HN-N=, D,0O exchange), 10.2 (s,
1H, OH, D,0 exchange), 11.72(bs, 1H, im-NH,
D,0 exchange). *C-NMR, & ppm: 71.40 (im-C-
4), 119.04, 119.64, 126.66, 127.13, 127.77,
128.24, 128.45, 129.09, 131.07, 140.41, 144.99
(aromatic C-atoms), 148.0 (N=CH), 156.75 (im
C=N), 168.0 (C=0). Anal. Calcd. for
CxH1sN4O,(370.41) C,71.34; H, 4.90; N,
15.13. Found: C, 71.61; H, 4.79; N,15.32 %.

[2-(4-Hydroxy-3-methoxybenzylidene)
hydrazinyl]-4,4-diphenyl-1H-imidazol-
5(4H)-one (3))

White powder (81 %), 6 h, MP. > 300 °C
decomp., (Lit. 260-262°C, Dioxane) . IR v
cm™: br 3250, 3167 (2NH and OH), 1747 (CO).
'H-NMR(DMSO-dg) & ppm: 3.83 (s, 3H,
OCHy),
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6.81 (d,1H, J = 8 Hz, benzylidene H-5), 7.26 —
7.44 (m, 12 H, diphenyl and benzylidene H-
2,6), 8.12 (2s, 1H, N=CH), 9.43 (s,1H, -HN-
N=, D,O exchange), 11.34 (s, 2H, im-NH,
benzylidene OH D,0O exchange). *C-NMR §
ppm: 55.95 (OCHg), 71.65 (im. C-4), 111.02,
114,97, 11545, 121.80, 125.87, 126.68,
127.21, 127.66, 127.88, 128.21, 128.43,
140.60, 140.82, 140.83 (aromatic C-atom),
147.83 (N=CH), 148.88 (im C=N). Anal.
Calcd. for Cy3H»0N,0; (400.15) C, 68.99; H,
5.03; N, 13.99. Found: C, 69.13; H, 4.87;
N,14.04 %.

[2-(2,6-Dimethoxybenzylidene)hydrazinyl]-
4,4-diphenyl-1H-imidazol-5(4H)-one (3k)

White powder (65 %), 6 h; MP. 270-2°C
(EtOH/Dioxane). IR v cm™ br 3250, 3167
(2NH), 1747 (CO).'H-NMR, & ppm: 3.78 (s,
6H, 20CHz), 6.70 (d, J ~ 8 Hz, 2H,
benzylidene H-3,5), 7.28 — 7.40 (m, 11H,
diphenyl and benzylidene H-4), 8.30 (s, 1H,
N=CH), 9.30 (s,1H, -HN-N=, D,0O exchange),
11.82 (s, 1H, im. NH, D,O exchange). **C-
NMR, 6 ppm: 55.95(0OCHs), 71.93 (im. C-4),
104.19, 111.12, 126.66, 127.13, 127.44,
128.06, 128.38, 131.17, 140.79, (aromatic C),
144.13 (N=CH), 158.60 (im. C=N), 175.00 (im.
C:O) Anal. Calcd. For C24H22N403(414.46) C,
69.55; H, 5.35; N, 13.52. Found: C, 69.25; H,
5.23; N, 13.80 %.

[2-(Furan-2-ylmethylene)hydrazinyl]-4,4-
diphenyl-1H-imidazol-5(4H)-one (3I)

White powder (76 %), 6 h, MP. 288-90°C
(EtOH/Dioxane). IR v cm-1: 3429, 3228
(2NH), 1700 (CO). 'H-NMR, & ppm: 6.62 (d, J
~ 12, 1H, furan-H-4), 6.93 (d, J ~ 4Hz, 1H,
furan H-3), 7.34 (m, 10H, diphenyl), 7.76 (d, J
~12 Hz, 1H, furan H-5), 8.10 (s, 1H, -N=CH),
9.43 (s, 1H, -HN-N=,D,0 exchange), 11.66 (s,
1H, im-NH, D,0 exchange). *C-NMR, & ppm:
7158 (Im. C-4), 112.28, 113.06, 126.72,
127.19, 127.78, 128.26, 128.54, 139.64, 140.55
(aromatic C-atoms), 144.83 (N=CH), 150.03
(im. C=N). Anal. Calcd. for CyHisN4O,
(.344.37) C, 69.76; H, 4.68; N, 16.27. Found:
C, 69.85; H, 4.82; N, 16.39 %.

