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Abstract

Glyceraldehyde-3-phosphate dehydrogenase (PfGAPDH) for Plasmodium falciparum s a key glycolytic
enzyme that catalyzes the conversion of glyceraldehyde 3-phosphate (G3P) into 1,3-bisphosphate
glycerate (1,3-BPG), with the concomitant reduction of nicotinamide adenine dinucleotide (NAD™) to
NADH. Compounds from the Cameroon Natural Product Library (CANAPL), were screened by molecular
docking studies against the enzyme target PAGAPDH. Amongst these docking hits were the lupeol
cinnamate (1) and oleanane cinnamate (2) with binding energies (E;)) of -10.55 kcal/mol and - 10.51
kcal/mol respectively, compared to PfGAPDH inhibitors; heptelidic acid (-6.47 kcal/mol), iodoacetate
(-3.98 kcal/mol) and pentalenolactone (-6.87 kcal/mol). To validate the docking results, triterpenoids with
structural similarities to (1) and (2) were isolated from Baillonella toxisperma (Pierre); olean-12-en-33-
hexadecanoate (3), 3-B-trans cinnamoyloxylup-20(29)-ene (4), oleanoic acid benzoate (5), 3B-amyrin (6),
taraxerol (7), betulonic acid (8), B-sitosterol (9), betulinic acid (10), 3B-(trans-p-Coumaroyl)oxylup-20(29)-
en-28-oic acid (11), and screened alongside Betuline (12) and oleanolic acid (13).

The favorable compounds 8 and 11 with 100% growth inhibition on Plasmodium falciparum 3D7 strains
together with compounds 4, 10 and 12 were structurally optimized to afford new lupane derivatives with
the privilege a-B unsaturated carbonyl medicinal scaffolds; - betulonic acid acryl aldehyde (14), betulin
acryl aldehyde (15), 3B-(trans-p-Coumaroyl)oxylup-20(29)-en-28-oic acid acryl aldehyde (16), 30-hydroxy
betulinic acid (17), betulinic acid acryl aldehyde (18) and 3-B-trans cinnamoyloxylup-20(29)-ene acryl
aldehyde (19) exhibiting more potent anti-malarial activities. Their assays afforded IC5, values of 0.703

UM, 2.15 pM, 1.28 uM, and 3.79 uM for compounds 14, 15, 16 and 18 respectively.

These results validate our docking scores and indicate that the modified compounds with the privilege
a,B- unsaturated carbonyl medicinal scaffolds could be further optimized into potent antimalarial agents.

Introduction

Global mapping data indicate that malaria continues to be a major challenge with about 3.3 billion
people at risk of exposure (Kehr et al. 2010; Guerra et al. 2006). The 2021 WHO report reveals that about
241 million people are infected with about 627 000 deaths (Forlemu et al. 2017). The eradication of
malaria through the development of new insecticides, mosquito vector disruptions through more hygienic
environment and the development of new antimalarial therapeutic agents remain a major priority
worldwide (Bloland 2014). Despite the existence of effective antimalarial drugs such as artemisinin and
chloroquine, increasing parasite resistance to these drugs is a major reason for the continuous search of
cost-effective and new analogues with novel modes of action (Plowe et al. 2007; Bray et al. 2003).

Malaria is a disease caused by parasites of the genus Plasmodium, with P, falciparum being the most
pathogenic and attacks red bloods cells. The absence of a durable Krebs cycle in these parasites and the
sole dependence on glycolysis for energy needs makes glycolytic pathway enzymes potential targets for
antimalarial chemotherapies (Verlinde et al. 2001; Kim and Dang 2005). Glyceraldehyde 3-phosphate
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dehydrogenase (abbreviated as PfGAPDH for Plasmodium falciparum) is a key glycolytic enzyme that
catalyzes the conversion of Glyceraldehyde 3-phosphate (G3P) into 1,3-bisphosphate glycerate (1,3-BPG),
with the concomitant reduction of nicotinamide adenine dinucleotide (NAD*) to NADH (Seidler 2013).
This is the 6th step in the glycolytic breakdown of glucose, an important pathway of energy and carbon
molecule supply which takes place in the cytosol of eukaryotic cells (Ismail and Park 2005).

