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Abstract: Virtual screening of the potential lead chemotherapeutic phytochemicals from medicinal
plants has useful application in the field of in-silico modelling and computer-based drug design
by orienting and scoring ligands in the active binding site of a target protein. The phytochem-
ical investigation of the Pterocephalus frutescens extract in n-butanol resulted in the isolation and
structure elucidation of three iridoids and four flavonoids which were identified as Geniposide (1),
Geniposidic acid (2), Nepetanudoside C (3), Isovitexin (4), Luteolin-7-O-glucoside (5) Isoorientin
(6) and Orientin (7), respectively. Molecular docking studies were used to compare the binding
energies of the isolated phytochemicals at four biological cancer-relevant targets; namely, aromatase,
carbonic anhydrase IX, fatty acid synthase, and topoisomerase II-DNA complex. The docking
study concluded that the isolated compounds have promising cytotoxic activities, in particular,
Luteolin-7-O-glucoside (5) and Orientin (7) which exhibited high binding affinities among the iso-
lated compounds at the active sites of the target enzymes; Aromatase (—8.73 Kcal/mol), and Carbonic
anhydrase IX (—8.92 Kcal/mol), respectively, surpassing the corresponding binding scores of the
co-crystallized ligands and the reference drugs at these target enzymes. Additionally, among the
isolated compounds, Luteolin-7-O-glucoside (5) showed the most outstanding binding affinities at
the active sites of the target enzymes; Fatty acid synthase, and Topisomerase II-DNA complex with
binding scores of —6.82, and —7.99 Kcal/mol, respectively. Finally, the SwissADME online web
tool predicted that most of these compounds possessed acceptable oral bioavailability and drug
likeness characteristics.

Keywords: drug likeness; Lipinski’s rule; molecular docking; pterocephalus frutescens; chemical
profiling; phytochemicals

1. Introduction

The family Caprifoliaceae consists of 42 genera and approximately 860 species, which
are distributed mainly in Europe, Asia and Africa. Some members of this family have been
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transferred and naturalized in different places [1]. The Pterocephalus genus comprises
25 species which are widely used in traditional medicine around the entire globe for their
antibacterial, anti-inflammatory, antioxidant, antihepatotoxic, and analgesic activities [2-5].
Many phytochemicals that contribute to the biological activities of the genus Pterocephalus
are natural products that have been isolated and include flavonoids, iridoids, phenolic acids,
saponins and lignans [6-9]. Meanwhile, chemotherapy can be considered one of the most
important approaches for the treatment of cancer, and therefore, potential chemotherapeutic
targets for cancer are being identified [10,11]. The use of phytochemicals in the treatment of
cancer has been widely reported. For instance, vincristine and paclitaxel are the phytochem-
icals that have been clinically used as the chemotherapeutic agents [12]. Flavonoids are
another class of the phytochemicals that have demonstrated promising chemotherapeutic
and cancer preventive activities, in addition to other anti-inflammatory effects [13,14].

Several biological molecules had been investigated as targeted therapy for treatment
of different types of cancer. Targeted therapy aims at selecting specific proteins that share
in the proliferation and growth of cancer, and hence chemotherapeutic agents can stop the
spread of cancer. Among those biological targets, aromatase, carbonic anhydrase IX, fatty
acid synthase, and topoisomerase II-DNA complex have gained attention. Aromatase is an
important enzyme for the biosynthesis of estrogens, which catalyzes the transformation
of androgen by aromatization. Estrogens, in turn, were identified to play a crucial role
in breast cancer development [15]. Aromatase has also been recently studied for multi-
targeted chemotherapy [16,17]. Some phytochemical agents, such as rotenone, chrysin and
apigenin flavonoids, have been reported to potently inhibit the aromatase cytochrome p450
enzyme [18]. On the other hand, the fatty acid synthase (FAS) is the major enzyme in the
biosynthesis of different fatty acids. FAS has been shown to be expressed in high levels
in many tumor cancers [19]. Consequently, they can provide flexibility in energy supply,
especially to the lipogenic phenotype tumors [20]. As such, the FAS has been an attractive
target where certain phytochemical flavonoids were studied to show a dose-response
correlation between FAS and apoptosis induction in tumor cells [21].

Another major group of biological targets are the topoisomerases, which are essential
enzymes catalyzing the modifications in the tertiary structure of the DNA. There are two
classes of human topoisomerases (I and II). Topoisomerase II (the ATP binding site) involves
double-strand breaking [22]. The topoisomerases have been widely studied as antimicrobial
and anticancer targets [23]. A recent study, by Han et al. [24], confirmed the importance
of topoisomerase inhibitors as anti-cancer remedies, however, the main obstacle was their
off-target toxicity. The use of naturally derived phytochemicals, such as podophyllotoxin,
anthracycline, genistein and camptothecin has been investigated for different types of
tumors by inhibiting both topoisomerase I and II [25,26]. Another important player in
tumor development and proliferation is the carbonic anhydrase IX (CAIX), which is induced
by the regional hypoxia and acidosis created within the cancer cells. This enzyme helps the
mutant cells in withstanding the hostile micro-environment created and therefore allows
them to selectively proliferate and progress [27]. Therefore, several studies have been
conducted investigating the effect of the CAIX inhibitors in the control of tumors [28,29].

