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ABSTRACT

Objectives: The continuous reporting of bacterial resistance to antibiotics is an ongoing challenge that can be life-
threatening. Actions to develop new chemicals to overcome the bacterial resistance has gained a significant importance.
Methods: A series of ketene S,N-acetals 4a-k and their pyrazoles 6a-k were synthesized and their structures were
established by spectral data. Membrane permeability predictions and in vitro antimicrobial activity against multi-drug
resistant (MDR) Gram-positive bacteria and other microorganisms was determined. The binding affinity with DNA gyrase
was assessed using in silico studies in comparison to ciprofloxacin then the gyrase inhibition assay was conducted to detect
the mode of action. Results: All the synthesized compounds have a good affinity to pass through the phospholipid
membrane of Staphylococcus aureus (S. aureus). Compound 6g exhibited the most potent antibacterial activity with MIC
values ranged between 16 and 32 pg/mL. The compound also showed a higher binding affinity than ciprofloxacin with
DNA gyrase in the in silico studies and this effect was clearly shown by a very good 1Cso value of the gyrase inhibition
assay. Conclusions: According to our data, compound 6g is a possible candidate to act against MDR bacteria and its main
mode of action is through inhibition of the gyrase enzyme, further modifications are still required to enhance its activity.
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INTRODUCTION

The use of antibiotics has a profound impact on
human life. Unfortunately, more pathogenic strains have
become resistant to antibiotics and chemotherapeutic
agents. For example, methicillin-resistant
Staphylococcus aureus (MRSA) is resistant to penicillins
(such as methicillin). In order to develop resistance,
bacteria can acquire drug resistance plasmids to one or
more drugs. Bacteria can also increase the expression of
genes that code for multidrug efflux pumps®. MRSA
strains contain penicillin-binding protein 2a (PBP-2a)
mediated through the mecA gene, whose expression is
induced by methicillin and other -lactams. This protein
is responsible for MRSA’s resistance to [-lactam
antibiotics 2.

Another widespread resistance is through DNA
gyrase and topoisomerase IV inhibitors®. DNA gyrase is
an enzyme that belongs to the class of topoisomerases,
which typically relieve the problem of DNA winding by
participating in the overwinding or underwinding of
DNA. DNA gyrase typically removes supercoils and
introduces negative supercoils into DNA®*. Although
gyrase generally requires ATP hydrolysis, it can relax
negatively supercoiled DNA in an ATP-independent
manner®. Fluoroquinolones, such as ciprofloxacin, are
known to inhibit DNA gyrase*.

Medicinal chemists are always needed to
develop new chemical entities to defend humanity
against life-threatening infections®. Cyanoketene S,N-
Acetals bear acrylamide moiety. Acrylamide is a
chemical with a diverse range of biological activities,
including antibacterial and antifungal activities’.
Elgiushy et al. reported two potent acrylamide
derivatives that exhibited antimicrobial activities®.
Avalos et al. also reported the synthesis of set of
unsaturated amides with anti-mycobacterial activity®.
Other FDA-approved drugs which incorporate the
acrylamide moiety in their structures include the
antibiotics anthramycin and rifampicin. The pyrazole
heterocyclic moiety also exhibits a good range of
biological activities: antimalarial activities'®, anti-HIV
activities'?, anti-HCV  activities!? and anti-
influenza HIN1 activities'®. Some pyrazole derivatives
also showed good activity against S. aureus®. Poly-
substituted and condensed pyrazolo pyranopyrimidine
and pyrazolo pyranotriazine exhibited potent antifungal
and antibacterial activities!®. Findings from a previous
study highlighted the antimicrobial activities of a group
of newly synthesized pyrazole derivatives®s. Another
study showed that pyrazole displayed higher
antibacterial activity than other chemicals with
heterocyclic rings such as hydrazide, triazine, isoxazole,
and pyrimidine derivatives’’. Ahn et al., reported a
compound with antimicrobial activity against multi-drug
resistant (MDR) bacteria, such as MRSA, MDR

Pseudomonas aeruginosa, and vancomycin-resistant
Enterococcus faecium strains:®.

Building upon all the previously described and
in continuation of our target %28 we have herein
synthesized a series of acrylamides (ketene S,N-acetals)
and their 5-aminopyrazoles. In this study we focused on
testing the antimicrobial activity of acrylamide
and pyrazole moieties in a trial to find a solution to the
very challenging increasing resistance of MDR Gram-
positive bacteria.

MATERIAL AND METHODS

Chemistry

All melting points were measured on a
Gallenkamp  melting point apparatus and are
uncorrected. The IR spectra were recorded (KBr disk) on
a Perkin Elmer 1650 FT-IR instrument. *H NMR (400
MHz) and *C NMR (100 MHz) spectra were recorded
on a Varian spectrometer using DMSO-ds as solvent and
TMS as an internal standard. Chemical shifts are
reported in ppm. Mass spectra were recorded on a Varian
MAT 112 spectrometer at 70 eV. Elemental analyses
were performed at the Microanalytical Center, Cairo
University, Egypt.

Progress of the reactions was monitored by
thin-layer chromatography (TLC) using aluminium
sheets coated with silica gel Fass (Merck). All
evaporations were carried out under reduced pressure at
40° C. Reagents and solvents used in the synthesis were
purchased from Sigma-Aldrich. Compounds la-e were
prepared according to the reported procedure 2°.

General procedure for the synthesis of 2-Cyano-3-
(arylamino)-3-(methylthio)-N-(substituted)
acrylamides 4a-k

A mixture of cyanoacetamides la-e (0.01 mol)
and isothiocyanates (0.01 mol) was heated by hot plate
for 5-10 min in ethanol (25 ml) containing potassium
hydroxide (0.01 mol). After cooling, methyl iodide (0.01
mol) was added. The reaction mixture was stirred at
room temperature for 1 hour and then poured onto ice
water. The precipitated product was filtered and
recrystallized from ethanol.
2-Cyano-3-(methylthio)-3-(phenylamino)  acrylamide
(4a). White crystals; yield 76%; m.p. 162 °C*°.
2-Cyano-3-(methylthio)-N-phenyl-3-(phenylamino)
acrylamide (4b). White crystals; vyield
m.p. 124 °C3L,
2-Cyano-3-(methylthio)-N-(4-methylphenyl)-3-
(phenylamino) acrylamide (4c). White crystals; yield
82%; m.p. 120 °C3L,
2-Cyano-3-(4-methoxyphenylamino)-3-(methylthio)
acrylamide (4d). White crystals; vyield 79%;
m.p.160 °C*2,

85%);
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2-Cyano-3-[(4-methoxyphenyl) amino]-3-(methylthio)-
N-phenylacrylamide (4e). Light yellow prisms; yield
71%; m.p. 103 °C*,
2-Cyano-3-[(4-methoxyphenyl)amino]-N-(4-
methylphenyl)-3-(methylthio)acrylamide (4f). Colorless
prisms; yield 75%; m.p. 177 °C*,
N-(4-Chlorophenyl)-2-cyano-3-[(4-methoxyphenyl)
amino]-3-(methylthio)acrylamide (4g). White crystals;
yield 70%; m.p. 156-157 °C%,