In this study, a series of lupane derivatives were designed, isolated, synthesized and evaluated for
antiplasmodial activity against Plasmodium falciparum.

Results And Discussion
2.1 In-silico docking results

The molecular docking analysis can provide an important view into ligand-enzyme bindings and
conformations (Raeisi 2013). In order to explore the potential inhibitors of the P/GAPDH, a molecular
docking analysis was performed on a current collection of 4000 compounds from CANAPL
(CAmeroonian NAtural Products Library); a database of compounds isolated from Cameroonian
medicinal plants from the Department of Organic Chemistry of the University of Yaounde 1. These
compounds were docked into the active site of P/GAPDH (PDB code: 1ywg). The best results are
represented in Table 1 and show that the lupane 1 and oleanane 2 derivatives were the most promising
and exhibited binding energy (-10.55 and - 10.51 kcal/mol) compared to PfGAPDH inhibitors; heptelidic
acid (-6.47 kcal/mol), iodoacetate (-3.98 kcal/mol) and pentalenolactone (-6.87 kcal/mol). In order to
validate the docking results, compounds with structural similarities to lupane derivative 1, and 2 were
isolated from Baillonella toxisperma (Pierre), modified and evaluated against Plasmodium falciparum
3D7 strains.

3B-caffeoyloxy-lup-20(29)-en-6a-0l (1)  3p-O-(E)-3,5-dihydroxycinnamoyl-olean-12-en-11-one (2)

Table 1: Summarizing the important docking results from CANAPL database.
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Class subclass compound Estimated Hydrogen bonding

AGBinding
(kcal/mol) Interacted Interacted
ligand amino
functional acid
group
Triterpene  Lupane 3B-caffeoyloxy-lup- -10.55 OH Gly241,
20(29) -en-6a-ol (1) Asn319
Oleanane  3B-O-(E)-3,5- -10.51 OH Ser213
dihydroxycinnamoyl-
olean-12-en-11-one (2)
Standards Heptelidic acid -6.47 O- Gly215,
drugs Arg237,
Asn185
lodoacetate -3.98 O- Arg237,
Asn185
Pentalenolactone -6.87 O- Cys153,
Arg237,
Asn185

Chemistry
3.1 Extraction, isolation and characterization

Plant material

The stem bark and leaves of Baillonella toxisperma was harvested in B6t-Makak, in the Centre Region of
Cameroon in May 2021 and authentication done at the National Herbarium in Yaounde, Cameroon by Mr
Nana Victor (Botanist at National Herbarium in Yaounde, Cameroon) where a voucher specimen (14592
SRF/Cam) has been deposited.

Extraction and isolation of triterpenoids

7 kg of Baillonella toxisperma stem bark was air-dried, powdered and extracted using a sonicator at room
temperature in methylene chloride-methanol (5 x 5 L) for 3 days. Filtration and concentration in a rotary
evaporator afforded an oily reddish-brown extract (330 g). The crude extract (300 g) was fixed on silica
gel (300 g) and subjected to flash chromatography on silica gel (200 g) eluting with n-hexane,
Hex/CH,CI, (1:1), CH,Cl,/AcOEt (1:1), CH,Cl,/MeOH (1:1) and MeOH respectively to provide five main
fractions. Fraction 1 (15 g, obtained with pure hexane) was subjected to further separation by column
chromatography on silica gel (75 g), with a step-wise gradient of gradients of EtOAc in hexane as mobile
phase, to yield 25 mg of olean-12-en-3B-hexadecanoate (3) (Chaudhuri and Chawla 1987) and 40 mg of
3-B-trans cinnamoyloxylup-20(29)-ene (4) (Anjaneyulu and Ravi 1989) after recrystallisation in Hexane.
Fraction 2 (14.8 g obtained with Hex/CH,Cl, [1:1]) was fixed and chromatographed on a silica gel column

eluted with increasing polarities of EtOAc and hexane to yield 5 mg of compound 3-3-trans
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cinnamoyloxylup-20(29)-ene (4) and 5 mg of oleanoic acid benzoate (5). Fraction 3 (55 g obtained with
CH,Cl,/AcOEt [1:1]) was subjected to silica gel column chromatography and eluted with increasing

