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ARTICLE INFO ABSTRACT

Keywords: The rapid spread of drug resistant malaria parasites has necessitated the search for novel antimalarials and
Gongronema latifolium chemosensitizers capable of reversing drug resistance in the parasites. A number of studies have revealed the
Leaf

resistance reversal activities of pregnane glycosides and the antimalarial activity of a pregnane glycoside ob-
tained from Gongronema species. However, the pregnane (2) and pregnane glycosides (1, 3-4) isolated from
Gongronema latifolium leaf have not been evaluated for these activities. This study was therefore carried out to
evaluate the antiplasmodial and chloroquine resistance reversal activities of a pregnane and three pregnane
glycosides isolated from G. latifolium leaf in vitro. The compounds were evaluated for their inhibitory activities
against P. falciparum 3D7 (a chloroquine-sensitive strain) and P. falciparum W2 (a chloroquine-resistant clone) in
vitro. The activities of chloroquine in separate combination with each of the compounds against P. falciparum W2
were also evaluated. Moreover, the interaction of the active compounds (1 and 4) with selected P. falciparum
proteins (PfProteins) were evaluated in silico. The results revealed that only 1 and 4 were active against
P. falciparum 3D7 and P. falciparum W2. Also, 2 and 3 did not exhibit chloroquine resistance reversal activity.
Activity of chloroquine against P. falciparum W2 was potentiated by 1 by 3200% at concentrations higher than
0.625 pg/mL. Also, 1 and 4 demonstrated similar binding patterns and higher binding tendencies to the selected
PfProteins compared to chloroquine. Thus, 1 (iloneoside) is an antimalarial pregnane glycoside which can
potentiate the activity of chloroquine against multidrug resistant P. falciparum.

Pregnane glycosides
Antiplasmodial activity
Chloroquine resistance reversal

1960 s [3]. It is relatively tolerated in the body and has its therapeutic
effect at the dose of 10 mg/kg body weight but with a lower selectivity
index [5]. Unfortunately, these desirable qualities of CQ have been

1. Introduction

Malaria, the most prevalent parasitic disease of humans is caused by

Plasmodium species [1]. P. falciparum is the most virulent and it is
responsible for almost all the morbidity and mortality recorded world-
wide, with about 96% of the deaths attributed to malaria occurring in
sub-Saharan Africa [2]. The spread of resistant strains of the parasite has
rendered conventional antimalarial drugs ineffective [3]. Among such
antimalarial drugs, chloroquine (CQ) has been the most used single drug
for the treatment of malaria [4] and was popular because of its effec-
tiveness and affordability until resistant strains started to emerge in the

* Corresponding author.
E-mail address: topebayo2002@yahoo.com (J.O. Adebayo).

https://doi.org/10.1016/j.molbiopara.2022.111474

seriously eroded by resistance on a global scale by malaria parasite [6].
While most strains of P. vivax, P. malariae, and P. ovale remain sensitive
to CQ, more than 80% of field isolates of P. falciparum have been re-
ported to be resistant to CQ [7]. Sadly, CQ-resistance is associated with
cross resistance to other quinoline drugs, such as quinine and amodia-
quine [8]. Moreover, there have been alarming reports of resistance to
artemisinin by the parasite [9] and an increase in resistance of
P. falciparum to artemisinin-based combination therapies (ACT) in
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Southeast Asia [10].

The resistance of the parasite to conventional drugs has necessitated
the search for new antimalarial compounds with novel mechanisms of
action. Various proteins have been identified as common to the different
stages of the parasite and are now used as targets for drug discovery,
examples of which are P. falciparum lactate dehydrogenase (PfLDH),
enoyl-acyl-carrier-protein reductase (PfECPR), plasmepsin IX (PfPMIX)
and phosphatidyl inositol-4-kinase (PfPI14k) [11]. However, while the
search for novel antimalarials is on-going, there is the need to also
search for more agents that can reverse the resistance of the parasite to
conventional antimalarials, especially the cheaper ones, such as CQ.

Some compounds have been reported to reverse antimalarial drug
resistance. Fluoxetine has been reported to reverse mefloquine and CQ
resistance while ketoconazole has also been reported to exhibit meflo-
quine resistance reversal activity in simian models [12,13]. Fluoxetine
has been reported to exert this effect by inhibiting P-glycoprotein ho-
molog 1 [13]. Some chlorpheniramine analogues have also been re-
ported to reverse CQ resistance in P. falciparum Dd2 by inhibiting PfCRT
[14]. Moreover, some pregnanes and their glycosides have been re-
ported to exhibit multidrug resistance reversal activity in cancer caused
by P-glycoprotein [14]; it has its counterpart (P-glycoprotein homolog
1) in malaria parasite which is also responsible for multidrug resistance
in P. falciparum. Moreover, some pregnane glycosides of the aerial parts
of Carallumatu berculata have been reported to exhibit antiplasmodial
activity [15]. This suggests that some pregnane glycosides may possess
the dual potential of killing the parasites directly and reversing the
resistance of the parasite to other antimalarial drugs. A pregnane
glycoside, gongroneside A, which was isolated from Gongronema napa-
lense has been reported to be active against P. falciparum D6 and W2
[16], indicating that similar pregnane glycosides with antimalarial ac-
tivity may be present in other species of the same genus.

Recently, a pregnane and three pregnane glycosides with antileu-
kemic activities were isolated from Gongronena latifolium leaf, namely
lloneoside (1), marsectohexol (2), 3-O-[6-deoxy-3-O-methyl-p-D-allo-
pyranosyl-(1—4)--D-oleandropyranosyl] — 17p-marsdenin (3) and 3-O-
[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—-4)-p-D-canaropyranosyl] —
17p-marsdenin (4) [17]. However, these compounds have not been
screened for their antiplasmodial and drug resistance reversal activities.
This study was therefore carried out to evaluate the antiplasmodial and
CQ resistance reversal activities of this pregnane and the three pregnane
glycosides isolated from Gongronena latifolium leaf in vitro.
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2. Methods
2.1. Chemicals

Chloroquine diphosphate, verapamil hydrochloride (Farm-
anguinhos, FIOCRUZ-RJ, Brazil), desipramine hydrochloride, trifluo-
perazine dihydrochloride, were purchased from Sigma Chemical Co., St.
Louis, Mo, USA. Other reagents used where of analytical grade.

2.2. Phytochemicals

Iloneoside (1), marsectohexol (2),3-O-[6-deoxy-3-O-methyl-p-D-
allopyranosyl-(1—4)-p-D-oleandropyranosyl]— 17f-marsdenin (3) and
3-0-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—4)-p-D-can-
aropyranosyl]— 17p-marsdenin (4) were isolated from Gongronema lat-
ifolium leaf in our previous study using standard protocols [17]. The
structures of 1 — 4 are presented in Figs. 1-3.

2.3. Evaluation of phytochemicals for antiplasmodial activity

The activities of 1-4 against P. falciparum 3D7 (chloroquine-sensitive
strain) and P. falciparum W2 (chloroquine-resistant clone) were evalu-
ated using the SYBR assay described by Smilkstein et al. [74], with
minor modifications [18].