Synthesis of the arylethylidene hydrazones
(4a-h)

A mixture of 2 (2.66 g, 10 mmol) and the
appropriate acetophenone derivative (10 mmol)
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in 20 mL absolute ethanol, containing glacial
acetic acid (1 mL), was refluxed till completion
as monitored by TLC. The reaction mixture
was cooled, the precipitated product was
separated by filtration and crystallized from
ethanol. Reaction time, %Yield, MP, spectral
& elemental data are listed as follows:

Diphenyl-2-(2-(1-phenylethylidene)
hydrazinyl)-1H-imidazol-5(4H)-one (4a)
Yellow crystals (90%), 6 h, MP. 170-2°C
(lit. 148 °C. #). IR (KBr): v 3166, 3340 (2NH),
1722 (C=0) cm’'. 'H-NMR, & 2.34 (s, 3H,
CH3), 7.32-7.44 (m, 13H, diphenyl and phenyl
H-3,4,5), 8.00 — 8.05 (dd, 2H, J ~ 8/2 Hz,
phenyl H-2,6), 9.23 (s, 1H, -HN-N=, D,0
exchange), 1156 (s, 1H, im-NH, DO
exchange). C-NMR, & ppm: 21.06 (CHs),
71.13 (im.C-4), 126.85, 126.69, 127.23,
127.81, 128.05, 128.26, 128.44, 128.71,
128.87, 138.44, 138.81, 140.48, and 140.81
(aromatic C-atoms). 154.88 (CH5-C=N), 158.90
(im.C=N), 172.11 (C=0). Anal. Calcd. for
C23H200N40 (368.16): C, 74.98; H, 5.74; N,
15.21%. Found: C, 74.71; H, 5.82; N, 15.37%.

{2-[1-(4-Bromophenyl)ethylidene]
hydrazinyl}-4,4-diphenyl-1H-imidazol-
5(4H)-one (4b)

Yellow crystals (70%), 12 h, MP. 194 °C,
IR (KBr): v 3166, 3340 (2NH), 1722 (C=0)
cm'; 'H-NMR, & ppm: 2.31 (s, 3H, CH3),
7.37-7.41 (m, 10H, diphenyl H), 7.55 — 7.59
(d, J ~ 8Hz, 2H, 4-Br-ph H-3,5), 7.94 — 7.98 (d,
J ~ 8Hz, 2H, 4-Br-ph H-2,6), 11.6 (bs, 1H, im-
NH, D,0 exchange). *C-NMR, & ppm: 18.55
(CHs), 70.90 (im.C-4), 122.24, 123.42, 126.64,
127.17, 127.84, 128.26, 128.42, 128.56,
130.72, 130.88, 131.41, 136.91, 137.69,
140.32, and 140.66(aromatic-C), 154.00 (CHs-
C=N), 157.00 (im. C=N), 173.0 (C=0). Anal.
Calcd. for C,3H19BrN,O (447.33): C, 61.75; H,
4.28; N, 12.52. Found: C, 61.57; H, 4.46; N,
12.78%

Diphenyl-2-{2-[1-(p-tolyl)ethylidene]
hydrazinyl}-1H-imidazol-5(4H)-one (4c)
Yellow crystals (65%), 20 h; MP. 168 °C.
IR (KBr): v 3166, 3340 (2NH), 1722
(C=0)em"; 'H-NMR, & ppm: 2.32, 2.35 (2s,
6H, 2CH3), 7.18 — 7.44 (m, 12H, diphenyl and
p-tolyl H-3,5), 7.80 — 7.93 (d, J ~ 8 Hz, 2H, p-
tolyl H-2,6), 922 (s, 1H,N-NH, D,0



exchange), 1151 (bs, 1H, im-NH, D,O
exchange). *C-NMR, & ppm: 15.48, 21.42 (2
CHa3), 72.06 (im.C-4), 127.44, 127.72, 127.75,
128.75, 129.23, 129.31, 129.43, 129.66,
134.17, 138.19, and 140.86 (aromatic-C),
156.26 (C=N), 159.82 (im. C=N), 175.00
(C=0). Anal. Calcd. for C,4H»N,O (382.46):
C, 75.37; H, 5.80; N, 14.65. Found: C, 75.09;
H, 5.63; N, 14.91%.