polarities of EtOAc and hexane to yield 5 mg of 3B-amyrin (6) (Bahuguna and Jangwan 1987), 6 mg of
taraxerol (7) (Ogihara and al. 1987), 25 mg of betulonic acid (8) (Patra et al. 1988), 50 mg of B-sitosterol
(9) (Chaturvedula and Prakash 2012), 50 mg of betulinic acid (10) (Mbah et al. 2011), 25 mg of 3B-(trans-
p-Coumaroyl)oxylup-20(29)-en-28-oic acid (11) (Mbah et al. 2011). Fraction 4 (12.9 g obtained with
CH,Cl,/MeOH [1:1]) was fixed and chromatographed on a silica gel column eluted with varying

proportions of EtOAc and hexane to yield 25 mg of compound 10 and 5 mg of compound 11 (Fig. 1).

Betuline (12) (Patra et al. 1988) with similar lupane scaffold and oleanolic acid (13) (Shao et al. 1989)
previously isolated in our laboratory from Alstonia scholaris were also evaluated for structure activity
relation (SAR) studies (Fig. 1).

2.2 Chemical transformations

To discover derivatives with structure-diversities, we introduced the privilege medicinal structure with a-8
unsaturated carbonyl functions to our lupane scaffold, which led to the discovery of new lupane
derivatives that possesses favorable anti-malarial efficacies against P, falciparum 3D7 strains.

The derivatives 14-19 were all obtained as white solids from silica gel column chromatographic
purification by gradient elution using hexane/ethyl acetate. Their molecular formula were determined by

LC-MS (APCI).

Their "TH NMR spectrum (500 MHz, CDCl; or DMSO-dg) exhibited signals indicative of aldehyde protons at
& =9.50 (1H, s) and two terminal olefin protons at 6 = 5.95 (1H, d) and §,, = 6.30 (1H, d) and the
disappearance of methyl-30 at §,; = 1.59 (3H, s).

Their 13C NMR spectrum (125 MHz, CDCl; or DMSO-d,) exhibited signals for a carbonyl atom at & =
196.0 (CHO) and the disappearance of methyl carbon at 6. = 18.2 (CH5-30).

However, the appearance of a, B-unsaturated olefin peaks were not observed on the '3C NMR spectrum.
The presence of these peaks at . = 134.6 and 6, = 156.8 were made evidence thanks to their HSQC and

HMBC spectra.

The disappearance of these peaks during '3C NMR measurements maybe due to the inability of these
bonds come into resonance due to the anisotropic effect of the carbonyl function.

The structures of the synthesized compounds were confirmed from the interpretation of their 1D and 2D
NMR spectral data (Table 3).

Biological Activity
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The isolated compounds and the new lupane derivatives 14, 15, 16, 17, 18 and 19 were evaluated against
P, falciparum. Their percent growth inhibitions at 10 pM and half maximal inhibitory concentrations are
reported in Table 3. The results indicated that the SeO, derivatives were more potent than their initial
derivatives with compound 14 being the most active with an IC5y of 0.703 pM.

Table 4: Antiplasmodial activity results with more active compounds in red

Compounds | % growth inhibition | IC5y Pf3D7 (pM)
3 11.92 NA
4 7.99 NA
5 NA NA
6 0.00 NA
7 19.39 NA
8 100.00 3.88
9 53.50 NA
10 40.14 NA
11 100.00 1.38
12 0.00 NA
13 14.47 NA
14 99.45 0.703
15 98.38 2.15
16 100 1.28
17 79.8 010
18 98.28 3.79
19 15.4 NA

ART NA 12.9

NA= not active

Conclusion

In summary, to develop potent anti-malaria agents based on lupane skeleton with better metabolic
stabilities, we have designed, isolated, synthesized a series of lupane derivatives and evaluated their anti-
malaria efficacies against Plasmodium falciparum 3D7 strains. The carbonyl group or 4-hydroxy
cinamate group at position 3 of the lupane structure may greatly have an influence in the biological
activities. The derived compounds with a-B unsaturated carbonyl motive show favorable antiplasmodial
activities. In particular, compound 8 with % growth inhibition and ICs, values of 100 and 3.88 pM when
transformed to compound 14 showed % growth inhibition and ICs, values of 100 and 0.703 M
respectively. Compound 11 also with % growth inhibition and ICs values of 100 and 1.38 pM when
transformed to compound 16 showed % growth inhibition and ICs, values of 100 and 1.28 pM
respectively. Smaller concentrations of the derived compounds with a8 unsaturated carbonyl motive are
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needed to produce 100 % growth inhibition. These compounds will further be studied for subsequent
mode of action study.