Briefly, the P. falciparum culture (maintained according to the
method of Trager and Jensen (1976)) was synchronized using 5% sor-
bitol and 0.5% glucose to obtain the ring stages, which were immedi-
ately incubated with the test compounds (previously solubilized in
0.05% dimethyl sulfoxide, DMSO) at various concentrations [19]. The
test compounds, in serial dilutions, were incubated with the parasite
suspensions (0.5% parasitemia, 2% haematocrit) in 96-wells plates (‘U’
bottom). After 48 h at 37 °C, the culture supernatant was removed and
replaced with 100 uL of lysis buffer solution [Tris (20 mM; pH 7.5),
EDTA (5 mM), saponin (0.008%; wt/vol), and Triton X-100 (0.08%;
vol/vol)] followed by addition of 0.2 uL/mL SYBR Safe DNA gel stain
(Invitrogen, Norcross, GA, USA). The plate content was transferred to a
flat bottom plate and incubated in the dark for 30 min. Then, the plate
was read in a fluorometer (Synergy H4 Hibrid Reader, BioteK) with
excitation at 485 nm and emission at 535 nm. The fluorescence of un-
infected erythrocytes was considered as background. Each test was
performed in triplicate in at least two different experiments. The results
were compared with those of control cultures in complete medium with

HO

R = Me: 3-O-[6-deoxy-3-O-methyl-B-D-allopyranosyl-(1->4)-B-D-oleandropyranosyl]-17B-marsdenin (3)
R = H: 3-0O-[6-deoxy-3-O-methyl-B-D-allopyranosyl-(1->4)-B-D-canaropyranosyl]-17B-marsdenin (4)

Fig. 1. Pregnane and pregnane glycosides isolated from Gongronema latifolium leaf.
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no drugs. CQ was used in each experiment as an antiplasmodial
standard.

The half-maximal drug inhibitory concentration (ICs() was estimated
by curve fitting charts using the Origin software (Origin Lab Corpora-
tion, USA) and compared to the parasite growth in the drug free
medium.

2.4. Cytotoxicity tests

The cytotoxicity test was done using Buffalo Green monkey kidney
cell line (BGM), and the test was performed as described by Aguiar et al.
[20]. Cells were cultured in 75 cm? plates with RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and gentamicin
40 mg/L, at 5% CO, atmosphere and 37 °C. The cells were trypsinized
when the monolayer was confluent, washed with culture medium,
distributed in a flat-bottomed 96-well plate (1 x 10° cells/mL) and
incubated at 37 °C for 18 h to ensure cell adherence. The cells were
properly diluted and incubated with 20 pL of the compounds at different
concentrations (1-1000 pyg/mL) for 24 h in a 5% CO, atmosphere at
37 °C. The neutral red assay as described by Borenfreund and Puerner
[21] was used to evaluate cell viability by the accumulation of the dye in
the viable cell lysosome. Neutral red solution (4 mg/Ml, 200 pL), was
added to the plates and incubated for 3 h. The supernatant was carefully
removed, followed by the addition of 200 uL of 0.5% (v/v) formalde-
hyde and 1% CaCl, solution. After 5 min, the supernatant was removed,
then 100 uL of an alcohol- acetic acid (50-1%) solution was added to
extract the dye. The absorbance was read at 540 nm on an ELISA reader
(Spectra Max340 PC384, Molecular Devices). Cell viability was
expressed as the percentage of control absorbance obtained in untreated
cells and the minimum lethal dose for 50% of the cells (MLDsg) was
determined. Based on the values of cytotoxicity (MLDsg) and antima-
larial activity (ICsp) the selectivity index (SI) of activity was calculated
using the formula:

MLD+,
ICso

Selectivity Index(SI) =

2.5. Reversal of chloroquine resistance in P. falciparum

The method of Oduola et al., [77] was used to evaluate the CQ
resistance reversal activities of the phytochemicals. Briefly, fixed
sub-inhibitory concentrations of 2 and 3 (each at the concentrations of
0.3125, 0.625, 1.25, 2.5, 5, 10 and 20 pg/mL) and verapamil (0.0625,
0.125, 0.25, 0.5 and 1 pg/mL) were separately combined with CQ [at
varying concentrations obtained by 2x serial dilution from the highest
concentration (50 and 500 ng/mL for P. falciparum 3D7 and W2 strains
respectively)] and evaluated for their activities against P. falciparum
strain and clone in triplicates in each experiment. The antiplasmodial
activity of CQ alone [using varying concentrations obtained by 2x serial
dilution from the highest concentration (50 or 500 ng/mL)] was
concurrently evaluated with those of other drug combinations.

The data were transformed and expressed as the response modifi-
cation index (RMI) [22]. RMI was calculated as the ratio of ICsq of CQ in
the presence of the phytochemical/verapamil to the ICsg of CQ alone. An
RMI of 1.0 indicates no change in the IC5y of CQ upon addition of
phytochemical/verapamil. An RMI of less than 1.0 represents chemo-
sensitization (including possible synergy), while an RMI of more than
1.0 represents antagonism [23].

2.6. Eyaluation of the activity of the combination of chloroquine with
compounds 1 and 4 against P. falciparum W2

Fixed concentrations of 1 and 4 (each at the concentrations of
0.3125, 0.625, 1.25, 2.5, 5, 10 and 20 pg/mL) were separately combined
with CQ [at varying concentrations obtained by 2x serial dilution from
the highest concentration (500 ng/mL)] and evaluated for their
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activities against P. falciparum W2 strains in triplicate in each experi-
ment. The antiplasmodial activity of CQ alone [using varying concen-
trations obtained by 2x serial dilution from the highest concentration
(500 ng/mL)] was concurrently evaluated with those of other drug
combinations. The same protocol was adopted for the data trans-
formation and RMI calculation as describe in Section 2.5.

2.7. In silico analysis

2.7.1. Sequence dynamics simulation

The FASTA format of the protein sequences for Plasmodium falcipa-
rum 3D7 plasmepsin IX (PfPMIX), phosphatidylinositol 4-kinase
(PfP14K), Plasmodium falciparum P-glycoprotein homologue (PfP-gh);
(NCBI Reference Sequence: XP_001351656.1, XP_001348455.1 and
CEO43617.1 respectively) on the National Center for Biotechnology
Information (NCBI) nucleotide database were obtained. The simulation
of the protein sequences was performed on the DynaMine server (http://
dynamine.ibsquare.be/submission/) using default setting [24].

2.7.2. Homology modeling of P. falciparum (plasmepsin IX, P-glycoprotein
homolog and phosphatidylinositol 4-kinase) and evaluation of model quality

The unavailability of the deposited 3D crystal structure of PfPMIX,
PfPI4K and PfP-gh informed the reason for the homology modeling of
the protein from its deposited protein sequence. The three models of
PfPMIX, PfPI4K and PfP-gh were built using the SWISS-MODEL server
(https://swissmodel.expasy.org/) [25]. The fully automated protein
structure homology modeling server accessible via ExXPASy web server,
was used to develop a model [26]. The FASTA format of the protein
sequence was fetched onto the SWISS-MODEL server. From the
SWISS-MODEL template library (SMTL version 2020-07-15, PDB
release 2020-07-10), a search for evolutionary related structures
matching the target sequences as suitable templates was performed. A
similarity search using the BLAST [27] and HHblits [28] databases
simultaneously generated homologues of known PDB structures that
were ranked based on QMEAN scoring function [26]. The top-ranked
structures were selected and used as templates to build the PfPMIX,
PfPI4K and PfP-gh models. The best model was refined by GalaxyRefine
[29], a web-tool available on GalaxyWEB server (http://galaxy.seoklab.
org/), and further refined by 3DRefine server (http://sysbio.rnet.mis-
souri.edu/3Drefine/) [30]. The qualities of the refined models were then
analyzed using ERRAT [31] ProSA [32] and by generating Ramachan-
dran plots on PROCHECK [33].

2.7.3. Retrieval and preparation of protein structure for molecular docking

The three-dimensional (3D) structure of P. falciparum Lactate De-
hydrogenase (PfLDH) (PDB ID: 1LDG) [34], P. falciparum
enoyl-acyl-carrier-protein reductase (PfECPR) (PDB ID: 1INHW) [35]
and P. falciparum Chloroquine Resistance Transporter (PfCRT) (PDB ID:
6UKJ) [36], were retrieved from the Protein Data Bank (http://www.
resb.org). The crystal structures of the models and downloaded proteins
were processed by removing existing ligands and water molecules while
missing hydrogen atoms were added according to the amino acid pro-
tonation state at pH 7.0 utilizing Autodock Tools (Scripps Research
Institute, La Jolla, CA). Thereafter, non-polar hydrogens were merged,
while polar hydrogens were added to each protein. The process was
repeated for each protein and subsequently saved into a dockable pdbqt
format for molecular docking.