2-Cyano-3-(2,4-dimethoxyphenylamino)-3-(methylthio)
acrylamide (4h). Yellow crystals; yield 85%; m.p. 155-
157 °C; IR (KBr) vmax/cm™ 3381, 3198, 3007 (NH2, NH),
2194 (C=N), 1654 (C=0). ‘H NMR (400 MHz,
DMSO-ds): 6 2.11 (s, 3H, SCH3), 3.66, 3.67 (2s, 6H,
20CHs), 6.47, 6.49 (dd, 1H, Ar-H, J= 2.6 & 8.5 Hz),
6.50 (d, 1H, Ar-H, J=2.4 Hz), 7.24 (d, 1H, Ar-H,J=84
Hz), 7.28 (s, 2H, NH,), 11.85 (s, 1H, NH). °C NMR
(100 MHz, DMSO-ds): 6 16.53 (-SCHj3), 55.55 & 55.95
(-20CHjs), 76.71 (C,, acrylamide), 99.06, 104.79 (2C,
Ar), 119.05 (C=N), 119.55, 126.79, 154.19, 159.28 (4C,
Ar), 168.63 (C=0), 168.80 (Cs, acrylamide). MS (m/z,
%): 292.89 (M*, 22.88), 76.96 (100, Bp). Anal. Calcd.
(%) for Ci3H15N303S (293.34): C, 53.23; H, 5.15; N,
14.32. Found: C, 53.15; H, 5.20; N, 14.40% (see S1).
2-Cyano-3-(2,4-dimethoxyphenylamino)-3-(methylthio)-
N-phenylacrylamide (4i). Yellow crystals; yield 79%;
m.p. 132-134 °C; IR (KBr) vma/cm™ 3381, 3198, 3007
(NH,, NH), 2194 (C=N), 1654 (C=0). *H NMR (400
MHz, DMSO-dg): & 2.25 (s, 3H, SCH3), 3.78, 3.82 (25,
6H, 20CHs3), 6.55, 6.57 (dd, 1H, Ar-H, J= 2.5 & 8.7 Hz),
6.68 (d, 1H, Ar-H, J = 2.5 Hz), 7.07 (t, 1H, Ar-H), 7.29
(t, 2H, Ar-H), 7.30 (d, 1H, Ar-H, J= 8.2 Hz), 7.55 (d, 2H,
Ar-H, J=7.8 Hz), 9.44 (s, 1H, NH), 11.80 (s, 1H, NH).
13C NMR (100 MHz, DMSO-dg): § 16.65 (-SCHj3),
55.50 & 55.96 (-20CHs3), 77.61 (C», acrylamide), 99.09,
104.84 (2C, Ar), 119.56 (C=N), 121.33, 123.83, 126.60,
128.48, 138.22, 154.04, 159.37 (10C, Ar), 165.44
(C=0), 168.98 (Cs, acrylamide). MS (m/z, %): 369.05
(M*, 8.09), 40.12 (100, Bp). Anal. Calcd. (%) for
Ci9H1sN303S (369.44): C, 61.77; H, 5.18; N, 11.37.
Found: C, 61.80; H, 5.15; N, 11.40% (see S2)

2-Cyano-3-(2,4-dimethoxyphenylamino)-3-(methylthio)-
N-(4-methylphenyl)acrylamide (4j). Yellow crystals;
yield 90%; m.p. 167 °C; IR (KBr) vmax/cm™ 3381, 3198,
3007 (NHz, NH), 2194 (C=N), 1654 (C=0). 'H NMR
(400 MHz, DMSO-dg): 6 2.24 (s, 3H, CH3), 2.25 (s, 3H,
SCHj3), 3.78, 3.82 (2s, 6H, 20CH?3), 6.55, 6.57 (dd, 1H,
Ar-H, J==2.6 & 8.7Hz), 6.68 (d, 1H, Ar-H, J==2.6Hz),
7.09 (d, 2H, Ar-H, J = 8.3Hz), 7.30 (d, 1H, Ar-H, J=
8.7Hz), 7.42 (d, 2H, Ar-H, J = 8.4Hz), 9.34 (s, 1H, NH),
11.82 (s, 1H, NH). 3C NMR (100 MHz, DMSO-dg): &
16.62 (-SCHs3), 20.46 (-CH3), 55.48 & 55.94 (-20CHj),
77.65 (Cy, acrylamide), 99.07, 104.81 (2C, Ar), 118.69
(C=N), 119.57, 121.37, 126.56, 128.86, 132.86, 135.61,

154.03, 159.32 (10C, Ar), 165.26 (C=0), 168.74 (Cs,
acrylamide). MS (m/z, %): 383.35 (M*, 17.39), 51.93
(100, Bp). Anal. Calcd. (%) for C20H21N303S (383.46):
C, 62.64; H, 5.52; N, 10.96. Found: C, 62.60; H, 5.55; N,
11.00 % (see S3)

2-Cyano-N-(2,4-dimethoxyphenyl)-3-(2,4-dimethoxy
phenylamino)-3-(methylthio) acrylamide (4k). Yellow
crystals; yield 89%; m.p. 174-176 °C; IR (KBr) vma/cm’
13381, 3198, 3007 (NH2, NH), 2194 (C=N), 1654
(C=0).*H NMR (400 MHz, DMSO-ds): 5 2.24 (s, 3H,
SCHs), 3.75, 3.78, 3.82, 3.84 (4s, 12H, 40CHjs), 6.49,
6.51 (dd, 1H, Ar-H, J=2.6 & 8.8 Hz), 6.56, 6.58 (dd, 1H,
Ar-H, J=2.6 & 8.7 Hz), 6.66 (d, 1H, Ar-H, J= 2.6 Hz),
6.68 (d, 1H, Ar-H, J=2.5Hz), 7.31 (d, 1H, Ar-H, J=8.7
Hz), 7.77 (d, 1H, Ar-H, J = 8.8 Hz),8.33 (s, 1H, NH),
11.90 (s, 1H, NH). **C NMR (100 MHz, DMSO-de): &
16.70 (-SCHs3), 55.37, 55.53, 55.97 & 56.11 (-40OCHj),
77.31 (Cp, acrylamide), 98.81, 99.05, 104.27, 104.83
(4C, Ar), 118.96 (C=N), 119.33,119.79, 122.18, 126.73,
150.79, 154.09, 156.87, 159.43 (8C, Ar), 164.46 (C=0),
168.38 (Cs, acrylamide). MS (m/z, %): 429.25 (M*,
24.05), 102.98 (100, Bp). Anal. Calcd. (%) for
Co1H23N30sS (429.49): C, 58.73; H, 5.40; N, 9.78.
Found: C, 58.70; H, 5.45; N, 9.80 % (see S4)

General procedure for the synthesis of 5-Amino-N-
(substituted)-3-[arylamino]-1H-pyrazole-4-
carboxamides 6a-k

A mixture of compounds 4a-k (0.01 mol),
hydrazine hydrate (5) (0.01 mol) and few drops of
triethylamine in ethanol (30 ml) was refluxed for 4 h and
then the solvent evaporated under reduced pressure. The
resulting solid product was collected by filtration and
recrystallized from ethanol.

