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Abstract: The search for novel therapies for tuberculosis continues due to the emergence of resistant
strains, adverse drug reactions, and potential drug-drug interactions of antitubercular drugs. This study
was undertaken to identify compounds from Entada abyssinica, a plant used by herbalists in East Africa
for the management of symptoms of tuberculosis. An extract of shade-dried E. abyssinica stem bark
was prepared by maceration in a mixture of acetone and methanol in the ratio of 3:2. Column and thin
layer chromatography were used to isolate pure compounds. The structures of the compounds were
elucidated using nuclear magnetic resonance and infrared spectroscopy. The compounds were further
studied using in silico tools to predict their binding affinities, descriptors of pharmacokinetics, and
toxicity. Seven known compounds: 2,3-dihydroxypropyltriacontanoate (1), 1',26'-bis-(2,3-
dihydroxypropyl) hexacosanedioate (2), stigmasterol 3-O-4-D-glucopyranoside (3), sitosterol 3-O-4-
D-glucopyranoside (4), Spinasterol 3-O-4-D-glucopyranoside (5), stigmasterol (6) and spinasterol (7)
were isolated. Compounds 1 and 2 had better binding affinities (-27.7374 and -28.5726 Kcal/mol) than
the bedaquiline (-22.9042 Kcal/mol) for ATP. All isolated compounds had better binding affinities
(between -21.4357 and -18.7809 Kcal/mol) than isoniazid (-10.8307 Kcal/mol) for polyketide-13
synthase enzymes. The compounds showed variable but promising pharmacokinetic properties with
minimum toxicity. E. abyssinica stem bark contains phytochemicals with promising antimycobacterial
activity via inhibition of the ATP and polyketide-13 synthase enzymes. In vitro and in vivo studies are
recommended to validate the predicted antimycobacterial activity as well as the pharmacokinetics and
toxicity profiles.
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1. Introduction

Mycobacterium tuberculosis is a highly contagious and infectious pathogen that causes
tuberculosis (TB), mainly affecting the pulmonary system and other extra-pulmonary organs
[1]. Despite the enormous success registered in the "End TB strategy” globally, many countries
in Africa, including Uganda, Kenya, and the United Republic of Tanzania, are ranked among
the 30 countries with a high burden of TB in the world as of 2021 [2]. In 2020, a total of 1.5
million people died of TB worldwide compared to 1.4 million people in 2019. There is also an
increasing emergence of resistant strains that have rendered the current therapies for TB less
effective [3]. Additionally, the current therapies are associated with several toxicities and
severe drug interactions with antiretroviral agents. Therefore, there is an urgent need to
discover novel therapies against M. tuberculosis strains to effectively manage TB [4].

The discovery of novel molecules from medicinal plants continues to gain momentum
due to their unlimited capacity to synthesize a variety of secondary metabolites with great
pharmacological potential [5, 6]. In East Africa, Entada abyssinica A. Rich. (E. abyssinica) is
among the plant species that have been documented to be widely used by traditional medicine
practitioners to prepare herbal products for the management of symptoms of TB [7].
Additionally, the leaves, stem bark, and roots of this tree are harvested and used in the
preparation of herbal remedies for the management of symptoms of other ailments such as
ulcers, miscarriage, asthma, bacterial and fungal infections, malaria, snake bites,
gastrointestinal discomfort and arthritis [8]. Several compounds isolated and characterized by
this plant have been reported to exhibit good pharmacological activities [9-11]. For example, a
new phenanthrene derivative (phenentada) isolated from this plant exhibited good
antimicrobial activity with a minimum inhibitory concentration (MIC) of 3.12 pg/mL against
both Candida albicans and Salmonella enterica [12]. The antimycobacterial activity of the
crude leaf extracts of E. abyssinica has also been scientifically validated [13]. We also recently
validated that the crude acetonic and methanolic stem bark extracts had antimycobacterial
activity against M. tuberculosis with MIC of 937 + 442 and 468 *+ 22 ug/mL, respectively.
However, crude extracts contain an array of phytochemicals with different functionalities that
interact with each other pharmacologically with resultant synergistic and/or antagonistic effects
[14]. Despite the promising antimycobacterial activities of crude extracts from E. abyssinica,
few isolation and characterization studies have been undertaken to identify the active
phytochemicals responsible for the antimycobacterial activity.

In silico or computational techniques are emerging tools used in the drug discovery
process to fast-track the identification of potential leads [15]. These tools (software) provide a
robust means of high throughput screening and assessment of the drug-like properties of
compounds. These properties include absorption, distribution, metabolism, elimination, and
toxicity. Other important properties, such as molecular weight, polar surface area (PSA),
aqueous solubility, and molecular flexibility, can also be predicted [16]. Using these software
(AutoDock, iIGEMDOCK, OSIRIS property explorer, and admetSAR), bioactivity scores of
potential leads against various molecular targets (enzymes and receptors) can also be predicted
[17]. The tools can also be used to validate and optimize molecular targets to be used in docking
studies. Therefore, this study was conducted to isolate and characterize phytochemicals from
the stem bark of E. abyssinica and evaluate the drug-like properties and binding affinities
against two selected molecular targets of M. tuberculosis. Herein, the isolation of
monoglyceride fatty acids and phytosterols from the bark E. abyssinica and their molecular

https://biointerfaceresearch.com/ 2 0f 22


https://doi.org/10.33263/BRIAC134.323
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC134.323

docking interactions with mycobacterial ATP and Polyketide-13 synthase enzymes are
reported.