2.7.4. Ligand preparation

The Structure Data Format (SDF) structures of chloroquine was
retrieved from the PubChem database and converted to PDB using Dis-
covery Studio Visualizer version 16. The flexible structures of com-
pounds 1-4 were drawn using Chemdraw Ultra 12.0 and were converted
to.mol2 chemical format using Open babel [37]. Using AutoDock Tools
v1.5.6, polar hydrogen charges of the Gasteiger-types were assigned and
nonpolar hydrogens were merged with the carbons and the internal
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degrees of freedom and torsions were set to zero. The protein and ligand
molecules were further converted to the dockable pdbqt format using
Autodock tools.

2.7.5. Active site targeted molecular docking

An active site targeted docking of the test compounds and reference
inhibitors against models and downloaded proteins was performed using
AutoDock Vina [38] in PyRx (Python prescription) 0.8 [39]. For each of
the docking steps, the ligands were imported via the OpenBabel [37],
plug-in tool in PyRx 0.8. The Universal Force Field (UFF) was used as the
energy minimization parameter and conjugate gradient descent as the
optimization algorithm. The active regions of the 6 proteins as defined
by the grid boxes that were used for docking studies are presented in
Table 1. All the other parameters were kept as default. The molecular
interactions were viewed with Discovery Studio Visualizer version 16.

3. Results
3.1. Invitro antiplasmodial studies and cytotoxicities

The antiplasmodial activities of 1 — 4 and verapamil are shown in
Table 2. From the results, 1 exhibited the highest activity against
P. falciparum 3D7 (ICso = 6.2 pg/mL) and P. falciparum W2 (ICso =
2.1 pg/mL), though lower than CQ. Also, 4 was active while 2 and 3
were not active against the two parasite strains. Verapamil was partially
active against P. falciparum 3D7 and W2. The results revealed that 1 was
the most cytotoxic effect out of the four compounds considered, fol-
lowed by 2. Only 1 and 4 had selectivity indices higher than 10 and were
considered active. Moreover, 1 and 4 had lower resistance indices (RI)
compared to chloroquine and verapamil, though the RI of 1 was higher
than that of 4 (Table 2).

3.2. In vitro chemosensitizing activity of test compounds

The ICs¢s of CQ at varying concentrations of verapamil, 2 and 3
against P. falciparum 3D7 (CQ-sensitive strain) and P. falciparum W2
(CQ-resistant clone) are shown in Tables 3 and 4 respectively. The RMI
values for the combination of CQ with each of the three compounds
evaluated against P. falciparum 3D7 were higher than 1, indicating
antagonism (Table 3).

With respect to P. falciparum W2 clone, the potentiating activities of
2 (at higher concentrations above 1.25 pg/mL) and 3 (at 20 ug/mL)
when separately combined with CQ were very low (with RMI being a
little lower than 1) compared to that of verapamil (with RMI being very
much lower than 1) (Table 4).

3.3. Activities of the combination of chloroquine with compounds 1 and 4
against P. falciparum W2

The results showed that the combination of 1 (at concentrations
higher than 1.25pg/mL) and 4 (at 20 ug/mL) separately with CQ

Table 1
Binding site coordinates of selected Plasmodium falciparum proteins.

center_x center_y center_z Size x Size_y Size_z
Modeled PfPMIX 25.4 29.1 15.3 28.6 28.4 35.2
Modeled PfP4K -14.8 356.9 80.0 25.0 29.9 19.8
PfECPR 11.8 100.2 27.4 27.0 27.7 27.4
PfLDH 28.8 24.4 36.0 27.2 22.2 25.1
PfCRT 146.19 170.34 141.85 23.46 15.76 20.80
Modeled PfP-gh 23.70 7.70 63.94 36.37 55.73 25.0

Plasmodium falciparum Chloroquine Resistance Transporter (PfCRT); Plasmo-
dium falciparum P-glycoprotein homolog (PfP-gh); Plasmodium falciparum
plasmepsin IX (PfPMIX); Plasmodium falciparum phosphatidylinositol 4-kinase
(PfP14K); Plasmodium falciparum lactate dehydrogenase PfLDH and Plasmo-
dium falciparum enoyl-acyl-carrier-protein reductase (PfECPR)
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reduced the ICsq of CQ for P. falciparum W2 clone from 100.0 ng/mL to
< 3.13 ng/mL, with an RMI of < 0.03, revealing a very significant
synergy (Table 5).

3.4. Insilico

3.4.1. Homology modeling and evaluation of model quality

A SWISS-MODEL template library (SMTL) search and sequence
alignment identified a total of 50 templates for each model. This list was
filtered down to five templates. Finally, plasmepsin X of Plasmodium
falciparum 3D7 (PID: 60RS), human phosphatidyl inositol 4-kinase (PID:
4DOL) and Mus musculus P-glycoprotein (PID: 4Q9J), were selected as
the best templates for P/PMIX (Leu 1080 — Leu 1542), PfPI4K (Ile 229 —
Lys 564) and PfP-gh (THR 1- MET 90), respectively. The selected tem-
plates for the three models had Global Model Quality Estimate (GMQE)
scores of 0.628, 0.690 and 0.628, sequence coverage of 0.813, 0.556 and
0.31, sequence identities of 44.57%, 43.44% and 42.86%, and sequence
similarities of 0.43, 0.421 and 0.43 for PfPMIX, PfPI4K and PfP-gh
models respectively [Figs. S2, S3 and S4 (supplementary data); Table 6].
The QMEAN Z-scores of the models generated were — 3.03, — 2.04 and
— 4.22 respectively (Table 6).

Analysis of the refined models with PROCHECK and Protein
Sequence Analysis tool (ProSA) revealed that the 3DRefined-models had
higher improvement in quality and were, therefore, selected for subse-
quent steps. The Z-scores (the overall quality scores) of the models, in
relation to the Z-scores of PBD experimentally determined native
structures, obtained from ProSA-web analysis were — 7.5, — 7.4 and
— 2.76 for PfPMIX, PfPI4K and PfP-gh models respectively [Figs. S2, S3
and S4 (supplementary data); Table 6], thus falling within the range of
those of the PDB native structures. In addition, the amino acid local
energy profile plots showed that all the residues across the sequence had
negative values [Figs. S2, S3 and S4 (supplementary data)], indicating
favorable amino acid energy profiles, high accuracy and reliability of the
models. From the Ramachandran phi/psi torsion angle plots, as gener-
ated from PROCHECK analysis, the residues in the favorable and dis-
allowed regions indicated that the three models had good
stereochemical quality and energetically favored geometry (Table 6). All
the residues forming the binding sites studied in this work were in the
favored regions of the Ramachandran plots. The overall quality factors
(OQF) of 82.271%, 85.152% and 84.281% for PfPMIX, PfPI4K and PfP-
gh respectively obtained from ERRAT plot analysis of the models were
above the generally accepted score of > 50%. The structural alignment
showed an RMSD of < 3.0 A (Fig. 2c; Table 6), indicating that the
models had a very high structural similarity with the templates and thus
were reliable and suitable for the study.

3.4.2. Binding affinities of compounds 1 and 4 to selected Plasmodium
falciparum proteins

The binding affinities of the selected parasite proteins for CQ, 1 and 4
are shown in Table 7. From the results, P. falciparum proteins had higher
binding affinities for 1 and 4 compared to chloroquine, except PfPI4K
which had lower binding affinity for 1 compared to chloroquine
(Table 7).