5-Amino-3-(phenylamino)-1H-pyrazole-4-carboxamide
(6a). White crystals; yield 76%; m.p. 180 °C*°.
5-Amino-N-phenyl-3-(phenylamino)-1H-pyrazole-4-
carboxamide (6b). White crystals; yield 73%;
m.p. 245 °C31,
5-Amino-3-(phenylamino)-N-(4-methylphenyl)-1H-
pyrazole-4-carboxamide (6¢). White crystals; yield 75%;
m.p. 180 °C3L,
5-Amino-3-(4-methoxyphenylamino)-1H-pyrazole-4-
carboxamide (6d). White crystals; yield 82%;
m.p. 202 °C%,
5-Amino-3-[(4-methoxyphenyl)amino]-N-phenyl-1H-
pyrazole-4-carboxamide (6€). White crystals; yield 75%;
m.p. 175 °C%,
5-Amino-3-[(4-methoxyphenyl)amino]-N-(4-
methylphenyl)-1H-pyrazole-4-carboxamide (6f). White
crystals; yield 82%; m.p. 200-201 °C%,
5-Amino-N-(4-chlorophenyl)-3-[(4-
methoxyphenyl)amino]-1H-pyrazole-4-carboxamide
(6g). White crystals; yield 80%; m.p. 190-191° C%,
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5-Amino-3-(2,4-dimethoxyphenylamino)-1H-pyrazole-
4-carboxamide (6h). White crystals; yield 60%; m.p.
257-259 °C; IR (KBr) vmax/cm™ 3403, 3305, 3200 (NH,
NH), 1651 (C=0). 'H NMR (400 MHz, DMSO-ds): &
3.69, 3.81 (2s, 6H, 20CH3), 5.68 (s, 2H, NH>), 6.40, 6.42
(dd, 1H, Ar-H, J=2.6 & 8.8 Hz), 6.54 (d, 1H, Ar-H, J =
2.5 Hz), 6.56 (s, 2H, NH>), 8.05 (d, 1H, Ar-H, J = 8.7
Hz), 9.18 (s, 1H, NH), 10.78 (s, 1H, NH). 3C NMR (100
MHz, DMSO-de): 8 55.27 & 55.73 (-20CH3), 85.48 (Ca,
pyrazole), 98.66, 103.70, 115.51, 125.77, 146.66 (5C,
Ar), 147.43 (Cs, pyrazole), 152.28 (Cs, pyrazole), 152.47
(C, Ar), 166.63 (C=0, amide). LMS (m/z, %): 277.6 (M*,
10), 260.81 (100, Bp). Anal. Calcd. (%) for C12H15sNsO3
(277.28): C, 51.98; H, 5.45; N, 25.26. Found: C, 52.00;
H, 5.40; N, 25.20% (see S5)

5-Amino-3-(2,4-dimethoxyphenylamino)-N-phenyl-1H-
pyrazole-4-carboxamide (6i). White crystals; yield 55%;
m.p. 127-129 °C; IR (KBr) vma/cm 3334, 3232 (NH,
NH), 1641 (C=0). *H NMR (400 MHz, DMSO-ds): &
3.71, 3.85 (2s, 6H, 20CHs3), 5.87 (s, 2H, NHy), 6.45 (d,
1H, Ar-H, J = 7.1 Hz), 6.59 (s, 1H, Ar-H), 7.04 (s, 1H,
Ar-H), 7.32 (s, 2H, Ar-H), 7.58 (d, 2H, Ar-H, J = 6.5 Hz),
8.04 (d, 1H, Ar-H, J= 1.4 Hz), 8.73 (s, 1H, NH), 8.81 (s,
1H, NH), 11.16 (s, 1H, NH). ¥ C NMR (100 MHz,
DMSO-ds): 6 55.30 & 55.85 (-20CHgs), 87.30 (Ca,
pyrazole), 98.75, 103.81, 115.80, 120.32, 122.91,
125.58, 128.59, 139.08, 146.86 (11C, Ar), 147.69 (Cs,
pyrazole), 151.93 (Cs, pyrazole), 152.68 (C, Ar), 163.41
(C=0, amide). MS (m/z, %): 353.38 (M*, 13.21), 299.21
(100, Bp). Anal. Calcd. (%) for C1gH19NsO3 (353.38): C,
61.18; H, 5.42; N, 19.82. Found: C, 61.20; H, 5.40; N,
19.85% (see S6)

5-Amino-3-(2,4-dimethoxyphenylamino)-N-(4-

methylphenyl)-1H-pyrazole-4-carboxamide (6j). White
crystals; yield 75%; m.p. 181-183 °C; IR (KBr) vmax/Cm’
13365, 3326, 3290 (NH2, NH), 1648 (C=0). 'H NMR
(400 MHz, DMSO-ds): 6 2.26 (s, 3H, CH3), 3.70, 3.83
(2s, 6H, 20CHs3), 5.83 (s, 2H, NH2), 6.41 & 6.44 (dd, 1H,
Ar-H,J=25 & 8.8 Hz), 6.57 (d, 1H, Ar-H, J = 2.5 Hz),
7.11 (d, 2H, Ar-H, J = 8.4 Hz), 7.44 (d, 2H, Ar-H, J =
8.3 Hz), 8.03 (d, 1H, Ar-H, J=8.6 Hz), 8.61 (s, 1H, NH),
8.79 (s, 1H, NH), 11.10 (s, 1H, NH). ** C NMR (100
MHz, DMSO-ds): & 20.47 (CHs), 55.29 & 55.83 (-
20CHj3), 87.28 (C4, pyrazole), 98.73, 103.78, 115.74,
120.39, 125.59, 128.97, 131.83, 136.49, 146.68 (11C,
Ar), 147.60 (Cs, pyrazole), 152.05 (Cs, pyrazole), 152.64
(C, Ar), 163.30 (C=0, amide). MS (m/z, %): 367.01 (M*,
59.09), 83.94 (100, Bp). Anal. Calcd. (%) for
CigH21Ns03 (367.40): C, 62.11; H, 5.76; N, 19.06.
Found: C, 62.20; H, 5.70; N, 19.00% (see S7)

5-Amino-N-(2,4-dimethoxyphenyl)-3-(2,4-
dimethoxyphenylamino)-1H-pyrazole-4-carboxamide
(6k). White crystals; yield 70%; m.p. 155-157 °C; IR

(KBr) vma/cm™ 3365, 3326, 3290 (NH,, NH), 1648
(C=0).'H NMR (400 MHz, DMSO-dg): § 3.70, 3.74,
3.77, 3.85 (4s, 12H, 40CHs3), 5.67 (s, 2H, NH2), 6.42 (d,
1H, Ar-H, J = 7.8 Hz), 6.51 (d, 1H, Ar-H, J = 7.5 Hz),
6.60 (d, 2H, Ar-H), 7.88 (d, 1H, Ar-H, J =7.2 Hz), 8.01
(d, 1H, Ar-H, J = 8.2 Hz), 8.57 (s, 1H, NH), 8.72 (s, 1H,
NH), 11.23 (s, 1H, NH). ** C NMR (100 MHz, DMSO-
de): 8 55.29, 55.31, 55.80, 55.91 (4-OCHg), 88.60 (Ca,
pyrazole), 98.77,103.80, 104.11, 115.44, 121.37, 125.90
147.63 (10C, Ar), 150.02 (Cs, pyrazole), 152.69 (Cs,
pyrazole), 155.76, 159.54 (2C, Ar), 162.92 (C=0,
amide). MS (m/z, %): 413.37 (M*, 5.69), 294.15 (100,
Bp). Anal. Calcd. (%) for CzH2sNsOs (413.43): C,
58.10; H, 5.61; N, 16.94. Found: C, 58.10; H, 5.61; N,
16.94% (see S8)

Microbiology
Microbial strains

Clinical isolates used in this study (Table 1 and
2) were obtained from the Biodefense and Emerging
Infections Research Resources Repository (BEI
Resources) and the American Type Culture Collection
(ATCC). Escherichia coli (E. coli) BW25113 and
JW25113 were obtained from the Coli Genetic Stock
Center (CGSC), Yale University. Bacterial strains,
“except Clostridium difficile which was incubated
anaerobically on brain heart infusion supplemented
(BHIS) agar (Oxoid) at 37° C for 48 hours”, were grown
aerobically overnight on tryptone soy agar (TSA, Oxoid)
plates at 37° C. Whereas, Candida albicans was
incubated aerobically overnight on yeast peptone
dextrose (Oxoid) agar plate at 35° C.

Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of the
synthetic compounds against some clinically-
important Gram-positive and Gram-negative
bacteria and C. albicans

The MICs of the tested compounds and control
drugs (Table 1 and 2) against clinically-relevant
bacterial and fungal strains were determined using the
broth microdilution method, according to guidelines
outlined by the Clinical and Laboratory Standards
Institute (CLSI)**. All compounds to be tested were
dissolved in dimethylformamide (DMF) in a
concentration of 5 mg/mL. The same concentration of
DMF alone was used as a control during performance of
MIC test.

Microbial solution equivalent to 0.5 McFarland
standard was prepared and diluted in cation-adjusted
Mueller-Hinton broth  (Oxoid) (for S. aureus,
Staphylococcus epidermidis, and E. coli) or tryptone soy
broth (Oxoid) (for Enterococcus faecalis, E. faecium,
Listeria monocytogenes and Streptococcus pneumoniae),
to achieve a bacterial concentration of about 5 x 10°
colony forming unit (CFU)/mL. C. difficile was diluted

http://aprh.journals.ekb.eq/

344


http://aprh.journals.ekb.eg/

ISSN: 2357-0547 (Print)
ISSN: 2357-0539 (Online)

Research Article / JAPR / Sec. E
Alietal., 2021, 5 (3), 341-361

in BHIS broth, supplemented with yeast extract, hemin
and vitamin K to achieve a bacterial concentration of
about 5 x 10° CFU/mL. C. albicans was diluted in RPMI
1640 medium with glutamine and without bicarbonate
which was buffered to pH 7.0 with 0.165 M of [3-(N-
morpholino) propane sulfonic acid] (MOPS) to achieve
a fungal concentration of about 1.5 x 10® CFU/mL.
Compounds and control drugs were added in the first row
of the 96-well plates, and serially diluted with the
corresponding media containing bacteria/fungi. Plates
were then, incubated aerobically at 37° C for 18-20 hours
(for S. aureus, S. epidermidis, E. faecalis, E. faecium, L.
monocytogenes, S. pneumoniae and E. coli). C. difficile
was incubated anaerobically at 37° C for 48 hours. C.
albicans was incubated aerobically at 37° C for 24 hours.
MICs reported herein are the minimum concentrations of
the compounds and control drugs that could completely
inhibit the visual growth of bacteria/fungi. The MBC of
compounds was tested by plating 4 pL from wells with
no growth onto fresh TSA plates. Plates were incubated
at 37 °C for 18-20 hours before observing the microbial
growth. The MBC was recorded as the lowest
concentration that reduced bacterial growth by 99.9%.

In silico models for predicting membrane permeability

Computationally, membrane permeability
prediction of ciprofloxacin and tested ligands were
investigated using the RRCK permeability predictor in
the physics-based permeability prediction module within
the Schrodinger’s Small-Molecule Drug Discovery
Suite®>%. Energy minimization for all ligands was
performed using the Macro Model of Schrddinger’s
software38-40,

Protein targets docking and scoring validation

In silico computer-based studies were used to
determine antibacterial drug target prediction and the
modes of action of these antimicrobials. The target
proteins used in this study were: D-alanine - D-alanine
ligase B (ddIB) from E. coli, penicillin-binding protein
1A (PBP1a) from P. aeruginosa, Membrane-bound lytic
murein transglycosylase B (mitB) from E. coli, DNA-
dependent RNA polymerase beta subunit (repC) from E.
coli, Isoleucyl-tRNA synthetase (ileS) from Thermus
thermophilus, DNA gyrase subunit B and Dihydrofolate
Reductase (DHFR) from S. aureus, and IV
topoisomerase Topo 1V and Dihydropteroate synthase
(DHPS) from S. pneumonia. Verification and validation
of the docking approach for bacterial target protein were
done. Schradinger 11.9 software was used to investigate
the main ligand structure Figure 1, which was docked to
the binding site of each protein used in this study.

Docking and structure—activity relationship (SAR)
To understand the interactions of the tested
compounds at the active sites of protein receptors,

topoisomerase Il DNA gyrase enzymes, docking was
performed with DNA Gyrase Chain B crystallographic
structure of S. aureus (PDB ID: 3G75)*. The
crystallographic structures (PDB ID: 3G7B) were
retrieved from the Protein Data Bank. The model was
validated using the protein preparation wizard program
from the Schrédinger suite. Water molecules and small
molecules present were removed from the structure prior
to docking. Docking of the intended compounds was
carried out in the ATP binding site using Schrodinger
Maestro 11.9 software Glide (XP) extra precision
module from Schrddinger®?. In silico docking and
superimpose calculation of ligands and one control drug
such as ciprofloxacin against DNA gyrase enzyme was
performed by Maestro 11.9 software*®. The structural
formula of the three compounds was converted to a
three-dimensional format using Perkin EImer Chem Bio
Office Ultra 14.0.0.117 for docking purposes. The
binding sites of target proteins were visualized using Site
Map tool. The best Docking Score is obtained as the most
negative value for the active ligands. All compounds
were prepared using the LigPrep2.9. Glide docking
parameters were set to the default hard potential
function. No constraints were applied for all the docking
studies. SAR analysis was performed using R-Group
Analysis.

R1

___NH

L

Figure 1. Main structure of the ligand with different R
groups

Rs

Gyrase inhibition assay

Gyrase inhibition assay was applied on three of
the test compounds selected according to their results on
the above experiments. The most potent antibacterial
compound (6g) and of the least potent compounds, we
picked the one that also showed the lowest docking and
QSAR values (4a). The third compound was the one
which showed the highest docking and QSAR values of
those having some antibacterial effect (6i). These
material were used for the two following experiments (a
and b): Enzyme: S. aureus gyrase stored at -80°C. S.
aureus gyrase assay buffer: 40 mM HEPES. KOH (pH
7.6), 10 mM magnesium acetate, 10 mM DTT, 2 mM
ATP, 500 mM potassium glutamate, 0.05 mg/ml albumin
(supplied as 5X), stored at -20° C. Dilution Buffer: 50
mM Tris.HCI (pH 7.5), 1 MM DTT, 1 mM EDTA, 40%
(w/v) glycerol (supplied as 1X), stored at -20 C. Plasmid:
Relaxed pBR322 (supplied at 1 pg/uL). Other materials
not included in the kit: STEB: 40% (w/v) sucrose, 100
mM Tris-HCI pH 8, 10 mM EDTA, 0.5 mg/ml,
Bromophenol Blue.
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la-e CN
la, R=H 2a; Ar=Ph 3a-k
1b; R=Ph 2b; Ar= 4-CH;0-C¢H,
1¢; R=4-CH3-CgHy 2c; Ar= 2,4-di-CH30-CgH3
1d; R=4-Cl-CgH,
1le; R=2,4-di-CH30-CgH3
CHgl
34 R Ar EtOH/r.t
al H CeH -Ar
b| CsHs CeH: ? HN
C| 4-CHy-CeH, CeHs R. _— -
di H 4-CH30-CgHy N SCH
€| CgHs 4-CH30-CgHy H 3
f| 4-CH;-CeHy 4-CH30-CgHy NC
9| 4-Cl-CgH, 4-CH30-CgHy
h|H 2,4-di-CH;0-CgHs da-k
i | CsHs 2,4-di-CH; O-CgHg
I | 4-CH3-CgH,4 2,4-di-CH;O-CgHs
K| 2,4di-CHz0-CeHs 2,4-di-CH3O-CsHs
Scheme 1. Synthesis of ketene S,N-acetals 4a-k
A RNH NH
-Ar
? HN _ 2
R \N% +  H,N—NH, TEA/EtOH 07
N SCH3 . A  NH
NC HI}I N
4a-k Ar
4.6 R Ar 6a-k
alH CsHs
b | CgHs CeHs
Cc 4-CH3-C6H4 CSHS
dlH 4-CH;0-CgH,
e| CgHs 4-CH30-CgH,
f | 4-CH3-CgHy 4-CH;O-CgH,
g| 4-CI-CgH, 4-CHyO-CgHy
h H 2,4‘d|'CH30-C6H3
i CeHs 2,4-d!-CH30'C5H3
| | 4-CHs-CgHy 24-di-CH30-CeH3
k12 4-diiCHz0-CqHy 24-di-CH30-CgH3