{2-[1-(4-Aminophenyl)ethylidene]
hydrazinyl}-4,4-diphenyl-1H-imidazol-
5(4H)-one (4d):

Yellow crystals (80%), 20 h, MP. 194 °C.,
IR (KBr): v 3166, 3340 (2NH), 1722
(C=0)em™"; 'H-NMR, & ppm: 2.24 (s, 3H,
CH3), 5.39 (bs, 2H, NH,,D,0 exchange), 6.55
(d, J ~ 8 Hz, 2H, 4-NH,ph H-3,5), 7.32 —7.43
(m, 10H, diphenyl H), 7.73 (d, J ~ 8 Hz, 2H, 4-
NHph H-2,6), 9.16 (s, 1H, -HN-N=, D,O
exchange), 11.60 (bs, 1H, im-NH, DO
exchange). ®*C-NMR, & ppm: 21.53 (CHs),
7176 (im.C-4), 112,96, 113.54, 126.04,
127.05, 127.18, 127.73, 128.08, 128.24,
128.34, 128.61, 128.63, 141.26, and 150.42
(aromatic-C), 155.17 (CH3-C=N), 160.96 (im.
C=N), 17251 (C=0). Anal. Calcd. for
C23H21N5O (38345) C, 75.37; H, 5.80; N,
14.65. Found: C, 75.38; H, 5.94; N, 14.88%.

{2-[1-(4-Hydroxyphenyl)ethylidene]
hydrazinyl}-4,4-diphenyl-1H-imidazol-
5(4H)-one (4e):

Yellow crystals (98%); 12 h; MP. 211°C.
IR (KBr): v 3166, 3340 (2NH), 1722 (C=0)
cm 1H-NMR, d ppm: & 1.92 (s, 3H, CH3),
6.80 (d, J ~ 8 Hz, 2H, 4-OH.ph H-3,5), 7.33 —
7.42 (m, 10H, diphenyl), 7.71 (d, J ~ 8 Hz, 2H,
H-2,6), 8.09 (s, 1H, OH D,0O exchange), 9.49
(s, 1H, -HN-N=, D,0 exchange), 11.72 (bs, 1H,
im-NH, D,O exchange). *C-NMR, & ppm:
21.07 (CHa,), 71.62 (im.C-4), 115.42, 125.52,
126.67, 127.14, 127.58, 128.17, 128.41,
129.24, 140.67, and 148.43 (aromatic-C),
159.30 (CHs-C=N), 160.60 (im. C=N), 172.02
(C=O) Anal. Calcd for C23H20N402 (38443)
C, 71.86; H, 5.24; N, 14.57. Found: C, 71.98;
H, 5.40; N, 14.31%.

{2-[1-(4-Chlorophenyl)ethylidene]
hydrazinyl}-4,4-diphenyl-1H-imidazol-
5(4H)-one (4f)

Yellow crystals (70%); 12 h; MP. 194 °C;
IR (KBr): v 3166, 3340 (2NH), 1722 (C=0),
cm'; 'H-NMR, & ppm: 2.32 (s, 3H, CH3),
7.36-7.44 (m, 12H, diphenyl and 4Cl-ph H-
3,5), 8.06 — 8.09 (d, J ~ 8 Hz, 2H, 4-Cl-ph H-
2,6), 9.26 (s, 1H, -HN-N=, D,O exchange),
11.51 (bs, 1H-im. NH, D,O exchange). **C-
NMR, & ppm: 18.56 (CHg), 71.06 (im.C-4),
127.14, 127.53, 127.66,128.33, 128.46, 128.65,
128.75, 128.91, 133.55, 133.96, 137.63,
138.10, 140.83, 141.17 (aromatic C-atoms),
154.44 (CH3C=N), 161.0 (im C=N), 174.34
(C=0). Anal. Calcd. for: CyHisCIN,O
(402.88): C, 68.57; H, 4.75; N, 13.91. Found:
C, 68.87; H, 4.88; N, 14.17%.

{2-[1-(4-Methoxyphenyl)ethylidene]
hydrazinyl}-4,4-diphenyl-1H-imidazol-
5(4H)-one (49):