2. Materials and Methods

2.1. Sample collection, authentication, and preparation.

The stem barks of Entada abyssinica were collected from Kisumu and Siaya counties,
Western Kenya, with the help of a plant taxonomist. A voucher specimen (OSB/01/2020/001)
was prepared and deposited at the University of Eldoret Herbarium, Botany Department,
Eldoret (Kenya), for botanical authentication and reference purposes. The stem barks were
collected in a clean sack and transported to the Moi Unversity Chemistry laboratory. They were
cut into small pieces and dried at room temperature (25.0+2.0°C) to a constant mass in the
laboratory for 28 days. They were then pulverized using an electric grinder (NutriBullet® 600
Series), packed, and stored in clean labeled paper envelopes at 25.0 +2.0°C.

2.2. Extraction and isolation of compounds.

The ground plant material (1 kg) was extracted with 4 L of a mixture of acetone and
methanol (3:2) at room temperature for 24 hours. The extract was concentrated on a rotary
evaporator at 40 °C under reduced pressure to obtain a brown crude extract (63 g). Thin layer
chromatography analysis on crude extract was carried out in hexane/ethyl acetate/methanol at
a ratio of 3:5:2. This revealed multiple spots when visualized under a UV lamp at 254 nm. The
UV inactive phytochemicals were visualized by spraying with 5% sulphuric acid in methanol.
The crude extract was adsorbed on 105 g of silica gel and loaded on a column (120 cm in length
and 50 mm diameter) which was prepacked with a slurry of silica gel (500 g) in n-hexane. The
column was then eluted with n-hexane/ethyl acetate, increasing amounts of ethyl acetate.
Elution at 30% ethyl acetate yielded a white precipitate which was purified by vacuum filtration
to yield a white solid SB-6B (6.8 mg), from which compounds 6 and 7 were identified. Elution
with 50% ethyl acetate in n-hexane yielded a white precipitate which on drying gave a white
amorphous solid of SB-10C (4.5 mg) from which compound 1 was identified. Elution at 100%
ethyl acetate yielded a white precipitate washed with methanol to provide a white powder of
SB-10F (5.2 mg), from which compounds 2, 3, 4, and 5 were identified.

2.3. NMR analysis.

NMR spectra were recorded on a Bruker Advance 111 600 MHz spectrometer equipped
using standard pulse sequences and referenced with the TMS. The chemical shifts (8) are
expressed in parts per million (ppm) and coupling constants (J) in Hertz (Hz). COSY, NOESY,
HSQC, and HMBC experiments were acquired using the standard Bruker programs. All the
experiments were performed in deuterated solvents (CDCls and DMSO), and chemical shifts
were calibrated relative to the solvent peaks.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy.

Infrared (IR) spectra were acquired using a JASCO FTIR - 6600 spectrometer (Japan)
to determine the functional groups present in the samples by scanning them in the range
between 4000 and 600 cm™.
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2.5. Computational (in silico) studies.

In silico docking simulations were performed using the molecular operating
environment (MOE) software version 2008.10 (Chemical Computing Group, Montreal,
Canada). The London Gibbs free energy scoring function was used to predict the binding
affinities in the MOE docking simulation with default settings. Proteins and ligands were
prepared and checked before docking simulations were done, and the docking method was also
validated for reproducibility and appropriateness.

2.5.1. Ligand preparation.

Seven compounds isolated from E. abyssinica were prepared for in silico studies. First,
the 2D chemical structures of the isolated compounds (ligands) were drawn using
Chembiodraw Ultra software, version 12.0 (Cambridge soft), and imported as SMILES string
to generate 3D structures using the MOE structure builder tool. The Hamiltonian MMFF94 X
force field was applied to minimize the energy of the 3D molecules, and after, a local compound
library was developed for docking simulations.

2.5.2. Protein preparation.

The crystal structures of ATPase (PDB ID: 3AR4) and polyketide synthase pks13 (PDB
ID: 5V3Y) were downloaded from the protein data bank (PDB). These two proteins (enzymes)
are critical in the pathogenesis of TB whereby ATPase is involved in energy release while pks
13 in mycolic acid biosynthesis. The molecular structures of the enzymes were prepared using
the LigX tool in the MOE suite. After adding partial charges and protonating the amino acids,
the crystal structures were sequentially minimized in three stages using the minimization
protocol with default parameters. Finally, all water molecules and counter ions were deleted,
and the binding sites were defined based on the co-crystallized ligands.

2.5.3. Docking method validation.

The docking method was validated by self-docking the co-crystallized ligands into the
protein's binding site. During the docking, an induced-fit docking mode was adopted in which
both the amino acid side chains in the binding site and ligand were left flexible to achieve an
optimal fit. The root means square deviation (RMSD) upon superposition of the best-docked
pose of the native ligand conformation was calculated and used to validate the appropriateness
of the docking method. An RMSD value of less than 2A was considered optimal. The binding
affinities of the standard drugs measured in terms of S-score in Kcal/mol were used for
comparison with the binding affinities of the test ligands (isolated compounds).

2.5.4. In silico docking of the compound library.

The compound library of the secondary metabolites was docked into the binding site of
the target proteins. The S-score function was then used to rank the resultant docking poses of
the ligands. If the S-score were more negative, it would imply that the binding affinity of the
ligand to the target protein was strong. Isoniazid, rifampicin, and Bed aquiline (standard
antitubercular drugs) were used as a positive control to compare the binding affinities of the
isolated compounds.
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2.5.5. Prediction of the drug-like properties of the isolated compounds.

The absorption, distribution, metabolism, elimination, and toxicity (ADMET)
properties of the isolated compounds from E. abyssinica were computed using the open-source
tools swissADME (http://www.swissadme.ch/) and ADMETLab 2.0 from computational
Biology & Drug Design Group (https://admetmesh.scbdd.com/). This software is freely
available online and robustly offers up-to-date and high-quality data [16]. ADMETLab 2.0 uses
heterogeneous human epithelial colorectal adenocarcinoma cell lines (Caco2-cell) and Madin-
Darby Canine Kidney (MDCK) cell models to calculate the oral drug absorption, human
intestinal absorption, skin permeability, and transdermal drug absorption of the test
compounds. Similarly, the program uses plasma protein binding and blood-brain barrier (BBB)
penetration models to compute the distribution of the test compounds. The isolated compounds
were input as SMILES, and the properties were calculated based on the algorithms [16].