3.4.3. Amino acid interactions of compounds 1 and 4 with selected
Plasmodium falciparum proteins

The amino acid interactions of Plasmodium falciparum proteins with
compounds 1 and 2 are represented in Table 7. The interaction of resi-
dues of the proteins with respective ligand groups were mainly through
hydrogen bonds (below 3.40 A), hydrophobic interactions and few other
bonds (Figs. 3-8 and Table 8).

A hydrogen bond was observed between TYR?! of the modeled
PfPMIX and the carbonyl of 11-O-tigloyl moiety of the 17p-marsdeni-
naglycone of 1(Fig. 3bi). The aglycone and the sugar moiety of 1 and 4
made several carbon-hydrogen bonds with TYR??8, SER383, GLY?*? and
LEU®® of the modeled PfPMIX (Fig. 3bi &bii). A Pi-alkyl interaction was
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Table 2
Antiplasmodial activities and cytotoxicities of Compounds 1 — 4 isolated from Gongronema latifolium leaf.
Samples Activity against P. falciparum (ICso, pg/mL)? Cytotoxicity against BGM kidney cells (MLDs, pg/mL)® Selectivity Index* * Active
3D7 strain W2 Clone RI*
1 6.2+0.3 21+09 0.34 35+0 17 Yes
2 > 20 > 20 NA 132+ 4 NA No
3 > 20 > 20 NA 227 £12 NA No
4 187+ 1.5 8.0+25 0.43 147 + 28 18 Yes
Verapamil 20.5 + 5.4 10.6 £ 0.1 0.52 2389+ 7.6 23 Yes
Chloroquine 0.024 + 0.02 0.141 + 0.009 5.88 51+0 362 Yes

Values are Mean =+ SD of two independent experiments, with each run in triplicates. alC50 = Concentration that inhibits 50% of parasite growth. Iloneoside (1),
marsectohexol (2), 3-O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—-4)-p-D-oleandropyranosyl] — 17p-marsdenin (3) and 3-O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-
(1-4)-p-D-canaropyranosyl]— 17p-marsdenin (4). bMLD50 = Median lethal dose. BGM - Buffalo Green Monkey. *RI (resistance index) obtained from the ratio of the
IC50 of the selected parasite line to the IC50 of the parent strain (Nzila and Mwai, [75]); * *Selectivity Index obtained from ratio MLD50 /IC50 (Bézivin et al., [76]),

where SI < 10 was indicative of toxicity; NA = Not Applicable.

Table 3
Activities of chloroquine in combination with Compounds 2 and 3 against
Plasmodium falciparum CQ-sensitive 3D7 strain.

Table 4
Activities of combination of chloroquine with Compounds 2 and 3 against
Plasmodium falciparum W2.

Drug Drug ICso (ng/mL)" (Mean RMI

Combination Concentration + SD)

cQ 50 ng/mL" 7.7+0.3

CQ + Sample 2 + 20 pg/mL 8.1+0.6 1.05
+ 10 pg/mL 7.8+1.1 1.01
+ 5 ug/mL 8.1+0.6 1.05
+ 2.5 ug/mL 8.0 £0.6 1.04
+ 1.25 pg/mL 10.4 £ 3.6 1.35
+ 0.625 pg/mL 9.5+2.1 1.23
+ 0.3125 pg/mL 8.6 + 1.4 1.12

CQ + Sample 3 + 20 pug/mL 9.1+£0.3 1.18
+ 10 pg/mL 8.5£0.0 1.10
+ 5 pg/mL 8.7+0.1 1.13
+ 2.5 pg/mL 8.5+ 0.2 1.10
+1.25 pg/mL 9.6+ 0.8 1.25
+0.625 pg/mL 8.8+ 0.0 1.14
+ 0.3125 pg/mL 8.4+0.1 1.09

CQ + Verapamil + 1 pg/mL 8.4+ 21 1.09
+ 0.5 ug/mL 8.8+21 1.14
+0.25 pg/mL 86+1.8 1.12
+ 0.125 pg/mL 8.1+0.2 1.05
+ 0.0625 pg/mL 9.5+1.0 1.23

Drug Combination Drug Concentration® ICso (ng/mL)" RMI

cQ 500 ng/mL" 99.9+0.2

CQ + Comp 2 + 20 pg/mL 87.0 £15.6 0.87
+ 10 pg/mL 94.0 + 21.2 0.94
+ 5 ug/mL 95.5 £ 26.2 0.96
+ 2.5 ug/mL 89.8 +21.6 0.90
+ 1.25 pg/mL 102.0 £ 2.8 1.02
+ 0.625 ug/mL 110.5+ 2.1 1.11
+ 0.3125 pg/mL 1145+ 2.1 1.15

CQ + Comp 3 + 20 pg/mL 92.0 £11.3 0.92
+ 10 pg/mL 108.0 +14.1 1.08
+ 5 ug/mL 104.5 £ 6.4 1.05
+ 2.5 ug/mL 1185+ 3.5 1.19
+ 1.25 pg/mL 105.5 + 2.1 1.06
+ 0.625 ug/mL 110.0 £ 8.5 1.10
+ 0.3125 pg/mL 110.0 + 2.8 1.10

cQ 500 ng/mL" 204 + 16

CQ + Verapamil + 1.0 pg/mL <78 < 0.04
+ 0.5 pg/mL <7.8 < 0.04
+ 0.25 pg/mL 17 +3 0.08
+ 0.125 pg/mL 29+ 14 0.14
+0.0625 pg/mL 48419 0.23

@ Values are the means standard deviations for two independent experiments,
each of which was performed in triplicate.

b Chloroquine was tested in serial dilution (2x) from the highest concentration
(50 ng/mL) in all combinations performed. 2 — marsectohexol; 3 - 3-O-[6-deoxy-
3-O-methyl-p-D-allopyranosyl-(1—-4)-p-D-oleandropyranosyl] — 17p-marsdenin.
Response Modulation Index (RMI) - the ratio of ICsg of CQ in the presence of the
phytochemicals to the ICso of CQ alone. An RMI of less than 1.0 represents
synergy, while an RMI of more than 1.0 represents antagonism.

also observed between the A ring of the aglycone of 1 and LYS®®! of the
modeled PfPMIX (Fig. 3bi). The 2 hydroxyl groups on the allopyranosyl
sugar of 4 formed hydrogen bonds with LEU®®® and TYR?3!, while the
hydroxyl group of oleandropyranosyl formed 2 carbon-hydrogen bonds
with SER%2 and GLY?%° (Fig. 3bii). The A and B rings of the aglycone of
4 formed Pi-alkyl interactions with LYS®®! and TRY?%® (Fi g. 3bii). The 4-
hydroxyl group of the allopyranosyl sugar of 1 formed the only
hydrogen bond with ASP®® of the modeled PfPI4K (Fig. 4bi). The
methyl groups of the allopyranosyl and oleandropyranosyl sugar of 1
formed 2 alkyl interactions with CYS?®2 of the modeled PfPI4K
(Fig. 4bi). In the same vein the 18, 19-dimethyl groups of the 17f-
marsdeninaglycone formed alkyl interactions with LYS?2° and ILE??’ of
the modeled PfPI4K (Fig. 4bi). The oleandropyranosyl sugar of 1 formed
Pi-Sigma bonds with TYR%”7 of the modeled PfPI4K (Fig. 4bi). The 19-
methyl group of 17f-marsdenin of 4 formed an alkyl interaction with
ILE?? of the modeled PfPI4K (Fig. 4bii). The methyl groups of the two
sugars of 4 also formed two alkyl interactions with CYS?2 of the
modeled PfPI4K (Fig. 4bii). The carbonyl group of the 12-tigloyl of 1

# Values are the means =+ standard deviations for two independent experi-
ments, each of which was performed in triplicate.