Yellow crystals (65%); 20 h; MP. 168°C.
IR (KBr): v 3166, 3340 (2NH), 1722 (C=0)
cm '; 'H-NMR, & ppm: 2.31 (s, 3H, CH3), 3.78
(s, 3H, -OCH), 6.91-6.94 (d, J ~ 8 Hz, 2H, p-
methoxyphenyl H-3,5), 7.32-7.44 (m, 10H,
diphenyl H), 7.97-7.99 (d, J ~ 8 Hz, 2H, 4-
OCHgs-phenyl H-2,6), 9.20 (s, 1H, -HN-N=,
D,O exchange), 11.29 (bs, 1H, im-NH, D,O
exchange). *C-NMR, & ppm: & 18.56 (CHs),
55.16 (OCHg), 71.06 (im.C-4), 113.20, 113.38,
126.67, 127.21, 127.72, 127.83, 127.89,
128.08, 128.21, 128.40, 130.90, 131.45,
140.58, 140,89, and (aromatic-C),
154.62(CH3C=N), 160.01(im-C=N), 173.78
(C:O) Anal. Calcd for C24H22N402 (39846)
C, 72.34; H, 5.57; N, 14.06. Found: C, 72.50;
H, 5.72; N, 14.25%.

4-Diphenyl-2-{2-[1-(thiophen-2-
yl)ethylidene]hydrazinyl}-1H-imidazol-
5(4H)-one (4h):

Yellow crystals (65%); 20 h; MP. 168 °C.
IR (KBr): v3166, 3340 (2NH), 1722
(C=0)cm ''H-NMR, & ppm: & 2.34 (s, 3H,
CH3), 7.07-7.08 (ddd, J ~ 8/4/4Hz,1H, thienyl
H-4), 7.32-7.35(m, 12H, diphenyl H and
thienyl H-3,5), 891 (s, 1H, -HN-N=, D,O
exchange), 11.35 (bs, 1H, im-NH, D,O
exchange) *C-NMR, & ppm: 19.0 (CHj), 70.93
(im.C-4), 126.11, 126.67, 127.28, 127.40,
127.66, 127.85, 128.07, 128.24, 128.43,
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140.35, 140.74, 144.25 (aromatic-C), 151.92
(CH3-C=N), 158.90 (im. C=N), 172.11 (C=0).
Anal. Calcd. for C,HigN,OS (374.46): C,
67.36; H, 4.85; N, 14.96. Found: C, 67.60; H,
5.13; N, 14.62%.

Synthesis of Isatin hydrazones:

A mixture of 2 (2.66 g, 10 mmol) and the
appropriate isatin derivative (10 mmol) in 20
mL absolute ethanol was refluxed till
completion as monitored by TLC., in presence
of glacial acetic acid (1 mL). The product
obtained after cooling was crystallized from
absolute ethanol.

[2-(5-Ox0-4,4-Diphenyl-4,5-dihydro-1H-
imidazol-2-yl)hydrazono]indolin-2-one (5a):

Yellow crystals (85%); 20 h; Yield; MP. >
300 °C. IR vem™: br 3250, 3167 (3NH), 1747
(CO). 'H-NMR, & ppm: 6.84-6.86 (d, J ~ 8Hz,
1H, isat.H-4/7), 6.95-6.99 (d, J ~ 8Hz, 1H,
isat.H-5/6), 7.25— 7.29 (d, J ~ 8Hz, 1H, isat.H-
6/5), 7.29 —7.42 (m, 10H, diphenyl H), 8.38—
8.40 (d, J ~ 8 Hz, 1H, isat. H-7/4), 10.12 (s, 1H,
-HN-N=, D,O exchange), 10.51 (s, 1H, isat-
NH, D,O exchange), 11.90(bs, 1H, im-NH,
D,0 exchange). *C-NMR, & ppm: 71.40 (im.C-
4), 109.98, 117.81, 121.57, 126.61, 127.02,
128.00, 128.22, 12853, 128.82, 130.91,
139.64, 142.72 (aromatic-C),160.1(im-C=N),
165.97 (Isat. C=0), 174.38 (Im. C=0). Anal.
Calcd. for C23H17N502 (39541), C, 69.86; H,
4.33; N, 17.71. Found: C, 69.98; H, 4.35; N,
17.95%.

Bromo-3-(2-(5-0x0-4,4-diphenyl-4,5-
dihydro-1H-imidazol-2-
yl)hydrazono)indolin-2-one (5b)