3. Results

3.1. Isolation and identification of compounds.

Chromatographic separation of the crude acetone/methanol (3:2, v/v) extract of the
stem bark of E. abyssinica led to the isolation and characterization of seven known compounds
1-7. Compound 1 was isolated as a white powder, and its FTIR spectrum showed peaks for the
hydroxy group (O-H) at 3262.46 cm™ and carbonyl carbon (C=0) at 1636.07 cm™ (Figure 1).
NMR spectroscopic analysis revealed a monoacyl glycerol moiety [6n 4.08, dd, J =11.7, 4.5
and 4.14, dd, J =11.7, 6.1 (H-1); 3.86, m (H-2); 3.54, dd, J = 11.5, 5.8 and 3.63, dd, J = 11.5,
4.0 (H-3): 6¢c 63.5 (C-1), 70.4 (C-2), 63.5 (C-3) and 174.5 (C-19] (Table 1) [9]. Further, NMR
spectra were dominated by a broad, intense peak at o4 1.20—1.54 and 8¢ 25.1-29.9, indicating
the presence of a long aliphatic methylene chain in the molecule. The presence of the methyl
group was evident from NMR data that resonated at 61 0.81, t, J = 6.8, and 6¢ 14.3. The methyl
protons showed HMBC correlation with C-25' and a group of methylene carbons at C-5'-28'".
The protons at 61 4.08 and 4.14 showed HMBC correlation with C-1', C-2, and C-3 confirming
the presence of glycerol moiety. The HMBC of correlation of methylene protons at on 2.28
with C-1"and C-4' provided a connection between the glycerol moiety and the long aliphatic
methylene chain. Based on these spectral data, compound 1 was identified as 2,3-
dihydroxypropyltriacontanoate (Figure 2). This compound was previously identified from the
stem bark of this plant [18].

Table 1. *H (500 MHz), 3C (125 MHz), and 2D-NMR data for compound 1 in CDCl3

No. oc on (mult,JinHz) HMBC

65.3 (CH>) 4.08 (dd, 11.7,45) | C-2,C-3,C-1'
1 414 (dd, 11.7, 6.1)
2 70.4 (CH) 3.86 (m) 1

63.5 (CH>) 3.54 (dd, 11.5,5.8)
3 3.63 (dd. 11.5.4.0) | 1 €2
1 174.5 (C=0)
2' 34.3 (CHy) 2.28 (t,7.6) c-1', C-4'
3 32.1 (CH,) 1.20 (m) C-2',C-5'-28'
4 25.1 (CHa) 1.54 (m) C-2',C-5'-28'
5-28' | 29.3-29.9 (CHz)2s+ | 1.21 (m) C-25', C-5'-28'
29' 22.8 (CHp) 1.20 (m) C-5-28'
30' 14.3 (CHs) 0.81(t, 6.8) C-29', C-5-28'
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Figure 1. FTIR spectra of compounds identified in stem bark extract of E. abyssinica. (A) compound 1; (B)
Compounds 2, 3, 4, and 5, and (C) Compounds 6 and 7.

Compound 2 was isolated as a mixture with compounds 3, 4, and 5. The FTIR data
showed peaks for the hydroxy group (O-H) at 3226.36 cm™ and carbonyl carbon (C=0) at
1615.14 cm™ (Figure 1). The NMR data [5n 4.03, dd, J = 11.1, 4.2 and 3.89, dd, J = 11.7, 6.5
(H-1/1"); 3.60, m (H-2/2") and 3.33, m (H-3/3"): ¢ 65.5 (C-1/1"), 69.3 (C-2/2"), 62.6 (C-3/3")
and 172.3 (C-1'/26")] showed that compound 2 is a typical fatty acid glyceryl ester (Table 2)[9,
19]. Further, the NMR spectra were dominated by a broad, intense peak at 4 1.23 in *H NMR
and oc 29.0 that supported the presence of a long aliphatic methylene chain [integrating to 20
(CH2)] in this compound. As expected for a long chain monoacid derivative, the absence of
methyl signals in 1H and 13C NMR spectra suggested that compound 2 is a symmetric
dicarboxylic acid diester [9, 19]. The protons at on 4.03 and 3.89 showed an HMBC correlation

https://biointerfaceresearch.com/ 6 of 22


https://doi.org/10.33263/BRIAC134.323
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC134.323

with C-1'/26', C-2/2', and C-3/3', confirming the presence of glycerol moiety. Further, the
proton at on 1.51 also showed HMBC correlation with C-1'/26'. Based on these NMR data,
compound 2 was identified as 1',26'-bis-(2,3-dihydroxypropyl) hexacosanedioate, also known
as Tetracosanedioicacid-bis-(2,3-dihydoxypropyl)ester (Figure 1). This compound was
previously identified in this plant [9, 11].

29' 3' 3

Figure 2. Structures of compounds isolated from acetone/methanol extract of E. abyssinica stem bark.