Scheme 2. Synthesis of 5-aminopyrazoles 6a- k

In the two experiments below (a and B), after
the enzyme addition the mixture is mixed by gentle
vortexing, and incubated for 30 minutes at 37°C. The
reaction was stopped by adding 30 uL. of STEB and 30
puL of chloroform/isoamyl alcohol (v:v, 24:1), vortexed
briefly and centrifuged for 1 minute. Twenty pL of the
aqueous (upper blue) phase was loaded onto a 1% (w/v)
agarose gel, run at ~75 V for approximately 2 hours or
until the blue dye front has run at about 5 cm or more.
The gel was stained with 1 pg/ml ethidium bromide in

water (15 min), destained (5-10 min) in water and
visualized with a gel documentation system (Bio-Rad).

Determination of S. aureus gyrase enzyme optimal
concentration

To determine the inhibitory activity of the
chemical compounds on the gyrase enzyme, we first
needed to determine the optimal concentration of the
enzyme that gives full supercoiling. A relaxed plasmid
pBR322 gets supercoiled by gyrase enzyme. The relaxed
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and supercoiled forms of the plasmid can be separated by
agarose gel electrophoresis which can be used to
determine the enzyme activity. A gel-based supercoiling
experiment with relaxed pBR322 and in the presence of
1% dimethyl sulfoxide (DMSO), was set up as follows:
a mixture was prepared of 84 pL of assay Buffer (5X), 7
uL relaxed pBR322, 4.2 uL. DMSO, 282.8 pL of water.
Twenty-seven pL of this MIX was added to several
eppendorf tubes. Serial dilutions of the enzyme were
made in dilution buffer, then 3 uL was added to the
reactions. It was found that approximately, 0.1 pL of the
neat enzymes required to give full supercoiling (see S9),
so this concentration was used for the following
experiment.

Gyrase inhibition assay of the synthetic compounds
Several 24 pL mixtures of assay buffer (6 pL of

5x buffer), relaxed pPBR322 (0.5 uL) and water (17.5 pL)

were put in 1.5 mL-eppendorf tubes submerged in ice.

First the ciprofloxacin was tested in eight dilutions to
determine the optimal set of the inhibitory concentrations
to be used (see S10). Four concentrations were selected
to be prepared of three tested compound and
ciprofloxacin then aliquots of 3 uL of them or the solvent
were added to the corresponding tubes and mixed briefly.
The enzyme was diluted in dilution buffer (to the
concentration determined as explained in (a), the above
experiment) and added (3 pL) to all the tubes except the
negative control tubes (3uL of the dilution buffer was
added instead). The supercoiled bands for each sample
on the gel were photographed by gel documentation
system. Then photos were scanned and the percentages
of supercoiling activity or supercoiling inhibition were
determined and compared to the positive control (tube
containing gyrase enzyme and no inhibitor). These
percentages were plotted against the inhibitor
concentration (UM) and the 1Csp was calculated from a
fitted curve (see S11).

R. R«
N NH (@ NH
g C7 JrcN A AN
o Pl ‘NH> 0 2 o} |
—_— ~-H
HN SCH, 12 HN s NH HN Ne 2
| 2 | |
Ar 5 Ar CH3 Ar Hr\e
4a-k A B SHCH>
R«
R« R« o
NH  NH NH N N
~ = H O/ C.\
S O (T | )
JALLp— My N
AN QY N o
Ar H Ar Ar
E C
. . f R A )
H-migration 4.6 '
ajH CeHs
b| CeHs CeHs
R C| 4CHsCoHs  Coflg
“NH H 4-CH30-CeHy
NH> €| CeHs 4-CH50-CgHs
~ f | 4-CHg-CgH, 4-CH30-CgH,
o = 9| 4-C-CgHy 4-CH30-CeH,
NH hi H 2,4-0i-CH50-CgHg
X/ L| CgHs 2,4-0i-CH30-CgHs
HII\I N I | 4-CHy-CgH,4 2,4-di-CH30-CgH3
Ar (K1 2.4di-CH,0-CgHy 2/4-G-CH30-CgH3 J
6a-k

Scheme 3. Mechanism for the formation of 5-aminopyrazole 6a-k
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RESULTS AND DISCUSSION

Chemistry

2-Cyanoacetamides  la-e  reacted  with
isothiocyanate 2a-c in absolute ethanol containing an
equimolar of KOH to give the corresponding
intermediates stable potassium 2-cyano-1-(arylamino)-
3-0x0-3-(substituted-amino)prop-1-ene-1-thiolate  salt
3a-k. When the latter was alkylated with CHsl, it
generated the ketene S,N-acetals 4a-k in 80-90 % yield
(Scheme 1).

The structures of new ketene S,N-acetals 4a-k
were established by different spectral data. For example,
the *H-NMR spectrum of 4j exhibited four singlet signals
at 2.24,2.25, 3.78 and 3.82 points to — SCH3 — CH3 and
two — OCH3 protons, respectively. Two doublets at 7.09
and 7.42 corresponded to the aromatic protons of 4-
methylphenyl (AB system, with J = 8.3 and 8.4 Hz,
respectively). The di-substituted aromatic protons of 2,4-
dimethoxyphenyl appeared as one proton as a doublet of
a doublet at 6.55 and 6.57 with coupling constants J =
2.6 Hz and J = 8.7 Hz. Two protons appeared as two
doublets at 6.68 (1H, J = 2.6 Hz) and 7.30 (1H, J = 8.7
Hz). Two singlet signals at 9.34 and 11.82 were assigned
to two—NH protons. The *CNMR spectrum was
characterized by five signals for carbons of — SCH3, C»
(acrylamide), C=N, C=0 and C; (acrylamide) at § =
16.62, 77.65, 118.69, 165.26 and 168.74 ppm,
respectively. We suggested that the structures of ketene
S,N-acetals 4a-k should be present in the E form and not
in the Z form*,

5-Amino-1H-pyrazoles 6a-k was obtained via
the reaction of ketene S,N-acetals 4a-k with hydrazine
hydrate (5) in refluxing ethanol in the presence of a
catalytic amount of triethylamine (Scheme 2).