Yellow crystals (90%); 20 h; MP. > 300
°C.IR v: br 3250, 3167 (3NH), 1747 (CO)em™.
'H-NMR, & ppm: 6.84(m, 1H, isat.H-7),
7.42(m, 11H, diphenyl H and isat. H-4), 8.59
(m, 1H, isat. H-6), 10.31 (s, 1H, -HN-N=, D,O
exchange), 10.66(s, 1H, isat-NH, D)0
exchange), 12.12(bs, 1H, im-NH, D)0
exchange). *C-NMR, & ppm: 71.62(im.C-4),
111.75, 113.16, 119.36, 126.72, 127.13,
128.24, 128.43, 129.43, 133.00, 139.31,
141.67, 14250, (aromatic-C), 160.63 (im-
C=N), 165.30 (isat-C=0), 174.12 (im C=0).
Anal. Calcd. for CyHisBrNsO, (474.31), C,
58.24; H, 3.40; N, 14.77. Found: C, 58.47; H,
3.59; N, 14.38%.
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Biology
Antibacterial screening
Bacterial strains and culture conditions

M. smegmatis strain ATCC607™
(Microbiologics®, France) was used to test the
antimycobacterial activity of the synthesized
compounds. The bacterium was cultured in
Middlebrook 7H9 broth (Difco, USA)
supplemented with 10 % oleic acid-albumin-
dextrose-catalase enrichment (OADC, Becton,
Dickinson and Company, USA), 0.5 % glycerol
(Sigma, USA) and 0.02 % Tween 80 (Sigma,
USA), under shaking conditions (100 rpm) at
37 °C for 3 days. 20 % glycerol stocks of
bacterial suspension were stored at - 80 °C.
When required, bacteria from glycerol stocks
were cultured on Middlebrook 7H10 agar
(Difco), supplemented with 10 % OADC and
0.5 % glycerol for 3 days at 37 °C.

Susceptibility testing

Preliminary screening of the
antimycobacterial activity of the synthesized
compounds was performed by the agar well
diffusion method *. Fresh M. smegmatis
culture grown on Middlebrook 7H9 broth for 3
days was used to streak the surface of
Middlebrook 7H10 agar plates and 6-mm wells
were punched into the agar. A 100 pl of stock
solution (1 mg/ml) of each compound dissolved
in dimethyl sulfoxide (DMSO), were then
loaded into the wells, and allowed to diffuse
into the agar. Isoniazid (INH) was used as a
reference drug (positive control) and DMSO as
a negative control of the assay. The plates were
incubated at 37 °C for 3 days. Zones of growth
inhibition (if any) were then measured.

Determination of the Minimal Inhibitory
Concentrations

Susceptibility in  terms of Minimal
Inhibitory ~ Concentration (MIC)  was
determined by broth microdilution method
using 96-well plates according to the guidelines
of Clinical and Laboratory Standards Institute
% Briefly, fresh culture of M. smegmatis was
diluted in Middlebrook 7H9 broth to achieve a
cell density of about 1x10° CFU/mI. A 100 pl
volume of bacterial suspension was then added
to each well. Bacterial cultures. The studied
compounds as well as INH were dissolved in
DMSO (a final concentration of 1 mg/ml). This
concentration was used as the stock solution



for all studies. The wells were treated with
serial dilutions of

inhibitors in aerobic conditions and
incubated at 37 °C for 3 days. Wells containing
200-pl of uninoculated 7H9 broth or untreated
bacterial culture served as negative and
positive controls, respectively. The MIC was
read as a minimal concentration that prevents
visible bacterial growth.

Time-kill assay

A fresh 3-day culture of M. smegmatis
grown in Middlebrook 7H9 broth was diluted
to a cell density of approximately 1 x 10°
CFU/ml in 10 ml of 7H9 broth containing 2x
MIC or 4x MIC of each tested compound.
Untreated culture served as a positive control
and uninoculated 7H9 medium served as
negative control of the assay. Cultures were
then incubated at 37 °C wunder shaking
conditions at 100 rpm. Aliquots were taken at
0, 24, 48, and 72 h, post incubation to
enumerate viable bacterial cells. Samples of 20
pl were taken from each culture, serially
diluted 10-fold with 180 pl of sterile phosphate
buffered saline (PBS) and were plated on
Middlebrook 7H10 agar. Plates were incubated
at 37 °C for 3 days and the CFU values were
then determined. The assay was conducted in
triplicate and the combined data were presented
as means of bacterial counts (Log CFU/mI) at
each time point. The lower limit of bacterial
detection was 100 CFU/m.