Table 2. *H (500 MHz), 3C (125 MHz), and 2D-NMR data for compound 2 in DMSO

No. dc &H (mult,, Jin Hz) HMBC

11" 6549 (CH) | aoo 82 ﬁi g:é; C-2/2", C-3/3", C-1/26
2,2" 69.28 (CH) 3.60 (m) c-1/1", C-3/3"

3,3" 62.63 (CH2) 3.33,m c-1/1", C-2/2"

1'26' 172.26 (C=0)

2',25' 33.48 (CHy) 228 (t,7.4) C-1126', C-3'/24', C-4'-23'
324 24.45 (CHy) 1.51 (m) C-2'/25', C-1'/26'

4-23' 29.02 (CH2)20 1.23 (broad-s) C-4'-23', C-2'/25' C-3'/24'

Compound 3 was isolated as a mixture with compounds 2, 4, and 5. The FTIR data
showed peaks for the hydroxy group (O-H) at 3226.36 cm™ and olefinic carbon (C=C) at
1485.17 cm™ (Figure 1). The cholest-5-ene skeleton of compound 3 was evident from 3 CNMR
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data (Cs: 140.5 and Ce: 121.2) (Table 3) [20-23]. Further, the NMR data revealed additional
double [C-22 (6c 138.1) and C-23 (dc 129.0)] and glucoside moiety having anomeric carbon
resonating at 6¢c 100.7 (61 4.22, dd, J = 7.8 Hz). The 1D- and 2D-NMR data of compound 3 are
consistent with those reported in the literature, and therefore compound 3 was identified as
stigmasterol 3-O-4-D-glucopyranoside [20, 22]. This compound is widely distributed in
several plant species and has been previously reported from Acacia farnesiana [24], Prunella
vulgaris [20], [25], Gomphrena globosa [26], and Nothopanax scutellarium [27].

Compound 4 was isolated as a mixture with compounds 2, 3, and 5. The FTIR data
showed peaks for the hydroxy group (O-H) at 3226.36 cm™ and olefinic carbon (C=C) at
1485.17 cm™ (Figure 1). The cholest-5-ene skeleton of compound 4 was evident from 3CNMR
data (Cs: 140.5 and Ce: 121.2) (Table 3) [20-23]. Further, the NMR data of compound 4 were
closely related to those of 3. The only difference was the absence of an additional double bond
[C-22 (8¢ 33.5) and C-23 (8¢ 25.4)]. The 1D- and 2D-NMR data of compound 4 are consistent
with those reported in the literature. Thus, compound 4 was identified as beta-sitosterol 3-O-
[D-glucopyranoside [28]. Beta-sitosterol 3-O-/-D-glucopyranoside is widely distributed in
plants, and it has been previously reported in plants such as Alnus rugosa [29] and Verbena
brasiliensis [30].

Compound 5 was isolated as a mixture with compounds 2, 3, and 4. The FTIR data
showed peaks for hydroxyl group (O-H) at 3226.36 cm™ and olefinic carbon (C=C) at 1485.17
cm* (Figure 1). The NMR data of compound 5 revealed cholest-7-ene skeleton [6¢c 117.2 for
C-7 (81 5.12, m, H-7) and 139.0 for C-8] (Table 3) [20]. The NMR data further revealed an
additional double bond between C-22 (3¢ 137.9) and C-23 (8¢ 128.8). These 1D- and 2D-NMR
data of compound 5 are consistent with those reported in the literature, and compound 5 was
identified as spinasterol 3-O-f4-D- glucopyranoside [20, 31]. This compound is widely
distributed in plants and has previously been reported in Acacia concinna [32] and Prunella
vulgaris [20]. Compounds 3, 4, and 5 steryl monoglucosides (stigmasteryl, sitosteryl, and
spinasteryl p-D-glucopyranoside) are also widely distributed in plants, and they have been
previously isolated as mixtures [20, 25, 26, 33].

Table 3. 3C NMR data (125 MHz) for compounds 37 in DMSO.

Compound
No. 3 4 5 6 7
dc oc oc dc dc
1 38.30 36.83 36.83 37.90 37.90
2 33.34 29.27 29.27 31.29 31.47
3 76.89 76.89 76.27 70.00 68.99
4 36.83 38.30 33.91 42.83 38.79
5 140.45 141.45 40.32 141.25 41.71
6 121.23 121.20 28.29 120.38 28.54
7 31.37 31.34 117.22 31.42 117.24
8 31.37 31.34 139.02 31.42 139.03
9 49.60 49.60 48.65 50.60 49.61
10 36.23 36.23 33.48 36.69 33.81
11 22.60 20.95 22.62 21.03 22.09
12 38.76 38.76 38.86 38.79 38.79
13 41.86 41.75 41.75 42.22 42.83
14 56.26 56.17 55.18 56.28 54.49
15 24.89 23.88 23.88 24.36 23.89
16 29.27 27.80 28.47 28.99 28.50
17 55.42 55.34 56.17 55.33 55.33
18 11.80 11.69 12.14 12.14 11.88
19 18.94 19.11 12.81 19.73 13.96
20 35.49 35.49 41.20 40.49 42.22
21 18.62 18.62 19.11 21.25 21.03
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Compound
No. 3 4 5 6 7

dc dc dc dc dc
22 138.06 33.48 137.94 137.94 138.06
23 128.97 25.42 128.82 128.96 128.86
24 31.42 45.13 50.59 50.60 50.60
25 31.42 28.47 31.37 31.90 3134
26 19.11 18.94 21.25 19.11 21.25
27 18.85 22.06 21.11 19.03 18.93
28 23.88 22.06 25.42 25.41 25.41
29 11.69 11.79 11.80 12.88 12.14
1 100.77 100.77 100.84
2' 73.47 73.47 73.47
3 76.77 76.77 76.77
4' 70.10 70.10 70.10
5' 76.74 76.74 76.74
6' 61.10 61.10 61.10

Compound 6 was isolated as a mixture with compound 7. The FTIR data showed peaks
for the hydroxy group (O-H) at 3310.73 cm™ and olefinic carbon (C=C) at 1634.09 cm™ (Figure
1). The cholest-5-ene skeleton of compound 3 was evident from *C NMR data (Cs: 141.3 and
Ce: 120.4) (Table 3) [20-23]. The NMR data of compound 6 is closely related to compound 3.
The only difference was the absence of glucoside moiety. The 1D- and 2D-NMR data of
compound 6 are consistent with those reported in the literature, and compound 6 was identified
as stigmasterol [20, 22]. This compound is widely distributed in many plants, and it was
previously reported in Acacia farnesiana [24], Prunella vulgaris [20, 25], Gomphrena globosa
[26], and Nothopanax scutellarium [27].