b Chloroquine was tested in serial dilution (2x) from the highest concentration
(500 ng/mL) in all combinations performed. RMI - the ratio of ICs of CQ in the
presence of the phytochemicals to the ICsq of CQ alone. 2 — marsectohexol; 3 - 3-
0O-[6-deoxy-3-0O-methyl-B-D-allopyranosyl-(1—4)-8-D-oleandropyranosyl]-17f-
marsdenin. An RMI of less than 1.0 represents chemosensitization (including
synergy), while an RMI of more than 1.0 represents antagonism.

interacted via a hydrogen bond with THR'®! of PALDH (Fig. 5bi). Several
Pi-alkyl interactions were formed between Steroid ring A of 1 and
PHE'%? and between p-D-oleandropyranosyl sugar of 1 and ILE>* and
ILE!? of PALDH, while alkyl interactions were observed between the
methyl groups on the allopyranosyl and 17p-marsdenin rings of 1 and
LYS''® and MET®® of PfLDH respectively (Fig. 5bi). The 4-hydroxyl
group of the allopyranosyl of 4 interacted via strong hydrogen bonds
with PRO?%¢ and SER?* of PfLDH (Fig. 5bii). A carbon- hydrogen bond
was formed between the (1—4) glycoside bond between the allopyr-
anosyl and canaropyranosyl sugars of 4 and GLY2® while the 3-O-methyl
of the canaropyranosyl of 4 formed two hydrogen bonds with THR'®!
and GLY®® of PfLDH (Fig. 5bii). Ring A of the steroid aglycone of 4
interacted via a Pi-alkyl bond with ILE®* of PfLDH, while three alkyl
interactions were formed between the methyl substituents of 4 and
MET3?, PHE!® and ILE!'® of PALDH (Fig. 5bii). The 14-hydroxyl group
of the aglycone and the allopyranosyl sugar of 1 served as the hydrogen
donors to LYS®® and ARG®!® of PfECPR respectively, while the carbonyl
group of the 12-O-tigloyl on the aglycone, methyl and 3-O-methyl
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Table 5
Activities of combination of compounds 1 and 4 with chloroquine against
Plasmodium falciparum W2.

Drug Combination Drug Concentration® ICso (ng/mL)" RMI
CcQ 500 ng/me 100.0 + 4.2
CQ + Comp 1 + 20 pug/mL <3.13 < 0.03
-+ 10 pug/mL <3.13 <0.03
+ 5 ug/mL <3.13 < 0.03
+ 2.5 ug/mL <3.13 < 0.03
+ 1.25 pg/mL 9.0+ 42 0.09
+0.625 pg/mL 99.0 + 5.7 0.99
+ 0.3125 pg/mL 104.0 + 0.0 1.04
CQ + Comp 4 + 20 pug/mL < 3.13 < 0.03
+10 pg/mL 77 +11 0.67
+ 5 pg/mL 103 + 13 0.90
+ 2.5 ug/mL 107 £ 26 1.21
+ 1.25 pg/mL 116 £ 19 1.25
+ 0.625 pg/mL 126 + 24 1.39
+ 0.3125 pg/mL 112 +£ 24 1.25

2 Values are the means = standard deviations for two independent experi-
ments, each of which was performed in triplicate.

b Chloroquine was tested in serial dilution (2x) from the highest concentration
(500 ng/mL) in all combinations performed. 1 - Iloneoside; 4 - 3-O-[6-deoxy-3-
O-methyl-p-D-allopyranosyl-(1—4)-p-D-canaropyranosyl]-17f-marsdenin. RMI -
the ratio of ICsq of CQ in the presence of the phytochemicals to the ICs of CQ
alone. An RMI of less than 1.0 represents synergy, while an RMI of more than 1.0
represents antagonism.

Table 6

Quality check and validation scores for Plasmodium falciparum modeled proteins.
Parameters PfPMIX PfPI4K PfP-gh
QMEAN Z-Score -3.03 -2.04 -4.22
Global Model Quality Estimate (GMQE) score 0.628 0.690 0.16
Sequence coverage 0.813 0.556 0.31
Sequence identity (%) 44.57 43.44 42.86
Sequence similarity 0.43 0.421 0.43
Z-score -7.54 -7.44 -2.76
Most favored regions (%) 87.8 95.9 91.7
Additional allowed regions (%) 8.2 3.7 8.3
Disallowed regions (%) 1.7 0.0 0.0
G-factor (%) 2.3 0.4
Overall quality factor 82.271 85.152 84.281
RMSD 0.385 0.212 1.65

Plasmodium falciparum plasmepsin IX (PfPMIX); Plasmodium falciparum
phosphatidylinositol 4-kinase (PfPI4K); Plasmodium falciparum P-glycoprotein
homolog (PfP-gh); Protein Sequence Analysis (ProSA) Root Mean Square Devi-
ation (RMSD) Protein Check (PROCHECK).

moiety of the allopyranosyl sugar of 1 formed carbon-hydrogen bonds
with ALA%?°, ASN?'® and ALA%'® of PfECPR respectively (Figure 6bi).
The A ring of the aglycone and the oleandropyranosyl ring of 1 formed
Pi-alkyl interaction with ALA®'® of PfECPR (Figure 6bi). Alkyl in-
teractions were formed by the 18, 19-dimethyl groups on the 17p-
marsdenin, and methyl group of allopyranosyl of 1 with ALA%Y7, TYR?®,
and TRP'®! of PfECPR respectively (Figure 6bi). The 21-carbonyl and
11-hydroxyl groups of the aglycone and 3-O-methyl group of allopyr-
anosyl sugar 4 interacted via hydrogen bonds with LEU%'®, SER®!7 and
GLY respectively (Figure 6bii). Carbon-hydrogen bonds were formed
between 11, 12-dihydroxyl groups of 17p-marsdenin of 4 with ALA320
and GLY'%* of PfECPR respectively (Figure 6bii). The 18, 19-dimethyl
groups of the aglycone and 3-methyl group of canaropyranosyl sugar
of 4 formed alkyl interactions with TYR277, ILE323, ALA217, VAL and
TRP'3! of PfECPR respectively (Figure 6bii). The A and B rings of 4
formed Pi-alkyl interactions with TYR'!! and LEU?® of PfECPR
(Figure 6bii).

The 1—4 glycosidic bond between the allopyranosyl and olean-
dropyranosyl sugar moiety of 1 formed a carbon-hydrogen bond with
SER>®, the first ring of the aglycone formed an alkyl interaction with
ILE®®, the methyl end of 11 and 12-O-tigloyl substituents on the
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aglycone of 1 formed alkyl and Pi-alkyl interactions with VAL”3, ILE®®,
ALA%S ALA, pHE®®2, LEU®®, LEU®®! and LEU®® (Figure 7bi). The 6-
deoxy-3-O-methyl-p-D-allopyranosyl sugar moiety of 4 formed 2 carbon-
hydrogen bonds with SER®®® and VAL3*® of PfCRT while the first ring of
the aglycone formed Pi-alkyl and alkyl interactions with TYR®? and
ILE®® of PfCRT (Figure 7bii). In the case of the modeled PfP-gh, the 3-O-
methyl group of the allopyranosyl sugar moiety of 1 formed 2 hydrogen
bonds with ASN?° and SER'®, The carbonyl oxygen of the 11-O-tigloyl
substituent and the 14-hydroxyl group formed 2 hydrogen bonds with
PHE!? while 8-hydroxyl group of the aglycone formed a hydrogen bond
with LEU? of the modeled PfP-gh (Figure 8bi). The 3-O-methyl of ole-
andropyranosyl sugar of 4, the 11, 12-dihydroxyl groups of the aglycone
formed 2 hydrogen bonds with SER*? while 14-hydroxy group and 21-
carbonyl oxygen of the aglycone formed hydrogen bonds with ARG!”
and ASN?° of 4 (Figure 8bii).