Experimental

General experimental procedures

Melting points were performed on a Blichi SMP-20 melting point apparatus. The NMR spectra in
chloroform-d and methanol-d, were obtained using Brucker BioSpin GmbH instruments, operating at 400

MHz for "TH NMR and 100 MHz for '3C NMR. Chemical shifts are given in 6 (ppm) using tetramethylsilane
(TMS) as internal standard. EI-MS was obtained with JEOL JMS-600H mass spectrometer. The extraction
of the plant material was done using a digital ultrasonic cleaner LMUC series of mark LABMAN (serial
number L1328). Flash chromatography was performed on SCHOTT Buchner (Duran, West Germany) with
a porosity of 4. Analytical thin-layer chromatography (TLC) was performed on precoated silica gel plates
(Merck 60F,5,4; 20x20, 0.25 mm). Column chromatography was performed on silica gel (70-230 mesh;
Merck). Chromatograms were visualized by spraying with a solution of 10 % H,S0,, iodine vapor or under
ultraviolet light of wavelengths 254 and 366 nm.

Molecular docking studies
Preparation of Ligand

4000 compounds were selected from the CANAPL database and distributed in 39 classes namely Alkane,
Alcohol, Alkaloid, Amide, Anthranol, Enthrone, Aromatic compounds, Benzophenone, Carotenoids,
Ceramide, Cerebroside, Chromone, Coumarin, Cyanogenic glycoside, Cyclitol (polyol), Depsidone,
Endiandric acid, Fatty acid, Flavonoid, lonone, Iridoid, Labdane, Lactone, Lignane, Limonoid,
Monoterpene, Peptide cyclic, Pterocarpans, Pyrone, Quinone, Sesquiterpene lactone, Saponins,
Sesquiterpenoid, Sphingolipid, Steroid, Stilbenes, Sugar, Tannin, Terpenoids and Xanthone. The 3D
structures of the phytoconstituents were retrieved from our chemical database and saved in .pdb format
using Chem3D 15.0. The ligands were imported to the workspace and preparation was done for docking
studies. The docking results of different constituents were compared against the reference drugs
(heptelidic acid, iodoacetate and pentalenolactone) (Cane and Sohng 1989; Karja et al. 2009) obtained

from the drug bank in chemdraw ("cdx) format.
Preparation of Enzyme

The target for docking studies selected was Glyceraldehyde 3-phosphate dehydrogenase. Docking
analysis was done by initially selecting the target for the disease and followed by obtaining the 3D
structure of Glyceraldehyde 3-phosphate dehydrogenase (1ywg) (Satchell et al. 2005) from protein data
bank (http:\\www.rcsb.org) in .pdb format.
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The AutoDockTools (Morris et al. 2009) (ADT) was used to prepare the ligand and receptor
structures, add appropriate Gasteiger and Kollman charges, identify and modify ligand rotatable bonds
(Sanner 1999). The potential binding sites of target were calculated using the Lamarckian GA (4.2)
algorithm implemented in Autodock4 (Morris et al. 1998). The population size, maximum number of
evaluation (medium) and maximum number of generations were set at 150, 27 000 and 2 500 000
respectively (Bahadoria et al. 2016). The search space of the simulation exploited in the docking studies
was studied as a subset region of 0.375A around the active site (Robien et al. 2006). The water molecules
were removed from the enzyme to decrease interactions between functional group of ligands and water
molecules.

Parameters for docking functions

At this time, more than 30 molecular docking programs are available (Missier et al. 2010). The commonly
used are AutoDock (Dhanick et al. 2012), GOLD, FlexX, DOCK and ICM. According to Sousa et al,, (Sousa
et al. 2006) we performed in-silico docking analysis by using Autodock4.0 (Lindstrom et al. 2008). This
software uses two programs:

AutoGrid program calculates the interactions cards of grid in order to maximize evaluation step of
different configurations of ligands. A grid surrounds the receptor protein and the ligand is placed at each
intersection. The energy of interaction of this molecule with the protein is calculated and assigned to the
location of the probe atom on the grid. An affinity grid is calculated for each type of ligand atom. The
energy calculation time using the grids is proportional to the number of atoms of the ligand but it's
independent of the number of atoms in the enzyme.