Compound 7 was isolated as a mixture with compound 6. The FTIR data showed peaks
for the hydroxy group (O-H) at 3310.73 cm™ and olefinic carbon (C=C) at 1634.09 cm™* (Figure
1). The NMR data of compound 7 revealed cholest-7-ene skeleton [6¢ 117.2 for C-7 (61 5.11,
m, H-7) and 139.0 for C-8] (Table 3) [20]. The NMR data of compound 7 is closely related to
compound 5. The only difference was the absence of glucoside moiety. The 1D- and 2D-NMR
data of compound 7 are consistent with those reported in the literature, and it was identified as
a spinasterol [34]. This compound is widely distributed in many plants, and it was previously
reported in Stegnosperma halimifolium [34], Citrullus Colocynthis [35], Amaranthus spinosus
[36], and Phytolacca americana [37].

3.2. In silico screening results.

Self-docking of the co-crystalized ligand into the binding sites of the molecular targets
resulted in root mean square deviation values of less than 2 A (Table 4). This implied that the
docking method was appropriate and reproducible (Figures 3 and 4).

Table 4. The root means square deviation (RSMD) and binding affinities of the re-docked co-crystalized

ligands.
Target (PDB ID) RMSD Binding energy (Kcal/mol)
Polyketide synthase 13 (5V3Y) | 0.8288 -28.2653
ATP synthase (3A4R) 0.7076 -37.9922
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Figure 3. Maps of the pose for (A) co-crystallized ligand in the binding site of polyketide synthase -13 and (B)
re-docked pose of co-crystalized ligand superposed on the native ligand. (a) Interactions of co-crystalized ligand
in the binding site of polyketide synthase -13;(b) Interactions of co-crystalized ligand superposed on the native
ligand re-docked pose.

d
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Figure 4. Maps of the pose of (C) co-crystalized ligand in the binding of ATP synthase and (D) re-docked pose
of co-crystalized ligand superposed on the native ligand. (c) Interactions of co-crystalized ligand in the binding
of ATP synthase; (d) Interactions of co-crystalized ligand superposed on the native ligand re-docked pose.

3.3. Binding affinities of the isolated compounds from E. abyssinica for polyketide synthase
and ATP synthase enzymes.

The isolated compounds exhibited sufficient binding affinities for the two targets that
were better than those of the standard drugs (Isoniazid and rifampicin) that form the backbone
of the first-line TB regimen (Table 5).

Table 5. Binding affinities for the isolated compounds from E. abyssinica stem bark against selected M.
tuberculosis targets.
Binding energy (Kcal/mol)

Isolated compound ATP synthase | Polyketide synthase - 13
2,3-dihydroxypropyltriacontanoate (1) -27.7374 -21.4357
1°,26’-bis-(2,3-dihydroxypropyl)hexacosanedioate (2) -28.5726 -18.4978
Stigmasterol 3-O-4-D-glucopyranoside (3) -21.2349 -17.6151
Sitosterol 3-O-4-D-glucopyranoside (4) -23.7580 -18. 8397
Spinasterol 3-O-4-D- glucopyranoside (5) -22.5131 -18.7809
Stigmasterol (6) -12.9573 -7.9024
Spinasterol (7) -15.1663 -12.8924
Bedaquiline -22.9042 -24.0017
Isoniazid -11.6257 -10.8307
Rifampicin -18.5886 -17.5541

3.4. Pharmacokinetic and toxicity evaluation (ADMET descriptors).

Descriptor parameters of pharmacokinetics and toxicity for the isolated compounds
were computed to give an insight into the drug-like properties of the compounds. If the
compounds possess optimal ADMET properties, then the compounds are suitable candidates
for developing potential leads. However, compounds with sub-optimal ADMET properties
might require optimization to enhance their drugability. Among the ADME descriptors that
were calculated included water-solubility, human intestinal absorption, plasma protein binding
(PPB), blood-brain barrier (BBB) penetration, CYPP450 inhibition, VVolume of distribution
(VD), Clearance, half-life, and skin permeation. The different toxicity parameters were also
calculated to predict the likelihood of toxicity, including AMES toxicity, hERG blockers,
hepatotoxicity, and skin sensitization. The results are presented in Table 6.

4. Discussion

4.1. Antibacterial activity of the isolated compounds.

An extensive literature search was conducted in various online databases (Scopus,
Google Scholar, Science Direct, Springer Link, PubChem, PubMed & the Google Search
Engine) to identify if there are reported antibacterial activity of the isolated compounds using
their IUPAC and other names from NIST webbook and PubChem. The study indeed found out
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that only compound 2 (1',26’-bis-(2,3-dihydroxypropyl) hexacosanedioate) does not have
reported antibacterial activity.