The structures of 5-amino-1H-pyrazoles 6a-k were
established by various spectral analyses (MS, IR, ‘H-
NMR and *C-NMR). The IR (vmax/cm) spectrum of 5-
aminopyrazole 6h indicated the absence of absorption
bands of nitrile group and showed bands at 3305, 3200
and 1651 due to NH; NH and C=0O functions,
respectively.

Its * H NMR spectrum exhibited six singlet
signals at 6 = 3.69, 3.81, 5.68, 6.56, 9.18 and 10.78 due
to OCHsz, OCHs, NHz NHz NH and NH protons,
respectively. The signal of — SCH3 protons not appeared
in its *H NMR spectrum. However, one proton of the
aromatic ring appeared at 6.40 and 6.42 as a doublet of
the doublet with coupling constants J = 2.6 Hz and J =
8.8 Hz and two doublets at 6.54 (1H, J=2.5 Hz) and 8.05
(1H, J = 8.7 Hz) due to two protons of aromatic ring. The
13C-NMR exhibited characterized signals at 6 = 85.48,
147.43, 152.28 and 166.63 due to C4, Cs, C3 (pyrazole
moiety) and carbonyl function, respectively.

Additionally, we investigated and proved the
structure of 5-amino-1H-pyrazoles 6a-k and the possible

mechanism from previous studies by the X-ray single
crystal of compound 6g and the possible formation of 5-
aminopyrazole 6a-k is shown in Scheme 345aandb,

Microbiology

Susceptibility of some clinically-important Gram-
positive and Gram-negative bacteria to the synthesized
compounds using MIC and MBC

To evaluate the antimicrobial effect of the
synthesized compounds toward several clinically
relevant bacterial and fungal strains, the MICs of the
compounds and control drugs were determined using the
broth microdilution method. The MICs are reported in
Table 1.

It is clear from Table 1 that none of the tested
compounds showed activity against wild type E. coli or
C. albicans. On the other hand, the results show that
some of our compounds showed variable antibacterial
activity against the other strains tested. This finding
comes in agreement with previous studies”4-1618 which
reported that acrylamide and pyrazole derivatives have
antibacterial activities. Compounds 4j and 6¢c were
slightly active against MRSA USA 300, E. coli JW55031
(TolC mutant) and C. difficile ATCC BAA 1870 with
MIC values ranged between 32 and 64 pg/ml. Whereas,
compound 69 exhibited the least MIC value among the
tested compounds with a value of 16 pg/ml for the three
strains. Based on this positive result, compound 6g was
further screened against additional clinical Gram-
positive isolates of methicillin-sensitive S. aureus,
MRSA, vancomycin-resistant S. aureus (VRSA), S.
epidermidis,  vancomycin-resistant  Enterococcus
faecium, vancomycin-resistant Enterococcus faecalis
and Streptococcus pneumonia (Table 2). Additionally,
we examined whether the compound was bacteriostatic
(inhibits bacterial growth) or bactericidal (kills bacteria)
by determining the MBC.

In agreement with the previous results of 69
MIC values against MRSA USA300 (Table 1),
compound 6g exhibited a moderate to a poor activity
against the tested panel of MDR strains with MIC values
ranging from 16 to > 64 pg/ml. It appeared to be
bactericidal to most tested strains as its MBC values were
one- or two-fold higher than its corresponding
MIC values.

In silico ligands membrane permeability prediction
The physical-membrane permeability based on the
in silico model predictions can be used for drug design
to predict the membrane permeability before the process
of drug synthesis*. The results are shown in Table 3.
The predicted relative permeabilities were
based on the calculated ‘Log Perm RRCK’ values where
a more negative value indicated that lower cell
permeability*”. However, less positive value of
(Membrane dG Insert) means more permeable
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Table 1: MIC (ug/ml) of the synthesized compounds and control drugs using the broth microdilution method

Bacterial Strains

Compounds MRSA E. coli E. coli C. difficile C. albicans
/Control Antibiotics NRS384 JW55031 BW25113 ATCC BAA ATCC 64124
(USA300) (TolC mutant) (wild-type) 1870
4a >128 128 > 128 > 128 > 128
4b >128 >128 >128 >128 >128
4d >128 >128 > 128 > 128 > 128
4e >128 >128 >128 >128 >128
4f >128 >128 >128 >128 >128
4q >128 >128 > 128 > 128 > 128
6a >128 > 128 > 128 > 128 > 128
6b 128 64 > 128 64 > 128
6¢ 64 32 > 128 32 > 128
6d >128 >128 > 128 > 128 > 128
6e > 128 64 > 128 32 > 128
6f >128 > 128 > 128 > 128 > 128
69 16 16 > 128 16 > 128
4h >128 >128 >128 >128 >128
4i 64 > 128 > 128 > 128 > 128
4j 64 32 > 128 32 > 128
4k >128 >128 >128 >128 >128
6h > 128 > 128 > 128 > 128 > 128
6i > 128 64 > 128 64 > 128
6j > 128 > 128 > 128 > 128 > 128
6k >128 64 > 128 64 > 128
Linezolid 1 8 > 64 NA NA
Vancomycin 1 NA NA 1 NA
Gentamycin NA 0.5 0.5 NA NA
Fluconazole NA NA NA NA >128
5-Fluorocytosine NA NA NA NA 0.25

-NA: Not applicable, the drug is not used for treating the infections caused by the tested microorganism

MRSA: Methicillin-resistant Staphylococcus aureus
-TolC mutant strain encodes an efflux pump

-MRSA and Clostridium difficile are Gram-positive bacteria; Escherichia coli is a Gram-negative bacterium while Candida albicans is a unicellular

fungus

membranes. The ligands, 6k, 6j, 6i, 6h, 6g, 6f, 6¢, 6d, 6c,
6b and 6a showed Log Perm RRCK values close to
ciprofloxacin -5.296cm/s and the membrane dG Insert
value of them were 20.184, 19.062, 19.184, 20.780,
19.709, 19.002, 19.218, 20.829, 17.969, 18.260 and
20.128, respectively in comparison to 12.935
Membranes dG Insert value of ciprofloxacin. These

results indicate that the compounds have good cellular
permeability to them but a bit less than ciprofloxacin.
Ligands 4k, 4j, 4i, 4h, 4q, 4f, 4e, 4d, 4c, 4b and 4a
showed less positive values of Membrane dG Insert than
reference ciprofloxacin compound and also less negative
‘Log Perm RRCK’ (Table 3) which means that the
bacterial cell are highly permeable to those compounds
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Table 2. The MIC (ug/ml) and the MBC (ug/ml) of compound 6g against a panel of pathogenic Gram-positive bacteria

Compound/Control Antibiotics

Bacterial Strains 69 Linezolid Vancomycin

MIC MBC MIC MBC MIC MBC
MSSA ATCC 6538 16 > 64 0.5 16 1 2
MSSA NRS 107 16 32 1 16 2 2
MRSA NRS119 16 32 64 > 64 1 1
(linezolid resistant)
MRSA NRS123 (USA400) 32 > 64 1 64 1 1
VRSA 10 16 > 64 0.5 > 64 64 > 64
VRSA 12 32 64 1 32 64 > 64
Methicillin-resistant Staphylococcus 32 32 0.5 8 2 2
epidermidis NRS 101
Cephalosporin-resistant Streptococcus 32 32 1 32 1 1
pneumonia ATCC 15916
Methicillin-resistant Streptococcus 32 > 64 1 16 2 4
pneumonia ATCC 700677
Vancomycin-resistant Enterococcus 64 > 64 1 8 32 64
faecalis ATCC 51299
Vancomycin-resistant Enterococcus 32 32 1 16 > 64 > 64
faecium ATCC 700221
Listeria monocytogenes ATCC 19111 32 32 0.5 32 1 2

- MSSA: Methicillin-sensitive Staphylococcus aureus
- MRSA: Methicillin-resistant S. aureus
- VRSA: Vancomycin-resistant S. aureus

even more than ciprofloxacin. These results indicate that
the bacterial cells have a very good permeability to all
the synthetic compounds of our study. This high
permeability comes in agreement with the good
antimicrobial effect of some of the synthetic compounds
because the first step for the antimicrobial agent is to
enter the cell and its decrease confer resistance to the cell
against the antimicrobial agents®. While the
disagreement between the low antimicrobial activity of
most of the compounds and that the cell has a high
permeability to them could be caused by one of the
resistance mechanisms that could have been developed
by the bacterial cell such as the efflux pumps that pump
the compound outside the cell after its entry. Further
studies are needed to determine which mechanisms are
involved.