AutoDock program performs the research and evaluation of the different ligand configurations. It is
possible to use several techniques to obtain the configurations (by simulated annealing, genetic
algorithm or by Lamarckian genetic algorithm).

A grid-based method was used to enhance the quick evaluation of the binding energy of conformations
of the complexes formed. The grid boxes were centered using coordinates of a virtual center of mass
atom for the enzymes (Forlemu et al. 2017). A grid box had dimensions of 44 A x 44 A x 58 A respectively
in x, y and z dimension according to amino acids which formed active site (Cys153 - His180). The affinity
of the docked complexes was described using dissociation constants (K, (Equation (1)), binding energy
based on the semi empirical force field expression as described in Equation (2) (Huey et al. 2006) and H-
Bond interactions.
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K= Exp(-AG/RT) (1)
Where K; (dissociation constant, and ; indicates it is also an inhibition constant)
"':"Gbi'nd = ﬂGud‘w + ﬁthond + "'I-"Gelect + ":"'Gto:-' + ﬁ{;desawa {2)

AGpinag Free Energy of Binding
AGyan Van der Waals potential
AGppona  Hydrogen bonding potential
AG.iect Electrostatic Potential
AGyoy Torsional energy

AGgesova Free Energy of desolvation

Synthesis

Procedure for the oxidation of some triterpenoids with selenium oxide SeO,

To a dry DCM or Dioxane solution of the olefin in a 100 mL conical flask, SeO, was added (1.5 eq) at
room temperature. The reaction mixture was refluxed while stirring for 1-3 h. After partial evaporation of
the solvent to reduce the volume of the mixture, the residue was fixed to silica gel and submitted to
column chromatography using Hex/AcOEt in various proportions.

Betulonic acid acrylaldehyde 14: white solid (CH,Cl,); (Hex/AcOEt 18%); mp 182°C; "H NMR (CDCls, 500
MHz): 6 = 9.50 (1H, s, H-30), 6 = 6.30 and 5.94 (each 1H, br s, H-29), 1.27 and 1.09 (each 3H, 2XCHy),
1.01-0.99 (6H, s), 0.95 (3H, s, CH3); "3C NMR (CDClg, 125 MHz): 6 = 218.1 (C, C-3), 6 = 198.2 (C, C-30),
180.9 (C, C-28), 147.3 (C, C-20), 105.8 (CH,, C-29).

Betuline acrylaldehyde 15: white solid (CH,Cl,/MeOH); (Hex/AcOEt 27%); mp 258 °C; "H NMR (CDCl,, 500
MHz): 6 = 9.51 (1H, s, H-30), 6 = 6.31 and 5.93 (each 1H, br s, H-29), 1.27 and 1.09 (each 3H, 2XCHy),
1.01-0.99 (6H, s), 0.95 (3H, s, CH3); "3C NMR (CDCl3, 125 MHz): 6 = 198.4 (C, C-30), 180.9 (C, C-28), 148.3
(C, C-20), 105.8 (CH,, C-29), & = 79.01 (C, C-3).

3B-(trans-p-Coumaroyl)oxylup-20(29)-en-28-oic acid acrylaldehyde 16: white solid (CH,Cl,/MeQOH);
(Hex/AcOEt 28.5%); mp 300 °C; "H NMR (CDCls, 500 MHz): & = 9.53 (1H, s, H-30), 6 = 7.48 (1H, d, J = 15.0
Hz, H-3), 7.31 (2H, d, J = 5.0 Hz, H-3", H5"), 6.72 (2H, d, J = 5.0 Hz, H-2", H-6"), 6.15 (1H, d, J = 15.0 Hz, H-
2"), 6.47 and 6.10 (each 1H, br s, H-29), 4.43 (1H, m, H-3a), 0.98, 0.94, 0.90, 0.88 and 0.87 (each 3H, s, H-
23, H-24, H-25, H-26 and H-27 respectively).