The present work aimed at identifying the major phytoconstituents in the plant mate-
rial, P. frutescens, using isolation and structure elucidation. Another in-silico study for the
isolated phytochemicals was carried out to investigate their possible utility as chemother-
apeutic agents using molecular docking through examining their potential binding to
cancer-relevant molecular targets, namely aromatase, carbonic anhydrase IX, fatty acid
synthase, and topoisomerase II-DNA complex. Finally, to verify that these compounds are
promising candidates from the aspect of pharmacokinetics, the SwissADME online web
tool developed by the molecular modelling group of Swiss Institute of Bioinformatics (SIB)
was used to compute the physicochemical properties and predict the pharmacokinetic and
the drug likeness properties of our target compounds [30].
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2. Experimental Design
2.1. Plant Material

The aerial parts of P. frutescens Hochist. were collected in June 2017 at the flowering
stage from the from Jabal An-NabiShu’ahyb, Sanaa, Republic of Yemen. The plants were
collected, identified and authenticated by Dr. Abdo H. Marey Professor of Botany and
Plant Taxonomy, Faculty of Science, Al-Azhar University, Cairo Egypt. A voucher sample
was kept in the Herbarium of Faculty of Pharmacy, Al-Azhar University. Cairo, Egypt.

2.2. Extraction and Isolation of Pure Compounds

Air-dried powdered aerial part plant material of P. frutescens (250 g), was extracted by
a soxhlet apparatus with n-hexane (2 x 2 L) and then with methanol (3 x 3 L) to afford
(7.5 and 35 g, respectively) after evaporation under vacuum by rotatory evaporator (BUCHI
Rotavapor® R-210/R-215, Labfirst Scientific, CA, USA). From the methanol extract 35 g
was dissolved in water and then partitioned successively with ethyl acetate (2 x 200 mL)
and n-butanol saturated with water (3 x 200 mL) to afford light brown masses (8.5 and
11 g, respectively). The n-butanol fraction (11 g) was separated on polyamide (200 g)
using stepwise gradient elution with water: methanol (100:0-0:100) to yield 4 fractions.
Fraction 2 (1.8 g) was re chromatographed on silica gel (40 g) by gradient elution with
chloroform: methanol: water (90:10:1) to yield 3 sub fractions. Sub fraction 2 (360 mg)
was chromatographed on silica gel and eluted with chloroform: methanol (90:10) then
(85:15) to yield 5 sub fractions. Sub fraction 2.1, 2.4 and 2.5 (50, 60 and 40 mg, respectively)
were purified individually by sephadex LHyg (50 g) with methanol to give compounds (1,
2 and 3) (22, 38 and 30 mg, respectively). Fraction 3 (2.3 g) was re chromatographed on
silica gel (80 g) by isocratic elution with benzene: methanol: water (100:50:3) to give 5 sub
fractions. Sub fraction 3.5 (500 mg) was re chromatographed by Sephadex LHj( (100 g)
with methanol to give compound (4) (25 mg). Fraction 4 (1.9 g) was re chromatographed
on reversed phase (RP) solid phase extraction (SPE) (50 g) by gradient elution with water:
methanol (90:10-10:90) to give 4 sub fractions. Sub fraction 4.1 (280 mg) was purified by
Sephadex LH; (100 g) by isocratic elution with methanol to give compound (5) (15 mg).
Sub fraction 4.2 (200 mg) and 4.3 (340 mg) were purified individually by Sephadex LHjg
(100 g) by isocratic elution with methanol: chloroform (60:40) to give compound (6) (14 mg)
and compound (7) (32 mg).

2.3. Structure Elucidation of Isolated Pure Compounds

Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker spectrom-
eter (Rheinstetten, Karlsruhe, Germany). Deuterated methanol (CD;0D) and dimethyl
sulfoxide (DMSO-dg) were used as solvents.

2.4. Molecular Docking Analysis

The anticancer activities of the afforded compounds were investigated against four
relevant biological targets namely; aromatase enzyme, carbonic anhydrase 1V, fatty acid
synthase, and topoisomerasr II-DNA complex using Autodock program.

2.4.1. Preparation of the Investigated Compounds

The investigated compounds were chemically sketched by ChemBioDraw Ultra 14.0
(Figure 1) to be ready for the docking process as previously described [31-38]. For each
biological target, the afforded compounds were imported into one database saving it as an
MDB extension file.
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Figure 1. Structures of flavonoids and iridoids isolated from P. frutescens Hochist.

2.4.2. Preparation of Helicobacter Specific Virulence Proteins

The X-ray structure of the determined biological targets was selected carefully and
downloaded from the online protein data bank website. The PDB entries for aromatase
enzyme, CA 1V, FAS, and TOP II were, 5j19 [39], 514 [40], 2px6 [41], and 3qx3 [42], respec-
tively. Subsequently, the biological target proteins were protonated, and broken bonds
were corrected, followed by biological protein energy minimization in order to be ready for
the established docking process as previously mentioned in detail [31].