In silico prediction of antibacterial target proteins
The prediction of bacterial target proteins using
Schrodinger Maestro 11.9  software showed the
interaction between different bacterial proteins and a key
ligand (Figure 1). Results are shown in Table 4. The
proteins involved in the of cell wall synthesis including
PBP1a, ddIB, and mltB revealed docking score of -3.689,
-4.716, and -5.413 kcal/mol; respectively. The DNA-

dependent RNA polymerase beta-subunit protein (RepC)
used as a target for RNA synthesis inhibition had a
docking score of -4.849 kcal/mol. The Isoleucyl- tRNA
synthetase (ileS) docking score was -4.052 kcal/mol.
The target proteins involved in nucleic acid synthesis
including DNA gyrase and IV topoisomerase revealed
the best docking score (-5.576 and -5.293), respectively.
The protein targets of antimetabolites (DHPS and
DHFR) exhibited lower binding affinities at -3.573 and -
3.950 kcal/mol, respectively. As mentioned above, the
best Docking Score is obtained as the most negative
value for the active ligands so these results indicate that
DNA gyrase and IV topoisomerase have the highest
binding activity with the synthetic compounds of our
study and could be the target site for their antibacterial
action.
Docking and SAR

Based on the above results obtained that the
DNA gyrase and IV topoisomerase have the highest
binding activity with our synthetic compounds, our next
step was to study the interactions of these compounds at
the active sites of the topoisomerase I, DNA gyrase,
enzyme. Docking was performed with DNA gyrase
Chain B crystallographic structure of S. aureus that’s
shown in Figure 2.
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Table 3. Predicted membrane permeability properties

Membrane permeability properties

Ligand

Membrane dG Membrane Membrane Membrane Log Perm RRCK  Membrane
Insert HDLD GB StatePenalty (cm/s) Energy

6k 20.184 19.773 -6.675 0.411 -5.427 1.166

6j 19.062 18.651 -6.410 0.411 -5.324 6.410

6i 19.184 18.773 -6.226 0.411 -5.295 9.184

6h 20.780 20.370 -6.381 0.411 -5.210 -4.145
69 19.709 19.298 -6.561 0.411 -5.283 5.616

6f 19.002 18.592 -6.420 0.411 -5.276 7.597

6e 19.218 18.808 -6.242 0.411 -5.251 10.442
6d 20.829 20.419 -6.223 0.411 -5.167 -2.645
6¢ 17.969 17.559 -6.071 0.411 -5.187 12.061
6b 18.260 17.850 -5.846 0.411 -5.165 14.985
6a 20.128 19.717 -6.002 0.411 -5.092 1.615

4k 7.752 7.342 -4.681 0.411 -4.925 27.656
4j 7.970 7.559 -6.659 0.411 -4.878 25.938
4i 7.999 7.588 -6.418 0.411 -4.845 28.948
4h 9.591 9.158 -4.660 0.433 -4.762 20.058
4q 9.210 8.800 -6.471 0.411 -4.863 23.587
4f 8.410 7.999 -6.403 0.411 -4.851 25.393
4e 8.561 8.151 -6.187 0.411 -4.824 28.326
4d 10.474 10.041 -6.343 0.433 -4.754 13.488
4c 7.492 7.081 -5.852 0.411 -4.767 34.495
4b 7.588 7.177 -5.494 0.411 -4.737 37.550
4a 9.448 9.038 -6.291 0.411 -4.663 20.259
Ciprofloxacin 12.935 9.433 -4.437 3.502 -5.296 61.002

The absence of this enzyme in human cells
makes it a potent target for many drug discovery methods
in treating S. aureus infections*®. The following amino
acid residues including Glu50, Asn54, Glu58 and Thr173
present in the ATP-binding pocket of DNA gyrase B is
involved in ATPase activity®®. The results of the In silico
docking study are shown in (Table 5).

The docking scores of the ligands 6f, 6j, 6i, 6k,
6d, and 6e, 6g, 6h, 6b, 6¢ were (-7.425, -7.38, -7.338, -
7.321, -7.089, -7.056, -6.977, -6.846, -6.62 and -6.499)
kcal/mol, respectively in comparison to -6.176 kcal/mol
of ciprofloxacin. Again, the best docking score is the
most negative value so we can conclude from these
results that those synthetic compounds have the highest
binding affinity toward the proposed target site for their

antimicrobial effect, DNA gyrase, an affinity that’s even
higher than ciprofloxacin. Such results are very good
because ciprofloxacin in the first place belongs to the
fluoroquinolone class of antibiotics that exert their
antibacterial effect through inhibition of the gyrase
enzyme®. The docking scores of the ligands 4k, 6a, 4i,
4h, 4q, 4e, 4d, 4b, 4f, 4j, and 4a were (-6.068, -5.806, -
5.643, -5.518, -4.962, -4.744, -4.74, -4.388, -3.819, -
3.654 and -2.967) kcal/mol, respectively. This result
indicates that these compounds have a lower binding
affinity with gyrase than ciprofloxacin. Ligand 4k score
value was (-6.068) kcal/mol, approximately equal to the
reference ligand value (-6.176 kcal/mol) indicating an
almost equal binding affinity to ciprofloxacin towards
the gyrase enzyme. Compound 4a has the lowest binding
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Table 4. Docking activity predicted by Schrodinger Maestro 11.9 software

Protein Name Target PDB Docking score
PBP1la Penicillin-binding protein 1A 400N -3.689
ddiB D-alanine--D-alanine ligase B Inhitaitqrs of cell wall 2DLN -4.716
. . synthesis
mltB Membrane-bound lytic murein y :
1QUT -5.413
transglycosylase B
repC DNA-dependent RNA
polymerase beta-subunit Inhibitors of RNA synthesis 2AUK -4.849
ileS Isoleucyl-tRNA synthetase Inhibitors of protein 1320 -4.052
synthesis '
TopolV IV topoisomerase o o 3RAE -5.203
Inhibitors of nucleic acid '
DNA DNA Gyrase synthesis 3G75 -5.576
Gyrase
DHPS Dihydropteroate synthase _ _ 1AJ0 -3.573
DHFR Dihydrofolate Reductase Antimetabolites 3SRW -3.950

Figure 2. D structure of DNA gyrase of S. aureus

affinity to S. aureus gyrase enzyme while 6f has the
highest one. Table 6 shows the QSAR of the studied
ligands where 3 R groups were presented in the key
compound.