4. Discussion

Some pregnane glycosides have been reported to exhibit antimalarial
drug resistance reversal activities while some have also been reported to
exert antimalarial activities [15,16]. In this study, the natural products
exhibiting ICso values < 10 pg/mL were considered active, those
exhibiting ICsg values ranging from 10 to < 20 pg/mL were considered
moderately active; natural products exhibiting ICsq values > 20 pg/mL
were considered inactive. From the results, 1 was active while 4 was
moderately active against P. falciparum 3D7 while both compounds were
active against P. falciparum W2 (with the most active, 1, being a hit
compound against this clone having an IC50 <11 uM [40]).

However, 2 and 3 were not active against both parasite strains.
Considering their structures, 1, 3 and 4 have the same pregnane
glycoside skeleton (Fig. 1). Relative to 4, the presence of an additional
tigloyl substituents at C-11 and C-12 of 1 may be responsible for its
enhanced antiplasmodial activity. This corroborates the finding that
replacing the hydroxyl group at C-11 and C-12 with some functional
groups could enhance the activity of pregnane [41]. O-methylation of
C-3 of the inner sugar (oleandrose) moiety of 1, compared to 4, may not
contribute to its enhanced activity because the deletion of this methyl
group in 4 made it active compared to 3 which possessed the same
methyl group but was not active. However, the most active phyto-
chemical (obtained from G. latifolium leaf) in this study, 1 (ICsp =
2.48 uM), was not as active against P. falciparum W2 as grongoneside A
(ICs0 = 1.39 uM) which was also isolated from a plant of the same genus,
G. napalense [16]. This result confirms that plants of this genus are good
sources of pregnane glycosides with antimalarial activities. The activ-
ities of 1 and 4 may still be enhanced with further structural modifica-
tion, e.g. addition of more functional groups, in order to generate leads.
For example, the presence of acetyl and perbenzoyl groups on the
pregnane skeleton of pregnane glycosides obtained from Carallumatu
berculata has been reported to enhance the antiplasmodial activity of the
phytochemicals [15].

The results revealed that iloneoside was more cytotoxic than other
compounds. This result corroborates our earlier findings that iloneoside,
a novel cytotoxic compound isolated from Gongronema latifolium leaf,
was more cytotoxic than the four other compounds isolated from the leaf
alongside with it [17]. The results revealed that only 1 and 4 had
selectivity indices higher than 10, the benchmark for natural or syn-
thetic products that can be used for antimalarial drug discovery. It, thus,
suggests that the compounds did not just kill the parasite and host cells
indiscriminately but were more specific for the parasite.

Activities of the combination of CQ separately with 2 and 3 against
P. falciparum 3D7 were slightly lower than that of CQ alone, with RMI
values of a little higher than 1, suggesting antagonism of the compounds
at these concentrations. Activities of the combination of CQ separately
with 2 (at higher concentrations) and 3 (at the highest concentration)
against P. falciparum W2 clone were slightly higher than that of CQ
alone, suggesting very low chemosensitization. Thus, compounds 2 and
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Fig. 2. Model-Template structural alignment of (a) Plasmodium falciparum Plasmepsin IX model (gold), Plasmodium falciparum Plasmepsin X: template (green); (b)
Plasmodium falciparum Phosphatidylinositol 4-kinase model (green), human Phosphatidylinositol 4-kinase: template (gold); (c) Plasmodium falciparum P-glyco-
protein homolog model (gold), Mus musculus P-glycoprotein homolog template (green); (d) Model-Template alignment of Plasmodium falciparum Plasmepsin IX (e)
Model-Template alignment of Plasmodium falciparum Phosphatidylinositol 4-kinase model (f) Model-Template alignment of Plasmodium falciparum P-glycopro-

tein homolog.

Table 7
Binding energies of compounds 1 and 4 docked in the active sites of Plasmodium
falciparum proteins.

Protein Binding affinities (kcal/mol)
Comp 1 Comp 4 Chloroquine

PfPMIX -7.1 -7.5 -5.5

PfPI4K -6.8 -6.9 -6.9

PfLDH -7.4 7.8 -6.0

PfECPR -9.2 -10.4 7.8

PfCRT -7.3 7.1 -7

PfP-gh -6.7 -6.7 -4.9

Plasmodium falciparum plasmepsin IX (PfPMI); Plasmodium falciparum phos-
phatidylinositol 4-kinase (PfP4K); Plasmodium falciparum lactate dehydroge-
nase PfLDH; Plasmodium falciparum enoyl-acyl-carrier-protein reductase
(PfECPR); Plasmodium falciparum Chloroquine Resistance Transporter (PfCRT)
and Plasmodium falciparum P-glycoprotein homolog (PfP-gh)

3 are not effective chemosensitizers; in fact they were antagonists at
lower concentrations, with RMI values higher than 1.

Activities of the combination of CQ separately with 1 (ICsy values of
<3.13 ug/mL at higher doses) and 4 (ICsp of <3.13 pg/mL at highest
dose) against P. falciparum W2 was very high compared to that of CQ
alone (ICsp = 100 pg/mL), which is more than 3200% increase. The
combination had an RMI of < 0.03, suggesting a very significant syn-
ergy, which potentiated the activity of CQ. The higher activity of 1
compared to that of 4 still reveals the importance of the substituents at
C-11 and C-12 of 1 in potentiating the activity of CQ against
P. falciparum W2 (a multidrug resistant clone, MDR). MDR is mediated
by P-glycoprotein homolog 1 (P-gh) in malaria parasite. Chemo-
sensitizers from different classes of natural and synthetic compounds
have been reported to act synergistically to reverse CQ and multidrug
resistance in P. falciparum [42]. Though there have been some reports on
the activity of pregnane glycosides isolated from plants in reversing
multidrug resistance in cancer cells [43] through inhibition of
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Fig. 3. Interaction of pregnanes with amino acids in the active site of modeled
Plasmodium falciparum plasmepsin IX (PfPMIX) (a) surface representation (b)
3D interactive representation, ligands in stick representation are presented in
different colors: (i) gold: 1 (ii) purple: 4. Types of interactions are represented
by: Green-dotted line-hydrogen bonding; light purple-dotted line-hydrophobic
interaction (pi-alkyl, alkyl and pi-stacking); purple-dotted line-pi-pi T-Shaped
interaction; yellow-dotted line-pi-sulphur interaction and 3-letter abbreviation
of amino acids are in red color.

P-glycoprotein [44], this is the first report on the potentiation of CQ
activity against multidrug resistant P. falciparum by a pregnane glyco-
side at a very low concentration of 2.5 pg/mL. Lack of further increase in
RMI with increasing concentration of 1 suggests a threshold effect.

Drug-resistant malaria parasites are believed to emerge through
mutations in the active sites of drug targets [45] or from biochemical
changes in the drug receptors [46]. The consolidation of in silico tech-
niques with “wet-lab” experimentation in the field of drug discovery
enables a deeper understanding of underlying molecular interactions
integral in ligand-protein binding. The insight extracted from these
molecular interactions may further supplement the interpretation of
experimental results at an atomic-level [47]. In this study, six
P. falciparum drug targets were further explored for interactions with 1
and 4 in silico.

Plasmepsin IX, is expressed at discrete stages in the parasite cycle.
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Fig. 4. Interaction of pregnanes with amino acids in the active site of modeled
Plasmodium falciparum phosphatidyl inositol-4-kinase (PfPI4K): (a) surface
representation (b) 3D interactive representation, ligands in stick representation
are presented in different colors: (i) gold: 1 (ii) purple: 4. Types of interactions
are represented by: Green-dotted line-hydrogen bonding; light purple-dotted
line-hydrophobic interaction (pi-alkyl, alkyl and pi-stacking); purple-dotted
line-pi-pi T-Shaped interaction; yellow-dotted line-pi-sulphur interaction and 3-
letter abbreviation of amino acids are in red color.