3. Results and Discussion
3.1. Strutural Elucidation of Isolated Pure Compounds

Compound (1) was obtained as white crystals with ESIMS m/z: 387 [M—H]~; (calcu-
lated for C17H»4019). 'H NMR (CD30D, 400 MHz) 5 5.19 (1H, d, ] = 7.5 Hz, H-1) 7.53 (1H,
s, H-3); 3.22 (1H, overlap, H-5); 2.13 (1H, m, H-6a); 2.84 (1H, dd, | = 8.0, 16.0Hz, H-6b);
5.82 (1H, s, H-7); 2.74 (1H, t, ] = 7.5 Hz, H-9); 4.20 (1H, d, ] = 14.5 Hz, H-10a); 4.33 (1H, d,
] =14.5 Hz, H-10b); 3.73 (3H, s, H-12); 4.73 (1H, d, ] = 7.5 Hz, H-1’); 3.23-3.41 (4H, m, H-2/,
3, 4',5);3.65 (1H, dd, ] = 4.0, 9.5 Hz, H-6a’); 3.88 (1H, brd, | = 12.0 Hz, H-6b’). 3C-NMR
(CD30OD, 100 MHz) 6 100.2 (C-1); 155.3 (C-3); 114.5 (C-4); 38.6 (C-5); 41.8 (C-6); 130.3 (C-7);
146.9 (C-8); 49.1 (C-9); 63.5 (C-10); 171.6 (C-11); 53.8 (C-12); 102.4 (C-1'); 76.9 (C-2'); 80.0
(C-3'); 73.7 (C-4'); 80.6 (C-5'); 63.7 (C-6"). From the above data compound (1) was identified
as Geniposide [43].

Compound (2) was obtained as an amorphous powder with ESIMS m\z: 363 [M—H]~;
(calculated for C1Hp»O1p). 'H NMR (CD;0D, 400 MHz) 6§ 5.11 (1H, d, ] = 7.5 Hz, H-
1), 7.31 (1H, s, H-3), 3.23 (1H, m,H-5), 2.09 (1H, dd, ] = 16.2/7.6 Hz, Ha-6), 2.86 (1H, dd,
J=16.2/7.6 Hz, Hb-6),5.79 (1H, brs, H-7),2.70(1H, t, ] = 7.5 Hz, H-9), 4.18 (1H, d, ] = 14.6 Hz,
Ha-10), 4.33 (1H, d, | = 14.3 Hz, Hb-10), 4.74 (1H, d, ]= 7.6 Hz, H-1"), 3.18-3.45 (4H, m, H-2/,
H-3', H-4', H-5"),3.69 (1H, dd, ] = 11.9/5.5 Hz, Ha-6'), 3.85 (1H, dd, | = 11.6/1.7 Hz, Hb-6').
I3C.NMR (CD50D, 100 MHz) § 98.2 (C-1), 153.2 (C-3), 112.8 (C-4), 36.7 (C-5), 39.7 (C-6),
127.8 (C-7), 143.3 (C-8), 47.0 (C-9), 61.4 (C-10), 173.0 (C-11), 100.3 (C-1), 74.8 (C-2), 77.4
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(C-3), 71.5 (C-4), 78.8 (C-5), 62.6 (C-6). From the above data compound (2) was identified as
Geniposidic acid [43].

Compound (3) was obtained as an amorphous powder with ESIMS m\z: 341 [M—H]~;
(calculated for C14H,,03). "H NMR (CD;0D, 400 MHz) § 5.40 (d, 4.6, H-1), 7.34 (s, H-3),
3.13 (m, H-5), 2.18 (m, H-6), 2.76 (m, H-6), 5.49 (m, H-7), 2. 91(m, H-9), 1.82 (br s, H3-10),
9.21 (s, H-11), 4.64(d, 7.6, H-1'), 3.69 (dd, 12.0, 3.8, H-6a’), 3.87 (br d, 12.0, H-6b’); 3.22-3.42
(4H, m, H-2/, H-3', H-4/, H-5'). 3C-NMR (CD30D, 100 MHz) § 101.4 (C-1), 158.8 (C-3),
121.6 (C-4), 32.8 (C-5), 38.5 (C-6), 128.2 (C-7), 139.5 (C-8), 50.45 (C-9), 15.3 (C-10), 193.4
(C-11), 103.8 (C-1), 75.5 (C-2), 78.7 (C-3), 71.5 (C-4), 78.4 (C-5), 62.2 (C-6). From the above
data compound (3) was identified as Nepetanudoside C [44].