Cytotoxicity determination

The cytotoxic screening was conducted by
Cell Culture unit Laboratory, Faculty of
Pharmacy, October 6 University, Giza, Egypt.
In flat bottom 96 well-microplates, Vero cells
(normal kidney epithelial cells derived from an
African green monkey) (0.5x105) were
cultured in 180 pl/well RPMI media
supplemented with 10% fetal bovine serum, 2
umol/ml L-glutamine, 250 ng/ml fungizone,
100 units/ml penicillin streptomycin solutions
at 37°C in a CO, incubator. The plates were
incubated for 48 h at 37°C in a humidified 5%
CO, atmosphere to allow cells to settle down.
After incubation, the media were removed, and
180 ul/well fresh serum free medium were
added to each well. Cells are then treated with
20 ul of different concentrations (500 — 15.62
uM) of the tested compounds. The plates were

then incubated for 48 h at 37°C in a humidified
5% CO, atmosphere. After incubation, the
media were removed and MTT solution 40
pl/well was added and incubated for additional
4 h. MTT crystals were solubilized by adding
acidified isopropanol (160 pl/well) and the
plate was shaken at room temperature. This
was  followed by  spectrophotometric
determination of the absorbance at 570 nm
using the microplate ELISA reader (FLUOstar
Omega, BMG, Labtech, Germany). The
absorbance of the resulting color is directly
proportional to the number of viable cells in
each sample. The percentage of relative
viability was calculated using the following
equation: [Absorbance of treated cells/
Absorbance of control cells)] X 100.
Bioactivity molecular
modeling
Molecular similarity assessment

Shape-based similarity testing was done
using ChemMine tools similarity workbench .
Compounds were fed as smiles formulas and
atom pair (AP) Tanimoto coefficients were
automatically generated.

profiling and

Generation of the pharmacophore model

The structure of the training set
compounds (4a,c,e-g and 5a,b), were drawn
using the Builder module of the MOE version
2020. 102 program and subjected to energy
minimization using MMFF94X force. The
pharmacophore model was then generated
using the Pharmacophore Elucidation module.
It was then established by mapping the test set
molecules (B-H) using the Pharmacophore
Search platform and the conformer having the
lowest RMSD value was selected.

Inverse docking study

Computer-assisted ~ simulated  inverse
docking experiment was conducted using
Molecular Operating Environment (MOE 2016.
102) software. The docking study involves
docking validation step and the testing of four
active compounds (4a,c,e and 5a) against the
assigned Mtb target proteins. The detailed
application involves the following steps:

The 3D crystal structures for InhA (PDB
ID: 4TZK), pantothenate synthetase (PDB ID:
3IVX), FabH (PDB ID: 1U6S), and
cytochrome CYP121A1 (PDB ID: 6GEQ)
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were downloaded from the Protein Data Bank
website. Redundant chains, water molecules
and any surfactants were discarded. The
standard procedure for target preparation was
implemented. The co-crystallized ligands were
extracted from their corresponding proteins and
used as reference molecules for the validation
study. The studied compounds were
constructed using the Builder module of MOE,
collected in a database, and prepared by adding
hydrogen, calculating partial charges and
energy minimizing using Force Field
MMFF94x.

Docking of the studied compounds in the
respective active sites using the MOE-Dock,
and resulted databases were analyzed for the
energy score between the ligands conformers
and the enzyme binding sites in kcal/mol. All
receptor-ligand  complexes were  further
investigated to examine the  binding
interactions to select the best docked pose. The
best docked complex assumed to represent the
protein-ligand interactions, was selected based
on docking score, the orientation of the ligands
at the active site in a similar manner to
reference ligands and preservation of the key
interactions.

Molecular docking into Enoyl ACP
reductase active site

Molecular modeling studies were carried
out at the department of Medicinal Chemistry,
Faculty of Pharmacy, Assiut University, Assiut,
Egypt. All molecular modeling studies were
carried out wusing Molecular Operating
Environment (MOE 2020.102), Chemical
Computing  Group, Canada) as the
computational software. The target compounds
were built using the builder interface of the
MOE software and subjected to energy
minimization until a RMSD gradient of 0.01
Kcal/mol and RMS distance of 0.1 A with
MMFF94X force-field and the partial charges
were automatically calculated. The obtained
database was then saved as MDB file to be
used for docking calculations. X-ray crystal
structure of InhA reductase complexed with
NAD*/N-cyyclohexyl-4-phenylpyrrolidone-2-
carboxamide (PDB entry: 4TZK) was obtained
from the protein data bank, PDB
(www.rsch.org). The vicinity of the co-
crystallized ligand was specified to be the
docking site. London dG was used as the
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scoring function. The higher the absolute value
of dG, the better the binding affinity between
the ligand and the target. The saved pose for
the ligand-target complex of each compound
was subjected to detailed 2D and 3D analysis
for its interactions with the target.
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