Sitosterol 3-O-B-D-glucopyranoside (4) was reported to have shown antimycobacterial
activity with MIC of 62.5 pg/mL against Isoniazid-resistant strain of M. tuberculosis (AC45).
Further, it exhibited antimycobacterial activity against clinical isolates of M. tuberculosis with
MIC of 62.5 pg/mL and MBC of 125 pug/mL [38]. A beta version of this compound (B-sitosterol
3-O-B-D-glucopyranoside) showed antibacterial activity against Staphylococcus aureus,
Bacillus cereus, Pseudomonas aeruginosa, and Salmonella typhi with zone inhibition diameter
(ZOl) of 8.0, 10.5, 10.5 and 10.0 mm at 2 mg/mL, respectively [39]. It was also reported that
3-O-B-D-sitosterol glucopyranoside exhibited antibacterial activity against Staphylococcus
aureus, Streptococcus faecalis, Pseudomonas aeruginosa, and Shigella flexneri with MIC of
12.5, 6.3, 3.2 and 12.5 pg/mL, respectively [40]. The same compound was reported to show
antibacterial activity against Bacillus subtilis, S. aureus, and Micrococcus luteus with MIC
values of 50, 200, and 400 pg/mL, respectively [41]. Stigmasterol (6)showed antimycobacterial
activity against M. tuberculosis (H37Rv) with MIC ranging between 100 and 128 pg/mL [42,
43]. It was also active against M. smegmatis with MIC of 500 pg/mL [44, 45]. Compound 6
inhibited the growth of several bacteria such as Methicillin-resistant S. aureus (ZOI = 30 mm),
S. aureus (ZOI = 29 mm), Streptococcus faecalis (ZOIl = 27 mm), E. coli (ZOI = 24 mm) and
Pseudomonas fluorescens (ZOl = 23 mm) [46]. This compound was also demonstrated to
inhibit the growth of S. aureus, E. coli, P. aeruginosa, and Salmonella typhimurium with ZOl
of 12, 18, 11, and 13 mm, respectively [47].

Table 6. Predicted parameters for the ADMET properties of the isolated compounds.

ADMET Property Isolated compound

1 2 3 4 5 6 7 Acceptable

values

Absorption
Water solubility (Log S) | -9.76 -6.05 -7.2 -7.70 -7.10 -7.46 -7.30 -2to-4
Gl absorption Low Low High Low High Low Low High
P-gp substrate No No Yes No Yes No No No
P-gp I Inhibitor No No No No No No No No
Log Kp (skin | 0.36 -4.15 -4.86 -4.32 -5.04 -2.74 -2.92 <-5.0
permeation) (cm/s)
F200 Low High Low Low Low Low Low High
Fao% High High Low Low Low Low Low High
Distribution
PPB (%) 98.510 96.332 97.953 97.236 98.732 98.671 98.963 <90
BBB Permeability No No No No No No No No
VD (L/kg) 1.412 0.668 1.577 1.440 1.588 2.408 1.585 0.04-20
Fraction unbound in | 0.846 1.343 1.763 1.807 1.149 1573 1.148 >5
plasma (%)
Metabolism
CYP1AZ2 inhibitor No No No No No No No No
CYP2C19 inhibitor No Yes No No No No No No
CYP2C9 inhibitor No No No No No Yes No No
CYP2D6 inhibitor No No No No No No No No
CYP3A4 inhibitor No No No No No No No No
CYP1AZ2 substrate No No No No No Yes Yes No
CYP2C19 Substrate No No Yes Yes Yes Yes Yes No
CYP2C9 Substrate Yes No No No No No No No
CYP2D6 Substrate No No No No No Yes Yes No
CYP3A4 Substrate No No Yes No No Yes Yes No
Excretion
Total Clearance | 4.830 8.294 4.455 5.939 5.095 15.958 16.356 >5
(mL/min/kg)
Half life 0.070 0.725 0.017 0.016 0.016 0.014 0.010 <03
Toxicity
AMES toxicity | No | No | No [ No | No | No | No | No
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ADMET Property Isolated compound
1 2 3 4 5 6 7 Acceptable
values
hERG blockers Yes No No No No No No No
Hepatotoxicity No No No No No No No No
Skin sensitization Yes Yes Yes No No No No No
Physicochemical No; Yes; Yes; Yes; Yes; Yes; Yes;
properties  (Lipinski | 2 0 1 1 1 1 1 < 2 violation
Rule Violations) violatio | violatio | violatio | violatio | violatio | violatio | violation:
Number of hydrogen | ns: n n: n: n: n: Log | LogP>3
bond donors (N-H, O- | MW>50 MW>50 | MW>50 | MW>50 | P>3
H): 0 to 7, Number of | 0, Log 0 0 0
hydrogen bond | P>3
acceptors (N, O): 0 to
12,
Molecular weight
(MW): <500 Da, The
logarithm of the n-
octanol/water
distribution coefficient
(LogP):0to 3

VD: Volume of distribution, PPB: Plasma protein binding, CL: Renal Clearance, F20%: Human oral
bioavailability 20%, F30%: Human oral bioavailability 30%, Numbers 1-7 correspond to the isolated
compounds listed in Table 5. Acceptable values are according to the software https://admetmesh.scbdd.com.

2,3-dihydroxypropyltriacontanoate (1) showed antibacterial activity against P.
aeruginosa and E. coli with MIC of 312.5 and 312.5 pg/mL, respectively, and minimum
bactericidal concentration greater than 3125 pg/mL [18]. Stigmasterol 3-O-B-D-
glucopyranoside (3), which was also isolated from Wissadula periplocifolia was the compound
responsible for the antibacterial activity of this plant extract against Enterococcus feacalis [48].
Spinasterol 3-O-p-D-glucopyranoside (5) was reported to exhibit antibacterial activity against
E. coli, P. aeruginosa, and Salmonella typhi with MIC of 128, 64, and 64 pug/mL, respectively
[49]. No antimycobacterial activity of these three compounds has been previously reported.
Spinasterol or stigmasta-7,22-diene-3p-ol (7) showed good antibacterial activity against E.
coli, Bacillus subtilis, Klebsiella pneuomoniae, Pseudomonas stutzeri, and S. aureus with MIC
of 312, 58, 78, 195 and 9.7 pg/mL, respectively [50]. It also showed good activity against
antibiotic (clarithromycin, metronidazole, and levofloxacin)-resistant strains of Helicobacter
pylori with MIC of 20-80 pug mL [51]. a-spinasterol showed antibacterial activity against S.
pneumoniae, E. coli, S. aureus, and Salmonella pullorum with MIC of 246.15, 275.69, 246.15,
and 295.38 pg/mL, respectively [52].