Compound (4) was obtained as a yellow powder with ESIMS m\z: 431 [M—H]~;
(calculated for Cp1HppO19). 'H NMR (DMSO-dg, 400 MHz) 5 13.48 (1H, brs, 5-OH), 7.79
(2H, d, ] =8.3 Hz, 3/,5'-H), 6.89 (2H, d, ] = 8.2 Hz, 2/, 6-H), 6.70(1H, s, 3-H), 6.39 (1H, s,
8-H), 4.51 (1H, d, ] = 9.7 Hz, 1”-H). 3.40-3.95 (sugar protons, m). 3C-NMR (DMSO-d;,
100 MHz) 6 163.71 (C-2), 102.90(C-3), 181.83 (C-4), 160.52 (C-5), 108.82 (C-6), 163.55 (C-7),
93.94 (C-8), 155.91 (C-9), 102.76 (C-10), 121.24 (C-1"), 128.65 (C-2’, 6”), 115.89 (C-3’, 5'), 161.46
(C-4"),73.55 (C-1"), 70.86 (C-2")), 79.03 (C-3")), 70.43 (C-4"), 81.53 (C-5"), 61.42 (C-6"). From
the above data compound (4) was identified as Isovitexin [45].

Compound (5) was obtained as a yellow crystalline powder, with ESIMS m\z: 447
[M—H]~; (calculated for CpHyO11). 'TH NMR (DMSO-dg, 400 MHz) 13.13 (1H, s, 5-OH),
7.49 (1H,dd, [ =2.2,8.2 Hz, H-6),7.43 (1H, d, ] = 2.2 Hz, H-2'), 6.91 (1H, d, ] = 8.2 Hz, H-5'),
6.68 (1H, s, H-3), 6.32(1H, s, H-6), 4.67 (1H, d, ] = 9.3 Hz, H-1"), 3.30-3.90 (sugar protons,
m). BC-NMR (DMSO-ds, 100 MHz) § 164.32(C-2), 102.75 (C-3), 182.32 (C-4), 160.76 (C-5),
98.32 (C-6), 162.96 (C-7), 105.05 (C-8), 156.60 (C-9), 104.30(C-10), 122.11 (C-1’), 114.57 (C-2/),
146.15 (C-3'), 150.20 (C-4), 115.88 (C-5'), 119.64 (C-6), 73.67 (C-1"),70.99 (C-2"), 78.97 (C-3”),
70.93 (C-4"), 82.20 (C-5"), 61.96 (C-6"). From the above data compound (5) was identified
as Orientin [46].

Compound (6) was obtained as a yellow powder, with ESIMS m\z: 447 [M—H]~;
(calculated for Cp;Hp9O11). 'H NMR (DMSO-ds, 400 MHz) & 13.53 (1H, brs, 5-OH), 7.42
(1H, dd, ] = 2.4 Hz, 9.0 Hz, 6’-H), 7.36 (1H, d, ] = 2.4 Hz, 2’-H), 6.90 (1H, d, | = 9.0 Hz, 5'-H),
6.64 (1H, S, 3-H), 6.48(1H, s, H-8), 4.58 (1H, d, ] = 10.0 Hz, 1"/-H). 3.30-3.90 (sugar protons,
m). BC-NMR (DMSO-dg, 100 MHz) 5 163.65 (C-2), 102.76 (C-3), 181.86 (C-4), 160.91 (C-5),
108.95 (C-6), 163.78 (C-7), 94.04 (C-8), 156.75 (C-9), 102.91 (C-10), 121.86 (C-1"), 113.32 (C-2’),
146.34 (C-3’), 150.73 (C-4"), 116.53 (C-5"), 119.21 (C-6"), 73.42 (C-1")),70.53 (C-2")), 79.23
(C-37),70.43 (C-4"), 81.78 (C-5”), 61.68 (C-6"). From the above data compound (6) was
identified as Isoorientin [46].

Compound (7) was obtained as a yellow microcrystalline powder with ESIMS m\z:
447 [M—H]~; (calculated for CpHpyOy1). 'H NMR (DMSO-d;, 400 MHz) & 6.54 (1H, d,
] = 1.5 Hz, H-6), 6.84 (1H, s,H-3), 6.87 (1H, d, ] = 1.5 Hz, H-8), 6.85 (1H, d, ] =8.1 Hz, H-5'),
7.55 (2H, d, | = 8 Hz, H-2/,6'). 5.01 (1H, d, ] = 7.5 Hz, H-1"), 4.36 (1H, d, ]_12.8 Hz, H-6"a),
4.15 2H, m, H-3”, H-6"b), 4.08 (1H, m, H-2"), 4.02 (2H, m, H-4”, H-5”). 13C-NMR (DMSO-dg,
100 MHz) & 61.65 (C-6"), 70.76 (C-4"), 73.92 (C-2"), 77.35 (C-3"), 78.00 (C-5"),95.76 (C-8),
100.36 (C-6), 100.87 (C-1"), 103.95(C-3), 106.43 (C-10), 114.43 (C-2"), 116.84 (C-5"),119.98
(C-6),121.89 (C-1"), 146.74 (C-3'), 151.53(C-4"), 157.74 (C-9), 162.05 (C-5), 163.90 (C-2),165.53
(C-7), 182.84 (C-4). From the above data compound (7) was identified as Luteolin-7-O-
glucoside (cynaroside) [47].