These aspartic proteases have recently emerged as propitious antima-
larial targets [48]. The lipid kinase, PfPI4K, has also been established as
a promising drug target [49]. Inhibition of PfPI4K prevents membrane
ingression that occurs during completion of the asexual erythrocytic
stage of the plasmodial life cycle [50]. However, the crystal structure is
not available till date, which has made in-silico drug design challenging;
this informed the need of a model structure from the amino acid
sequence of this target protein. Plasmepsin X of Plasmodium falciparum
3D7, human phosphatidyl inositol 4-kinase and Mus musculus P-glyco-
protein were selected as the best templates for P/PMIX, PfPI4K and
PfP-gh respectively. A template with sequence similarity of more than
0.3 with the sequence of interest is generally considered suitable and
model obtained therewith is expected to be reliable and plausible [51].
In this study, sequence similarities of 0.43, 0.421 and 0.43 were ob-
tained for PfPMIX, PfPI4K and PfP-gh models respectively, suggesting
that they were suitable for the study. Validation of the predicted struc-
tures of the modeled PfPMIX, PfPI4K and PfP-gh proteins revealed a
good model quality. The QMEAN score of — 3.03, — 2.04 —and — 4.22
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Fig. 5. Interaction of pregnanes with amino acids in the active site of Plas-
modium falciparum lactate dehydrogenase (PfLDH): (a) surface representation
(b) 3D interactive representation, ligands in stick representation are presented
in different colors: (i) gold: 1 (ii) purple: 4. Types of interactions are repre-
sented by: Green-dotted line-hydrogen bonding; light purple-dotted line-hy-
drophobic interaction (pi-alkyl, alkyl and pi-stacking); purple-dotted line-pi-pi
T-Shaped interaction; yellow-dotted line-pi-sulphur interaction and 3-letter
abbreviation of amino acids are in red color.

for PfPMIX, PfPI4K and PfP-gh respectively indicated that the models
had satisfactory agreement with experimental structures of similar size
[52]. The ERRAT plot of non-bonded atomic interaction of protein
structures indicated a higher OQF, implying higher model quality [56].
Most of the residues for the proteins were properly folded with very low
error rate, hence, the high OQF. The conformation of the catalytic res-
idues of the first two models (P/PMIX and PfPI4K) was in conformity
with those obtained in previous studies [47,49,53]. Overall, the vali-
dation results demonstrated that the established model structures were
reasonable structures that could be used for the docking studies. The
modeled structures (PfPMIX, PfPI4K and PfP-gh) with three other
P. falciparum proteins (PfLDH, PfECPR and PfCRT) were evaluated for
their interactions with 1 and 4 using molecular docking techniques. The
results of the docking studies for 1 and 4, which were docked in selected
P. falciparum proteins, revealed that the six parasite proteins had higher
binding affinities for 1 and 4 compared to chloroquine, though the latter
was more active than them in in vitro studies. This is because these
proteins have not been reported as the primary targets of chloroquine,
which is mainly the inhibition of heme detoxification in the food vacuole
of the parasites [54]. In the same vein, four of the parasite proteins had
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Fig. 6. Interaction of pregnanes with amino acids in the active site of Plas-
modium falciparum enoyl-acyl carrier protein reductase (PfECPR): (a) surface
representation (b) 3D interactive representation, ligands in stick representation
are presented in different colors: (i) gold: 1 (ii) purple: 4. Types of interactions
are represented by: Green-dotted line-hydrogen bonding; light purple-dotted
line-hydrophobic interaction (pi-alkyl, alkyl and pi-stacking); purple-dotted
line-pi-pi T-Shaped interaction; yellow-dotted line-pi-sulphur interaction and 3-
letter abbreviation of amino acids are in red color.

higher binding affinities for 4 compared to 1, though the former was less
active than 1 in in vitro studies. This suggests that the proteins may not
be the primary target(s) of 1. The observed higher affinities for 4 may be
as a result of 4 interacting with more residues at the active sites of the
enzyme than 1 (Table 5). Results of the docking studies showed that 1
and 4 interacted with the catalytic aspartyl residues of P/PMIX in a
binding mode similar to a known hydroxy-ethylamine deriva-
tive-inhibitor (49c¢) [55]. With respect to the complexes, PfPMIX-1 and
PfPMIX-4 interactions were mainly via hydrogen bonding. Also, 1 and 4
fitted into the hydrophobic pockets S; and S’; just like the hydrox-
yethylamine derivative-inhibitor (49c) [55]. Interactions with the resi-
dues of this cavity are known to influence substrate specificity [55].
PfPMIX has been reported to be essential for invasion of merozoites [56].
It acts on the biogenesis of rhoptry secretory organelle of the merozoite.
It has been reported to be involved in the processing of the rhoptry
associated protein 1 (PfRAP1) and the apical sushi protein (PfASP) [56].

Thus, 1 and 4 have the potential of inhibiting merozoite invasion into
erythrocytes, though this is subject to in vitro and in vivo studies. In the
same vein, 1 and 4 were docked into the ATP binding pocket of PfPI4K.
Also, 1 and 4 interacted with the residues of the hydrophobic region
(composed of residues like ILE) and the hinge region (composed mainly
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Fig. 7. Interaction of pregnanes with amino acids in the active site of
P. falciparum Chloroquine Resistance Transporter (PfCRT): (a) surface repre-
sentation (b) 3D interactive representation, ligands in stick representation are
presented in different colors: (i) gold: 1 (ii) purple: 4 Types of interactions are
represented by: Green-dotted line-hydrogen bonding; light purple-dotted line-
hydrophobic interaction (pi-alkyl, alkyl and pi-stacking); purple-dotted line-pi-
pi T-Shaped interaction; yellow-dotted line-pi-sulphur interaction and 3-letter
abbreviation of amino acids are in red color.

of charged residues like HIS, LYS and ASP). The residues located in the
hinge region interacted via hydrogen bonds with 1 and 4. This binding
mode is similar to that of the highly potent selective inhibitor of PfPI4K,
namely KAI407 [57]. Interaction with the ATP binding site, just like the
imidazopyrazines, a class of compounds that target the PfPI4K, is known
to inhibit the intracellular development of multiple Plasmodium species
at each stage of infection in the vertebrate host [58,59] and PfPI4K has
been reported to possess the potential of being an effective target for the
eradication of malaria globally [57]. Due to the fact that PfPI4K had
higher affinity for 1 and 4, the potentials of these compounds (and their
structural modifications) in inhibiting this enzyme in vitro and in vivo
can still be explored, with the aim of getting novel drugs that can
immensely contribute to the global eradication of malaria.