4.2. Molecular interactions of the isolated compounds with selected mycobacterial targets.

4.2.1. ATP synthase.

Mycobacterial ATP synthase is a validated drug target, and compounds inhibiting this
enzyme are promising drug candidates [53]. ATP synthase consists of a membrane-embedded
part (Fo) that transfers protons from the periplasm to the cytoplasm and a hydrophilic part (F1)
where ATP synthesis occurs. The passage of H* ions causes the electrochemical gradient that
results in ATP synthesis. This property makes ATP synthase enzyme an attractive
antimycobacterial drug target [54]. A unique feature of mycobacterial ATP synthase is that it
suppresses the ATP hydrolase activity and is unable to create a proton gradient. By doing so,
ATP synthase prevents the waste of ATP during low oxygen conditions [55]. Bedaquiline is an
approved antitubercular drug that inhibits ATP synthase. This prevents the release of energy
for the mycobacterial cellular activities resulting in the death of the mycobacterium [56]. The
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binding site of ATPase is largely conserved in mycobacteria. The o subunit from M.
tuberculosis shows 55% and 52% sequence identity compared with the homolog in humans
and E. coli and mitochondria, respectively.

On the other hand, the B subunit has a 61% and 59% sequence identity compared with
the homolog in humans and E. coli and mitochondria, respectively. In the F1-ATPases of M.
tuberculosis, the P-loop for nucleotide binding (BG171-T178) and the acidic residue acting as
a nucleophile for the ATP hydrolysis reaction (BE183) are highly conserved [53]. The native
crystallized ligand interacts in the binding site mainly via hydrophobic interactions with amino
acids Val 263, Glu255, Leu 260, Val772, 1le267, Phe 776, Val 263, and Phe 256.
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Figure 5. Binding interactions of selected isolated compounds with amino acids in the binding site of ATP
synthase. Numbers correspond to compounds isolated.

Two isolated compounds (1 and 2) had better binding affinities than the standard drug
(bedaquiline) for the ATP synthase enzyme (Table 5). All the isolated compounds had better
binding affinities than the two drugs (isoniazid and rifampicin), which form the backbone of
any TB regimen (Table 5). Analysis of the binding interactions of the isolated compounds with
the amino acids in the binding site of ATP synthase indicated that the ligand formed hydrogen
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bonds with amino acid Glu 255 as well as hydrophobic interactions with the close contact
amino acid residues (Figure 5). Structurally, compounds 1 and 2 consist of long alkyl chains
with a terminal carboxylic acid group. These effectively interact with the amino acids in the
catalytic site, dissipating the proton motive force (PMF), which decreases the synthesis of ATP.
By doing so, compounds 1 and 2 act as uncouplers of oxidative phosphorylation. SQ109
(Sequella) is a 1,2-ethylenediamine-based compound in phase Il clinical trials in South Africa
and Russia for a possible antitubercular drug. Structure-activity relationships revealed that the
potent antimycobacterial activity of SQI09 and analogs was attributed to its highly a-branched
aliphatic moieties, effectively suppressing the PMF and inhibiting ATP synthesis [55]. These
compounds also showed moderate activity against two enzymes of the menaquinone
biosynthesis pathway, MenA, and MenG, which are critical in synthesizing cofactors for
energy production [55]. Hydrolysis of pyrazinamide (a standard drug for TB) to pyrazinoic
acid resulted in the dissipation of the PMF and hence inhibition of ATP synthesis in M.
tuberculosis [55]. Thus, since compounds 1 and 2 contain carboxylic acid moieties on long
alkyl groups, it is highly probable that the two compounds interact in synergy with several
amino acids in the binding site of ATP synthase and inhibit the PMF, thus reducing the
synthesis of ATP.

4.2.2. Polyketide -13 synthase (pks-13).

In mycobacterium, pks-13 enzyme catalyzes the condensation reaction (last step) in the
biosynthesis of the mycolic acid required to form the mycobacterial cell wall. Mycolic acids
are long a-alkyl, B-hydroxy fatty acids consisting of 60-90 carbon atoms. The mycolic acids
covalently interact with the arabinogalactan-peptidoglycan molecules to form the mycolyl-
arabinogalactan-peptidoglycan complex. In addition, they also interact with the outer cell
envelope lipids, such as trehalose dimycolate (TDM), trehalose monomycolate (TMM), and
glucose monomycolate. These interactions make the cell walls of mycobacterium very unique
and not easily penetrated by chemotherapeutic agents [57]. Given the critical role of mycolic
acids in mycobacterium cell viability and pathogenesis, enzymes involved in mycolic acid
biosynthesis, such as PKS13 present novel targets for drug development. The active site of pks-
13 is situated at the interface of the core and lid domains, while the substrate-binding pocket is
a deep hydrophobic pocket extension from the active site spanning the full length of the lid
domain[58]. The co-crystallized ligand in the 5V3Y crystal complex binds in the groove of the
fatty acyl chain at the entrance of the active site, thereby inhibiting the substrate from accessing
the catalytic binding site. The ligand interacts particularly with the amino acids Phe 1670 (n-
n), Glu 1633 (hydrogen bonding), His 1632 (hydrogen bonding), Asn 1640 (hydrogen
bonding), Try 1674(n-w), and Asp 1644 (hydrogen bonding) [58].