3.2. Results of In Silico Studies
Molecular Docking Analysis

The conducted molecular docking studies were employed to investigate the binding
affinities of Geniposide (1), Geniposidic acid (2), Nepetanudoside C (3), Isovitexin (4),
Luteolin-7-O-glucoside (5) Isoorientin (6) and Orientin (7) towards the biological targets;
aromatase, carbonic anhydrase IX, fatty acid synthase, and topoisomerase II-DNA complex.
First, prescreening validation was carried out to emphasize the accuracy of the utilized
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Autodock docking program. Hence, the validation process was carried out by the re-
docking of the co-crystallized ligand for each target receptor. Obviously, low RMSD values
were attained (1.84,1.72, 1.88, and 1.42 A for aromatase, carbonic anhydrase IX, fatty acid
synthase, and topoisomerase II-DNA complex, respectively) assuring the employed pro-
gram’s validity [32,48-52]. The 2D and 3D overlay of the native co-crystallized ligands and
the re-docked co-crystallized ligands were illustrated in the supplementary Figures S1-54.
Hence, the molecular docking was conducted to afford further insights about the investi-
gated compounds’ binding modes on these target proteins, thus unveiling their potential as
new eligible anticancer candidates. The binding free energy scores, RMSD, and the binding
interactions for the investigated compounds are depicted in Tables 1 and 2.

Table 1. Binding scores, RMSD values, and amino acid binding interactions of the investigated
compounds against aromatase and carbonic anhydrase IX.

Aromatase Enzyme CAIX
Comp. S Score RMSD .. . Distance  Comp. S Score RMSD .. . Distance
No (Kcal/mol) A) Binding Interaction A) No (Kcal/mol) A) Binding Interaction A)
LEU372/H-donor 2.93 GLU106/H-donor 3.14
™ —8.15 0.70 MET374/H-acceptor 3.10 o —74 143 THR200/H-acceptor 3.07
CYS437 /H-donor 3.30
@) ~7.70 0.89 MET374,/H-donor 450 @ ~7.05 5 o 2
LEU477/H-donor 3.26 accepto :
LR e Yo THR201/H-donor 2.8
3) —7.22 1.49 ' (3) —741 1.64 THR200/H-acceptor 3.17
MET374/H-acceptor 3.19 HIS94/H-pi 355
ALA306/H-acceptor 338 P :
LEU477/H-donor 283 THR201/H-donor 3.18
LEU477/H-donor 27 GLN71/H-acceptor 3.03
4) —8.54 2.27 ’ 4) —-7.21 1.41 ZN264/Metal 2.30
MET374/H-acceptor 3.37 .
ILE133/pi-H 422 LEU91/pi-H 398
’ GLN92/pi-H 3.85
MET374/H-donor 3.84
LEU372 /H-donor 2.71
(5) —8.73 1.74 LEU477/H-donor 395 (5) —8.13 1.83 GLU106/H-donor 3.08
ILE133/pi-H 4.49
MET303/H-donor 4.24
MET303/H-donor 391
LEU477 /H-donor 3.10
(6) —8.52 1.27 LEU477 /H-donor 2.66 (6) —7.41 1.31 ZN264/Metal 2.30
MET374/H-acceptor 3.03
ILE133/pi-H 3.96
GLY439/pi-H 4.36
MET374/H-donor 3.92
) —8.67 1.81 MET374/ H-acceptor 303 @ 892 213 THR201/H-donor 322
el kel
s i
= = THR201/H-donor 3.27
"@'\ —8.02 1.84 MET374 /H-acceptor 2.97 ‘g —-5.91 1.72 THR200/H-acceptor 3.34
5 3} VAL121/pi-H 493
o o)
)] Q
8 ]
£ § THR201/H-donor 3.29
5 —-7.76 1.07 MET374/ H-acceptor 2.96 5 —5.83 1.31 THR201/H-donor 3.22
E EJ THR200/H-acceptor 3.28
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Table 2. Binding scores, RMSD values, and amino acid binding interactions of the investigated
compounds against FAS and topoisomerase II-DNA complex.