The results shown in the table above confirm
the results shown in Table 5 and indicate a good
interaction at the active sites of gyrase enzyme receptors
of the same compounds that had good docking score
result and a weak reaction of those that had bad scores in
Table 5. The QSAR results of 6b, 6c, 6d, 6¢, 6f, 6i, 6j,
6k which show a high affinity to bind with the gyrase are
contradictory to their high MIC values against MRSA.
This can be easily explained by the presence of bacterial
resistance mechanism(s) such as efflux pumps which
pump the compounds out of the cell, compounds
inactivation, changing the target site or any other
mechanism?®. On the other hand, the MIC values of the
ligand 6g against MRSA (Table 1) showing a good
antimicrobial activity are consistent with their in silico
docking results (Table 6) which show a high binding

affinity with DNA gyrase protein. This result strongly
suggests that the mode of action of these compounds as
antibacterial agents is through affecting the bacterial cell
DNA, specifically by inhibiting its DNA gyrase enzyme.
Superimposition of ligands was applied to predict the
ligand orientation and flexibility in the active site of
target protein®. The results are shown in Figure 3.

These results showed that all the superimposed
ligands had the same orientation in the binding pocket of
DNA gyrase protein compatible with ciprofloxacin
docking position, which means that all the compounds
could bind at the same-binding pocket of DNA gyrase.
This result confirmed our previous results (Tables 4, 5
and 6) which revealed that the target site of our active
compounds is the bacterial DNA gyrase enzyme.
Gyrase inhibition assay

Three compounds (4a, 6i and 6g) having
different MIC profiles and QSAR values were chosen to
detect their DNA gyrase inhibition ability. A set of tubes
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6i 6j 6k

Figure 3. The superimposition of the studied ligands and a reference compound, ciprofloxacin (brown color), with DNA gyrase.
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Table 5. In silico docking study of ciprofloxacin, and ligands with S. aureus DNA gyrase (PDB 3G75)

Ligand Ec?;fll/(ri?(?l score m/ndi;(())g;r;i?;nd interactions with RMS to
6f -7.425 Asp 81 0.0321
6j -7.38 Asp 81 and Ser 129 0.0322
6i -7.338 Asp 81 and Ser 129 0.0278
6k -7.321 Asn 54, Asp 81 and Ser 55 0.0295
6d -7.089 Asn 54 and Asp 81 0.0355
6e -7.056 Asp 81 and Ser 129 0.0238
69 -6.977 Ser 129 0.0358
6h -6.846 Ser 129 0.0289
6b -6.62 Asp 81 0.0320
6c -6.499 Asp 81 0.0256
4k -6.068 Ser 129 0.0371
6a -5.806 Asn 54, Asp 81 and Thr 173 0.0343
4i -5.643 Ser 129 and Thr 173 0.0306
4h -5.518 Ser 129 and Thr 173 0.0303
4g -4.962 Thr 173 0.0285
le -4.744 Thr 173 0.0309
4d -4.74 Asp 81 and Gly 85 0.0296
4b -4.388 Val 130 0.0288
4f 3819 0.0284
4 -3.654 val 130 0.0330
4a 2967 0.0275
Ciprofloxacin -6.176 Thr 173 0.0324
-ve +ve 4a 6g 6i ciprofloxacin
10 100 0.1 100 0.1 10 100 0.1 1 100 pg/mL

Figure 4. Gel electrophoresis of the supercoiling inhibition experiment with four different concentrations of ciprofloxacin and
three synthesized compounds. Negative control is the relaxed plasmid pBR322 without gyrase enzyme or inhibitor, positive
control (relaxed plasmid pBR322 with gyrase enzyme and no inhibitor)
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Table 6. Quantitative structure—activity relationship (QSAR) of the synthetic compounds

Structure Name R1 R2 R3 Docking score kcal/mol
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was made of a relaxed plasmid pBR322 mixed with the
test compound, ciprofloxacin or solvent. The gyrase
enzyme was added to all the tubes except the negative
control ones. Figure 4 represents the supercoiled bands
photographed by gel documentation system.

The ICso was assessed for the three tested
compounds and ciprofloxacin against S. aureus gyrase
and the values are represented in Figure 5.

The 1Cso of compound 4a was high in
comparison to ciprofloxacin, this indicated a low effect
on DNA gyrase. This result is consistent with the
docking scores of the compound (Tables 5 and 6) where
4a showed the lowest binding affinity with the gyrase
enzyme. The MIC result (Table 1) was also consistent
with this result as the compound 4a had a very high
value. Together these results mean that 4a has no
antibacterial effect and it does not affect the gyrase
enzyme. On the other hand, permeability prediction
results (Table 3) of 4a showed that the cell is highly
permeable to it. The possible explanation for the
collective results of 4a is that the compound may enter
the cell efficiently, but it has no effect on its supposed
target site. Compound 6i showed the highest inhibition
of the gyrase enzyme, which was almost equal to the
effect of ciprofloxacin. This result is perfectly consistent
with both its docking (Tables 5 and 6) and permeability
results (Table 3) as 6i had almost the highest affinity to
gyrase among the tested compounds and a good value in
the permeability prediction that’s equal to ciprofloxacin,
respectively. However, the MIC value of 6i was so high
(Table 1) indicating almost no antibacterial effect, this
contradiction can be explained by the presence of a
resistance mechanism inside the bacterial cell which can
inhibit the effect of the compound after it efficiently
enters the cell. As for compound 6g, it showed a very
good gyrase inhibitory effect in comparison to
ciprofloxacin, this result is again consistent with all our
previous findings of 6g. The compound had the lowest
MIC value against MDR Staphylococcal strains (Tables
1 and 2), a high docking score against DNA gyrase
(Table 5 and 6) and a good superimposition (Figure 3).
Compound 6g also was shown to readily enter the
bacterial cell (Table 3)

Conclusion

A series of ketene S,N-acetals 4a-k and their
pyrazole 6a-k were synthesized and their structures were
established by their spectral data. The results showed
significant affinities of binding of some compounds in
the docking study. This was confirmed by in vitro test
with DNA gyrase enzyme presenting this as the possible
mode of inhibitory action. The compound 6g was the
most potent compound against some clinically relevant
MDR Staphylococci. Also the permeability of the
bacterial cell to compound 6g was good and it showed a
high docking score against DNA gyrase which was

confirmed by the gyrase inhibition assay in comparison
to ciprofloxacin. The collective results of 6g mean that
the compound can efficiently enter the bacterial cell then
exerts its action against the DNA gyrase enzyme without
being hindered by a resistance mechanism to finally give
its bactericidal effect perfectly. Our results present
compound 6g as the most promising candidate as
antibacterial agent that could be further modified to
enhance its activity against Gram-positive bacteria.
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CONCLUSION

A series of ketene S,N-acetals 4a-k and their
pyrazole 6a-k were synthesized and their structures were
established by their spectral data. The results showed
significant affinities of binding of some compounds in
the docking study. This was confirmed by in vitro test
with DNA gyrase enzyme presenting this as the possible
mode of inhibitory action. The compound 6g was the
most potent compound against some clinically relevant
MDR Staphylococci. Also, the permeability of the
bacterial cell to compound 6g was good and it showed a
high docking score against DNA gyrase which was
confirmed by the gyrase inhibition assay in comparison
to ciprofloxacin. The collective results of 6g mean that
the compound can efficiently enter the bacterial cell then
exerts its action against the DNA gyrase enzyme without
being hindered by a resistance mechanism to finally give
its bactericidal effect perfectly. Our results present
compound 6g as the most promising candidate as
antibacterial agent that could be further modified to
enhance its activity against Gram-positive bacteria.
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