Five isolated compounds (1-5) from E. abyssinica had better binding affinities than the
standard drugs (isoniazid and rifampicin) on pks-13 target. Compound 1 had the highest
binding affinity for the pks-13, while all the sterols had comparable binding affinities to
rifampicin (Table 5). With the exception of compound 6, the other six compounds (1-5, 7) had
better binding affinities than isoniazid (a known mycobacterial cell wall synthesis inhibitor).
Bedaquiline, however, had a better binding affinity than all the isolated compounds. A visual
inspection of the binding interactions suggested that the isolated compounds interacted with
amino acid Asn 1640 and other amino acid residues of the binding site of the pks-13 via
hydrogen bonding and hydrophobic interactions (Figure 6). In a study to evaluate the
antimycobacterial activity of a series of 3,5-disubstituted-1,2,4-oxadiazole derivatives, pks-13
https://biointerfaceresearch.com/ 15 of 22
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synthase was used as a putative molecular target [58]. Like in this study, the ligands exhibited
comparable binding affinities with the standard drugs. Contrary to this study, the major
stabilizing interactions between the ligands and the molecular targets were n-n interactions
with the amino acids Tyr1637, Tyr1674, Phe1590, Phe1585, Phel670, and His1699 with some
hydrogen bonding with Asn1640 and Ser1636 [58]. Like in this study, five new benzofuran
derivatives were reported to have had a sufficient binding affinity for the pks-13 synthase with
an alternative binding mode to the active site [15].
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Figure 6. Binding interactions of selected isolated compounds with amino acids in the binding site of Polyketide
synthase. Numbers correspond to compounds isolated.

4.3. Pharmacokinetic and toxicity evaluation (ADMET descriptors).
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Evaluation of the drug-like properties of promising natural products using in silico
methods reduces the chances of drug failure during the process of drug development. Only
when the ADMET properties of a promising compound are of optimal quality is when the
compound could be developed into a new drug [59]. All the compounds had acceptable
physicochemical properties with acceptable violations of the Lipinski Rules except compound
1, which had two violations. With the exception of compounds 2, 6, and 7, the rest had their
molecular weights greater than 500 Da. All the isolated compounds had poor water solubility
with their LogS greater than -4.0 (optimum ranges between -2 and -4.0). Therefore, unless
optimized to increase their water solubility, this can greatly hinder their absorption as they need
to first dissolve in water to be absorbed [60]. This was supported by the calculated parameter
of human intestinal absorption, which indicated that most of the compounds had low
gastrointestinal absorption. All the compounds were not inhibitors of the P-glycoproteins (P-
gp). Except for compounds 3 and 5, the rest were not substrates of the P- glycoproteins (Table
6). This P-gp is an efflux pump that actively pumps drugs out of the cells, thereby reducing
their intracellular concentrations [16]. High expression levels of P-gp are found in normal
tissues such as the liver, kidneys, pancreas, adrenal cortex, and colon. In tumor tissues, there is
an increase in the expression of P-gp, which results in resistance to multiple drugs due to the
increased efflux of the drugs. Physiologically, P-gp has a fundamental role in the secretory
processes [16].

All the compounds had high plasma protein binding (greater than 90%) and acceptable
volumes of distribution. High protein binding might cause these compounds to have a narrow
therapeutic index which is pharmacokinetically undesirable. All the compounds showed low
penetration through the blood-brain barrier, suggesting that they could not reach the brain
tissues. The blood—brain barrier (BBB) prevents small molecules (98%) and larger molecules
(100%) from entering the central nervous system (CNS). However, BBB selectively transports
some water-and lipid-soluble molecules and drugs, particularly those that are substrates of P-
gp and glucose and transporters [61].

The majority of the compounds were not enzyme inhibitors and thus did not affect the
major Cytochrome P450 (CYP450) enzymes. With the exception of compounds 1 and 2, the
rest were substrates for CYP2C19. Compounds 6 and 7 were substrates for all the tested
enzymes except CYP2C9. CYP 450 enzymes are a class of mixed functional oxidases primarily
located in the liver and intestine that metabolize 60% of xenobiotics. The enzymes mainly
catalyze reductions, oxidation, hydrolysis, and epoxidation reactions that transform the parent
compound into either less or more active (toxic) metabolites. CYP450 enzymes can either be
induced or inhibited by various drugs and substances, resulting in drug-drug interactions that
lead to toxicity or decreased therapeutic benefit.

With the exception of compounds 1 and 3, the rest of the compounds showed acceptable
clearance rates from the body Clearance affects both the half-life and bioavailability of drugs,
thereby directly influencing the dose and dosing frequency regimen of a drug [16]. The
estimation of clearance is important in determining the feasibility of dosing in humans and
provides a guide for determining the starting dose in animal and human studies. With the
exception of compound 2, the probability that the rest of the isolated compounds had a half-
life of fewer than 3 hours was very low (less than 0.3). This implies that these compounds, if
developed into drugs, don't require frequent dosing as the chances of them having longer half-
lives were high [62].
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Regarding toxicity parameters, most compounds had acceptable toxicity indices with
no chances of causing mutagenicity, cardiovascular toxicity, hepatotoxicity, and dermal
toxicity. However, compound 1 was more likely to cause cardiovascular and dermal toxicity,
while compounds 2 and 3 have high chances of causing dermal toxicity. A close analysis of
the ADMET results implies that the isolated compounds possess promising pharmacokinetic
properties with minimum toxicity. Hence, the most active compounds could be considered
potential drug candidates worthy of undergoing further optimization and validation.

4. Conclusions

E. abyssinica stem bark contains phytochemicals with promising antimycobacterial
activity via inhibition of the ATP and polyketide-13 synthase enzymes. In vitro and in vivo
studies are recommended to validate the predicted antimycobacterial activity as well as the
pharmacokinetics and toxicity profiles.
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