FAS Topisomerase II-DNA Complex
CoNn;p' S Score RMSD Binding Interaction Distance CONI::P' S Score RMSD  Binding Interaction = Distance
DG10/H-donor 2.96
¥ ~5.86 0.93 Asglézzig//}gf’“epttorr gg (6) ~731 177 ASP479 /H-donor 2.86
accepto : DT9/H-pi 3.78
ASP2338 /H-donor 3.01
MET782/H-donor
PRO2341/H-donor 291 3.16
(2) —6.05 1.84 SER2340,/H-acceptor 3.19 () —6.87 1.46 AECGCEO?O/rH- 299
TYR2462/H-pi 3.54 P
SER2308/H-donor 2.95 AECGCZ’gi’; rH 3.01
THR2342/H-donor 3.23 295
3) —5.85 0.93 SER2340/ H-acceptor 3.07 3) —7.16 1.44 ASP?)@ { S—I?Ic_;eiptor 454
HIS2481/H-pi 3.73 DG13/H-pi 3.68
ASP479 /H-donor 3.08
@ —6.22 1.09 S?Eggfé/zgf'doni’r ggg @ ~7.47 1.15 DT9/pi-H 416
acceptor : DT9/pi-H 421
SER2340/H-donor 2.97 ASP479 /H-donor 2.69
_ SER2340/H-acceptor 3.02 B DG10/H-donor 3.20
(5) 6.82 2.26 PHE2370/H-pi 453 (5) 7.99 2.15 SER480,/H-acceptor 292
ILE2250/pi-H 3.80 DT9/pi-H 3.64
ASP479 /H-donor 2.98
(6) —6.49 1.10 SER2340/H-donor 3.00 6 —7.78 1.49 DT9/H-donor 297
ASP479 /H-donor 3.00
DT9/H-donor 2'71
GLU477 /H-donor 3'03
(7) —6.40 1.61 HIS2481/H-donor 3.33 (7) —7.69 2.18 ARG503/H- 3'11
acceptor 3 ’ 66
DG13/H-pi 4'47
DT9/pi-H :
2 2 ASP479/H-donor
= = MET782/H-donor 270
% SER2340/ H-acceptor 3.03 ﬁ DG13,/H-donor 3.73
'i —8.09 1.39 TYR2462/H-pi 4.65 'i —10.52 1.42 GLN778,/H- 3.37
5 HIS2481/H-pi 442 5} 2.94
g z acceptor 3.75
O O DA12/H-pi ’
é § ARG503/H-donor 3.24
g o g B ASP479 /H-acceptor 343
2 —6.03 1.76 HIS2481 /pi-pi 3.92 2 8.96 1.84 LYS456/H-acceptor 329
& & DG13/H-pi 426

By analyzing the docking results obtained regarding the aromatase biological target,
it was interestingly revealed that compounds (4, 5, 6, and 7) displayed feasible binding
scores surpassing that obtained by the co-crystallized ligand and the reference drug used
(Exemestane). The choice of exemestane as a reference drug was based on its activity as an
aromatase inhibitor, where it has a polycyclic structure which is more or less similar to the
investigated compounds, so that the investigated compounds can be assured to securely
bind to the selected target for a valid comparison. It worth noting that compound (5)
revealed the most binding affinity towards the aromatase enzyme among the investigated
compounds. Additionally, due to its binding to the the co-crystallized ligand and the
reference drug, the amino acid MET374 could be considered as one of the pivotal amino
acids for aromatase inhibition. Consequently, it was disclosed that compound (5) could
interact with the aromatase enzyme with a binding score of —8.73 Kcal/mol with an RMSD
value of 1.74 A. Notably, the sugar moiety of compound (5) could form H-bonds with
MET374, LEU372, and LEU477 at distances 3.84,2.71, and 3.25 A, respectively. In addition,
the phenyl ring of compound 5 could form a pi-H bond with ILE133 at a distance of 4.49 A.
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However, the co-crystallized ligand could form an H-bond with MET374 at a distance of
2.97 A, whereas, the reference drug used (Exemestane) could form an H-bond with MET374
at a distance of 2.96 A, as depicted in Figure 2. The 2D, 3D binding interactions, and 3D
protein positioning of all the investigated compounds towards the aromatase enzyme are
shown in the Supplementary Figure S5.

Figure 2. The 3D binding interactions of (A) compound (5), (B) the co-crystallized ligand, (C) the
reference drug, and the 2D binding interactions of (D) compound (5), (E) the co-crystallized ligand,
(F) the reference drug at the aromatase enzyme.
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Regarding the carbonic anhydrase IX (CA IX) biological target, it was interestingly
revealed that compound (7) revealed the most binding affinity towards CA IX among the
investigated compounds. Additionally, due to their binding to the co-crystallized ligand
and reference drug, the amino acids THR200 and THR201 could be considered as crucial
amino acids for CA IX inhibition. Consequently, it was disclosed that compound (7) could
interact with CA IX with a binding score of —8.92 Kcal/mol with an RMSD value of 2.13 A.
Notably, the hydroxyl group of the sugar moiety of compound (7) could form an H-bond
with THR201 at a distance of 3.22 A. However, the sulfamoyl moiety of the co-crystallized
ligand could form H-bonds with THR200 and THR201 at distances of 3.34, and 3.27 A,
respectively. In addition, the thiophene ring of the co-crystallized ligand could form a
pi-H bond with VAL121 at a distance of 4.93 A. Conversely, the sulfamoyl moiety of the
reference drug (Acetazolamide) could form an H-bond with THR200 at a distance of 3.28 A.
Additionally, the thiadiazole ring and the amide moiety of Acetazolamide could form
H-bonds with THR201 at distances of 3.22 and 3.29 A, respectively, as depicted in Figure 3.
The 2D, 3D binding interactions, and 3D protein positioning of all investigated compounds
towards CA IX are shown in the Supplementary Figure Sé.