Lactate dehydrogenase from P. falciparum (PfLDH) has been
considered as a potential molecular drug target [60], because of its
critical role in production of reducing equivalent, which culminates in
the production of ATP. Chloroquine interacted specifically with P/LDH
in the NADH binding pocket, occupying a position similar to that of the
adenyl ring of the coenzyme, hence, acting as a competitive inhibitor for

10

Molecular & Biochemical Parasitology 249 (2022) 111474

Fig. 8. Interaction of pregnanes with amino acids of modeled P. falciparum P-
glycoprotein homolog (PfP-gh): (a) surface representation (b) 3D interactive
representation, ligands in stick representation are presented in different colors:
(i) gold: 1 (ii) purple: 4 Types of interactions are represented by: Green-dotted
line-hydrogen bonding; light purple-dotted line-hydrophobic interaction (pi-
alkyl, alkyl and pi-stacking); purple-dotted line-pi-pi T-Shaped interaction;
yellow-dotted line-pi-sulphur interaction and 3-letter abbreviation of amino
acids are in red color.

this critical glycolytic enzyme [61,62]. Also, 1 and 4 were docked into
the substrate specificity loop (92—112) of LDH structure, which is
extended by five more residues in P/LDH at residue 108 (108 A -E). In a
comparative binding mode analysis of 1, 4 and CQ (native co-crystalized
ligand), it was observed that 1 and 4 were positioned in a lipophilic
pocket formed by the hydrophobic residues ILE>*, ILE®, ILE'23, PHE>?,
PHE!?? and TYR®®. Coincidentally, this form of association is considered
competitive with NADH binding; a feature reported for gossypol and
8-deoxy hemigossylic acid derivatives [63,64]. Plasmodium species re-
lies on glycolysis for its supply of energy because its cytochromes are not
functionally well organized to ensure oxidative phosphorylation [65].
Since host erythrocytes lack mitochondria, Plasmodium species depends
on its lactate dehydrogenase (LDH) to regenerate NAD" which it needs
to keep glycolysis on-going [66]. Therefore, inhibition of PfLDH by 1
and 4 may result in limited or complete stoppage of ATP production and
therefore the death of the parasite [63]. PfECPR, a critical enzyme in
type II fatty acid biosynthesis, is a promising target for drug discovery
against hepatocyte-stage P. falciparum [67]. PfECPR reduces the
trans-2-enoyl bond of enoyl-acyl carrier protein (enoyl-ACP) substrate to
saturated acyl-ACPs and it plays a vital role in completing the successive
rounds of fatty acid elongation process. In a similar binding mode as
triclosan (the co-crystalized ligand), 1 and 4 were docked into the fatty
acyl binding pocket. The binding mode for triclosan is very similar to
that of nicotinamide ring of NAD", showing the same stacking interac-
tion and comparable hydrogen-bonding pattern [68]. VAL??2, MET?%!,
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Table 8
Interacting amino acid residues of selected Plasmodium falciparum proteins with
1 and 4 isolated from Gongronema latifolium leaf.

Compounds  Pf Residues involved in Residues involved in
PROTEIN hydrogen bonding hydrophobic
(bond distance, A) interactions
Comp. 1 PfPMIX LEU%5(2.19, 2.29) Lys®®!
TYR?*!(2.08)
SER®%3(3.25, 3.73)
GLY*°(2.66)
TYR??%(2.73)
Comp. 4 LEU%%5(2.19, 2.29)
TYR**!(2.39)
SER%3(3.29)
GLY**°(2.54)
Comp. 1 PfPI4K ASP%° (2.75) LYS??° CYS?82 ILE??7
TYR277
Comp. 4 PRO%%%(3.41) ARG>*! ARG?®! LYS?*® TRP?>
(2.67) LYS?*® (2.25,
34)°TRP? (2.12)
Comp. 1 PfLDH THR'®! (2.57) MET® I LE>* VAL®®
PHEIOO LYSll8 PHElOO
Comp. 4 PRO?%® (2.80) SER?* MET3 PHE'® ILE!!®
(2.39) GLY? (2.36) ILE>*
THR!®! (3.57) GLY*®
(3.66)
Comp. 1 PfECPR ARG®'® (2.54, 3.03) TYR?%7 ALA%!® TRP!®!
LYS?®S (2.17) ALA%Y
(2.36) ASN?'® (3.46)
ALA®? (1.97)
Comp. 4 LEU®'® (2.54, 3.03) TYR?”7 ILE3®® LEU26®
SER®' (2.17) GLY'% ALA%Y7 TYR!! vAL!S*
(2.36) GLY'** (3.46) TRP3!
ALA®? (1.97)
Comp. 1 PfCRT VAL’ ILE®® ALA3%®
ALA®® PHE®®? LEU®®
LEU381 LEUSSS SERSBS
Comp. 4 TYR®? ILE>® SER®®®
vAL348
Comp. 1 PfP-gh PHE!? (2.08) LEU"%(2.90)
ASN?° (2.43) SER'®(3.63)
Comp. 4 PHE!? (2.77) ASN%° LEU'2

(2.27) SER**(2.88)
ARG'7(2.61)

Plasmodium falciparum plasmepsin IX (PfPMI); Plasmodium falciparum phos-
phatidylinositol 4-kinase (PfP4K); Plasmodium falciparum lactate dehydroge-
nase PfLDH and Plasmodium falciparum enoyl-acyl-carrier-protein reductase
(PfECPR); Plasmodium falciparum Chloroquine Resistance Transporter (PfCRT)
and Plasmodium falciparum P-glycoprotein homolog (PfP-gh)

residues 218-219, the peptide backbone residues 217-231 and the side
chain amino acids ASN?'8, VAL??2, TYR?*”7 and MET?®! have been re-
ported to be significantly involved in the strong binding of both NAD™"
and triclosan [35]. Also, 1 and 4 interacted with LYS?®®>, TYR?*”7, and
TYR?%7 residues in a similar manner as celastrol, an inhibitor of PfECPR
[67]. These suggest that 1 and 4 may inhibit fatty acid synthesis in the
parasite.

Of the six proteins, only two (PfCRT and PfP-gh) are well charac-
terized and established proteins involved in parasite resistance to
chloroquine, though some ATPases and helicases, such as P/MLH (MutL
homolog) and PfUvrD involved in mismatch repair pathway, have been
implicated in the development of resistance by the parasites to anti-
malarials [69]. PfCRT is a major determinant of drug resistance in ma-
laria parasites, especially to CQ and piperaquine (PPQ), resulting from
distinct sets of point mutations [36]. PfP-gh is the product of the
PfMDR1 (multidrug resistance 1) gene and is similar to the mammalian
cancer drug resistance associated P-glycoprotein (P-gp) [70,71]. PfP-gh
has been studied as a marker of resistance to multiple antimalarials,
including chloroquine and its analogues [72]. These two proteins were
studied for drug-resistance inhibitory activities of the pregnane com-
pounds while the other four were studied for other parasite enzyme
inhibitory activities.
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1 and 4 interacted more strongly than chloroquine with active site
residues of 7G8 isoform of PfCRT bearing the mutated THR76 [36]. The
pregnanes interacted with some of the residues in the ligand binding
cavity of the transporter, with the most prominent being the interaction
with SER3® [36]. Recently a computational study revealed a lower
binding affinity of CQ to the mutated PfCRT at Lys76Thr [73]. Due to the
fact that 1 and 4 did not bind to THR76, the higher affinity of PfCRT for
them compared to chloroquine is not mediated by their direct interac-
tion with the mutated amino acid. PfP-gh had higher binding affinity for
1 and 4 than chloroquine; they may therefore serve as inhibitors or
blockers of this protein, thereby reversing chloroquine resistance and
enhancing the effectiveness of chloroquine in killing the parasite, as was
observed with P-gh inhibitors/blockers which were reported to be
effective in reversing multidrug resistance in P. falciparum [13]. The
potentiation of the activity of chloroquine against P. falciparum W2 by 1
and 4 may be as a result of their interaction with PfP-gh more than
PfCRT because they had similar binding energies for PfCRT compared to
chloroquine while they had lower binding energies for PfP-gh compared
to chloroquine.

5. Conclusion

The results of this study have shown that iloneoside (1), a ditigloy-
lated pregnane glycoside, possesses antiplasmodial activity and poten-
tiated the activity of CQ against a resistant strain of P. falciparum. The in
silico study showed that 1 was firmly docked into the catalytic site and
interacted with the catalytic residues of the selected Pfproteins in the
same binding mode as the reference inhibitors. Thus, iloneoside, a
pregnane glycoside obtained from Gongronema latifolium leaf, is a hit
antimalarial compound, which can potentiate the activity of CQ against
multidrug resistant strains of P. falciparum.
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