30-hydroxy betulinic acid 17: white solid (CH,Cl,/MeOH); (Hex/AcOEt 21%); mp 250 °C; "H NMR (CDClj,
500 MHz): 6 = 4.14 (1H, dd, H-3), 3.20-2.80 (2H, dd, H-30), 0.88 (3H, d, J = 10Hz, H-29), 0.87, 0.86 and 0.85
(each 3H, s, 3xCHj), 0.73 (3H, s, CH3), 0.65 (3H, s, CHs); 13C NMR (CDCl,, 125 MHz): 6 = 179.1 (C, C-28),
78.8 (CH, C-3), 60.4 (CH,, C-30).
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Betulinic acid acrylaldehyde 18: white solid (CH,Cl,/MeOH); (Hex/AcOEt 23%); mp 284 °C; "H NMR
(CDClg, 500 MHz): 6 = 9.55 (1H, s, H-30), & = 6.31 and 5.94 (each 1H, br s, H-29), 3.20 (1H, m, H-3), 1.27
and 1.09 (each 3H, 2XCH,), 1.01-0.99 (6H, s), 0.95 (3H, s, CH5); 3C NMR (CDCl;, 125 MHz): 6 = 194.9 (C,
C-30), 180.9 (C, C-28), 147.3 (C, C-20), 105.8 (CH,, C-29), 6 = 78.9 (C, C-3).

(3B-trans cinnamoyloxylup-20(29)-ene) acrylaldehyde 19: white solid (CH,Cl,/MeOH); (Hex/AcOEt 6%);
mp °C; "H NMR (CDCl,, 500 MHz): & = 9.54 (1H, s, H-30), 6 = 7.68 (1H, d, J = 15.0 Hz, H-3"), 7.54-7.40 (5H,
m, H-2",H-3", H-4", H5", H-6"), 6.46 (1H, d, J = 15.0 Hz, H-2"), 6.32-5.95 (each 1H, br s, H-29), 4.63 (1H, m, H-
3a), 0.96, 1.05,0.91, 0.89, 0.85, 0.94 (each 3H, s, H-23, H-24, H-25, H-26, H-27 and H-28 respectively).

Biological activity
Plasmodium falciparum culture and growth inhibition assay

Plasmodium falciparum 3D7 (chloroquine-sensitive) strain was obtained from the Biodefense and
Emerging Infections (BEI) Research Resources (Manassas, VA) and maintained using a modified Trager
and Jensen method. Briefly, parasites were cultured in fresh O+ human red blood cells at 3% (v/v)
hematocrit in RPMI 1640 culture media containing glutamax and NaHCO3 (Gibco, UK), supplemented
with 25 mM HEPES (Gibco, UK), 1X hypoxanthine (Gibco, USA), 20 ug/mL gentamicin (Gibco, China), and
0.5% Albumax Il (Gibco, USA). When needed, parasites were synchronized at the ring stage by sorbitol
treatment and cultured through one cycle before treatment.

Stock compound solutions were diluted in incomplete RPMI 1640 and mixed with parasite cultures (1%
parasitemia and 1.5% hematocrit) in 96-well plates to a final drug concentration of 10 pM for hit
identification studies, or 10 — 0.078 uM for activity confirmation assays. The final dimethyl sulfoxide
(DMSO0) concentration per 100 yL culture per well was 0.1%. Artemisinin at 1 uM was used as negative
growth control, while the solvent treated culture (0.1% DMSO) was used as positive growth control.
Following 72 h incubation at 37 °C, parasite growth was assessed by a SYBR green I-based DNA
quantification assay. In brief, a 3X concentrated SYBR Green lysis buffer was added to each plate well
containing parasitized erythrocytes and kept in the dark for about 30 minutes. Fluorescence was
measured using a Fluoroskan Ascent multi-well plate reader with excitation and emission wavelengths at
485 and 538 nm, respectively. Mean half-maximal inhibitory concentrations (ICs, values) were derived by
plotting percent growth against log drug concentration and fitting the response data to a variable slope
sigmoidal curve function using GraphPad Prism v8.0.
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Figure 1

Structures of compounds isolated from Baillonella toxisperma (Pierre) including compounds 12 and 13
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