Regarding the fatty acid synthase (FAS) biological target, it was interestingly revealed
that compound (5) revealed the most binding affinity towards the FAS among the inves-
tigated compounds. Additionally, due to their binding to the the co-crystallized ligand,
the amino acids SER2340, TYR2462, and HIS2481 could be treated as key amino acids
for FAS inhibition. Consequently, it was disclosed that compound (5) could interact with
the FAS with a binding score of —6.82 Kcal/mol with an RMSD value of 2.26 A. Notably,
the phenyl ring of compound (5) could form two H-bonds with SER2340 at distances of
2.97 and 3.02 A. In addition, the benzo pyran scaffold of compound (5) could form pi-H
bonds with PHE2370 and ILE2250 at distances 4.53 and 3.8 A, respectively. However, the
aliphatic chains of the co-crystallized ligand could form pi-H bonds with HIS2481 and
TYR2462 at distances of 4.42 and 4.65 A, respectively. Furthermore, the carbonyl group
of the co-crystallized ligand could form an H-bond with SER2340 at a distance of 3.03 A.
Conversely, the phenyl ring of the reference drug ((-)-Epigallocatechin gallate) could form
a pi-H bond with HIS2481 at a distance of 3.92 A as shown in Figure 4. The 2D, 3D binding
interactions, and 3D protein positioning of all investigated compounds towards the FAS
are shown in the Supplementary Figure S7.

Regarding the Topoisomerase II-DNA complex (TOP II) biological target, it was
interestingly revealed that compound (5) revealed the most binding affinity towards the
TOP II among the investigated compounds. The literature disclosed that the key binding
sites of the TOP II comprise the nucleobases; ADE12, GUA13, CYT8, CYT11, and THY?9,
and the amino acids; ASP479, ARG503, GLN778, and MET782 [53]. Consequently, it
was disclosed that compound (5) could interact with the TOP II with a binding score of
—7.99 Kcal/mol with an RMSD value of 2.15 A. Notably, the sugar moiety of compound (5)
could form H-bonds with SER480 and DG at distances of 2.92 and 3.2 A, respectively.
Besides, the benzo pyran scaffold of compound (5) could form a pi-H bond with DT at a
distance of 3.64 A, whereas the hydroxyl group of the benzo pyran scaffold of compound (5)
could form an H-bond with ASP479 at a distance of 2.69 A. However, the sugar moiety
of the co-crystallized ligand could form a pi-H bond with DA and an H-bond with DG
at distances of 3.75 and 3.37 A, respectively. In addition, the dioxane moiety of the co-
crystallized ligand could form H-bonds with GLN778 and MET782 at distances of 2.94
and 3.73 A, respectively. Moreover, the hydroxyl group of the cyclohexyl ring of the co-
crystallized ligand could form an H-bond with ASP479 at a distance of 2.7 A. Conversely,
the tetrahydrotetracene scoffold of the reference drug (Doxorubicin) could form H-bonds
with ASP479, ARG503, and a pi-H bond with DG13 at distances 3.43, 3.24, and 4.26 A,
respectively. Furthermore, the hydroxyl group on the pyran ring of Doxorubicin could
form an H-bond with LYS456 at a distance of 3.29 A as shown in Figure 5. The 2D, 3D
binding interactions, and 3D protein positioning of all investigated compounds towards
the TOP II are shown in the Supplementary Figure S8.
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© (F)

Figure 3. The 3D binding interactions of (A) compound 7, (B) the co-crystallized ligand, (C) the
reference drug, and the 2D binding interactions of (D) compound 7, (E) the co-crystallized ligand,
(F) the reference drug at the CA IX.
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Figure 4. The 3D binding interactions of (A) compound 5, (B) the co-crystallized ligand, (C) the

reference drug, and the 2D binding interactions of (D) compound 5, (E) the co-crystallized ligand,
(F) the reference drug at the FAS.
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Figure 5. The 3D binding interactions of (A) compound (5), (B) the co-crystallized ligand, (C) the
reference drug, and the 2D binding interactions of (D) compound (5), (E) the co-crystallized ligand,
(F) the reference drug at the TOP II.

3.3. Prediction of Physicochemical and Pharmacokinetic Properties

The submitted compounds were predicted to display suitable physicochemical and
pharmacokinetic properties; logPo/w range 1.0-2.89 and high-water solubility as shown
in Table 3 [30]. For high GI absorption and good oral bioavailability for a compound, the
physicochemical properties should be within the suitable ranges [54]. The radar charts
in Figure 5 displayed the oral bioavailability of our target compounds generated by the
SwissADME web tool. This chart has six axes for the six parameters required for oral
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bioavailability; flexibility (FLEX), lipophilicity (LIPO), size (SIZE), polarity (POLAR), sol-
ubility INSOLU), and saturation (INSATU) and the pink region in this chart represents
the optimal ranges for predicted good oral bioavailability [55]. In Figure 6, the red lines
which represent Nepetanudoside C are fully incorporated in the pink area predicting good
oral bioavailability. Additionally, the red lines which represent the rest of the compounds
are almost entirely incorporated in the pink area predicting acceptable oral bioavailabil-
ity. Moreover, the SwissADME revealed that geniposide and nepetanudoside C fulfilled
Lipinski’s rule as one of the major drug likeness characteristics, as such predicting that
these compounds may have promising pharmacokinetic properties [56].

LI L
LIPCy
FLEX BZE FLEX SBIZE
FLEX SIZE
b,
L RN
et
IMSATLY POLAR INSATL POLAR
INSATL FOLAR
INEOLU INSOLL
IMNSOLU - - - - .
. . Geniposidic acid Nepetanudoside C
Geniposide
LiPDy LIPD o=
FLEX SIEE FLEX FILE FLEX SFE

A Angi ! A7)
Pl TN\ PS4\

INSATU POLAR INSATU POLAR AT PoLAn

INSOLU

IMEOLY IMSOLU
LIFO
FLEX SIZE
INSATU POLAR
INSOLU
Orientin

Figure 6. Radar charts for prediction of oral bioavailability generated by the SwissADME web tool.
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Table 3. ADMET profile of the target compounds.
Parameter Geniposide Gemp?Sldlc Nepetanudoside Isovitexin Luteolm.- 7 Isoorientin  Orientin
Acid C O-glucoside
Physicochemical properties
Molecular weight 388.14 374.12 342.13 432.11 448.10 448.10 448.10
LogP 2.89 1.31 1.22 1.97 1.99 1.6 1
Rotatable bonds 6 5 4 3 4 3 3
Acceptors 10 10 8 10 11 11 11
Donors 5 6 4 7 7 8 8
Surface area square 155.14 166.14 125.68 181.05 190.28 201.28 201.28
angstrom (A°)
Drug likeness
Lipinski violations 0 1 0 1 2 2 2
Ghose violations 1 1 1 0 0 1 1
Veber violations 1 1 0 1 1 1 1
Pharmacokinetics
GI absorption Low Low High Low Low Low Low
BBB permeant No No No No No No No
CYP1A2 inhibitor No No No No No No No
CYP2C19 inhibitor No No No No No No No
CYP2C9 inhibitor No No No No No No No
CYP2D6 inhibitor No No No No No No No
CYP3A4 inhibitor No No No No No No No
CYP1A2 inhibitor No No No No No No No
CYP2C19 inhibitor No No No No No No No
CYP2C9 inhibitor No No No No No No No

4. Conclusions

The represented work resulted in the isolation, identification, and characterization
of seven phytoconstituents that were firstly isolated from the aerial parts of Pterocephalus
frutescens Hochist. Interestingly, the molecular docking analysis in terms of virtual screening
suggested that Luteolin-7-O-glucoside (5) was found to exhibit the highest binding affinity
among the investigated compounds to aromatase, fatty acid synthase and topoisomerase
II-DNA complex, whereas, Orientin (7) displayed the highest binding affinity among
the investigated compounds to carbonic anhydrase IX. These promising affinities were
accomplished through forming strong hydrogen bonds with the catalytic residues, as
well as through significant interactions with other receptor-binding residues. Also, the
SwissADME online web tool predicted that Luteolin-7-O-glucoside possessed acceptable
pharmacokinetics and drug likeness properties. Hence, Luteolin-7-O-glucoside (5) and
Orientin (7) can be considered as lead compounds which can be optimized to develop more
potent anticancer agents. We are currently undertaking further studies for the synthesis
of novel derivatives and screening the most active compounds for in vitro efficacy against
different cell lines and enzymatic assay. In vivo trials in animal models are recommended
to take these compounds to the next level of drug discovery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/scipharm91010007/s1, Figure S1: (A) 3D diagram and (B) 2D
overlay disclosing the superimposition of the native co-crystallized ligand (green), and the redocked
co-crystallized ligand (Red) at aromatase enzyme with RMSD value of 1.84 A for docking program
validation; Figure S2: (A) 3D diagram and (B) 2D overlay disclosing the superimposition of the
native co-crystallized ligand (green), and the redocked co-crystallized ligand (Red) at CA IV with
RMSD value of 1.72 A for docking program validation; Figure S3: (A) 3D diagram and (B) 2D overlay
disclosing the superimposition of the native co-crystallized ligand (green), and the redocked co-
crystallized ligand (Red) at FAS with RMSD value of 1.88 A for docking program validation; Figure S4:
(A) 3D diagram and (B) 2D overlay disclosing the superimposition of the native co-crystallized ligand
(green), and the redocked co-crystallized ligand (Red) at TOP II with RMSD value of 1.42 A for
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docking program validation; Figure S5: The 2D, 3D, and 3D protein positioning of all investigated
compounds at the biological target, aromatase; Figure S6: The 2D, 3D, and 3D protein positioning of
all investigated compounds at the biological target, CA IX; Figure S7: the 2D, 3D, and 3D protein
positioning of all investigated compounds at the biological target, FAS; Figure S8: the 2D, 3D, and 3D
protein positioning of all investigated compounds at the biological target, TOP II.
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