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Abstract

The intrinsic fluorescence properties of two related pyrido[1,2-a]benzimidazole antimalarial 

compounds suitable for cellular imaging of the human malaria parasite Plasmodium falciparum 
without the need to attach extrinsic fluorophores are described. Although these compounds are 

structurally related, they have been shown by confocal microscopy to not only accumulate 

selectively within P. falciparum but to also accumulate differently in the organelles investigated. 

Localization to the digestive vacuole and nearby neutral lipids were observed for compound 2 
which was shown to inhibit hemozoin formation using a cellular fractionation assay indicating 

that, this is a contributing mechanism of action. By contrast, compound 1, which differs from 

compound 2 by the replacement of the imidazole[l,2-a:4,5-b’]dipyridine core with the 

benzimidazole core as well as the presence of Cl substituents, shows very different localisation 

patterns and shows no evidence of hemozoin inhibition, suggesting a different mechanism of 

antimalarial action. Docking profiles of both compounds on the hemozoin surface further provided 

insight into their mechanisms of action.
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Intrinsic fluorescence properties, docking and a hemozoin inhibition assay were employed to study 

the mechanism of action of two structurally related pyrido-[1,2-a]benzimidazole derivatives.

Introduction

Malaria remains a major cause of morbidity and mortality globally. According to the 2019 

World Health Organisation report, an estimated 228 million cases of malaria occurred 

worldwide, with the most affected being pregnant women and children under five years in 

Africa.1 Efforts to reduce transmission of the disease (such as the use of insecticide-treated 

bed nets) and the success of artemisinin-based combination therapies have helped reduce the 

incidence rate of malaria from 71 to 57 cases per 100 population at risk between 2010 to 

2017.1 However, progress in combating the disease has recently stalled as a result of the 

emergence of the human malaria parasite Plasmodium falciparum resistance to available 

treatments. Consequently, there is an urgent need to fuel the antimalarial drug discovery 

pipeline with safe and efficacious drugs with novel modes of action and activity across 

multiple stages of the parasite’s life cycle.

Earlier, we identified pyrido[1,2-a]benzimidazole (PBI) compounds as a novel class of 

antimalarial agents.2, 3 Two representatives of this class of potent antimalarials, compounds 

1 and 2 are depicted in Figure 1. Compound 1 showed good in vitro activity against P. 
falciparum sensitive (NF54) and multidrug resistant strains (K1) with IC50 values in the low 

nanomolar range.3 It also showed significant activity against late-stage gametocytes 

indicating the potential of this compound as a dual-acting antimalarial. Although compound 

2 did not show activity in the nanomolar range, it showed moderate activity against both the 

sensitive and resistant strains of the parasite.3 Despite the fact that these compounds induced 

the desired phenotypic response (antiplasmodium activity) against the parasite, little is 

known about their mechanism of action (MoA) although inhibition of hemozoin formation 

was previously suggested as a contributing MoA for some related derivatives.3 While the 

phenotypic whole-cell screening approach to drug discovery has been relatively successful 

in delivering first-in-class drugs over the last decade4, it is burdened with challenges in the 

mechanistic deconvolution of hits and/or leads. However, the emergence of a variety of 

approaches and new technologies in chemical proteomics, genomics and fluorescent drug 
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localization studies have aided in the identification and validation of relevant targets of 

phenotypic leads and understanding their MoA.5-8 The primary goal of chemical proteomics 

is to identify protein binding partners of bioactive compounds that serve as viable and 

druggable targets in drug discovery and development. This approach utilises integrated 

knowledge in chemistry, biology, structural biology, biochemistry and bioinformatics to 

obtain information about the binding site of bioactive molecules and to provide suitable 

starting points for the development of drug screening systems based on the structure of 

target proteins.9, 10 On the other hand, the genomics approach to target identification utilises 

the vast information obtained from the completion of the human genome sequencing 

project11 and the genome sequencing of different organisms, to understand complex 

biological systems of human diseases and to help identify and validate new targets.12, 13 one 

of the useful techniques in genomics, tailored to understanding the mechanism of resistance 

(MoR) and the MoA of small molecules is resistance selection studies. In case of 

Plasmodium falciparum, resistant mutants of the parasite are raised by their continuous 

exposure to large concentrations of the drug. Whole-genome sequencing then reveals genes 

that are mutated and by so doing provide insight into their MoR and also their MoA.14, 15 

While these approaches have contributed successfully to studying the MoA of small 

molecules through target identification, fluorescent live-cell imaging tools over the years 

have provided unique insights into the effects of small molecules on many dynamic 

processes that occur in Plasmodium falciparum. This it does in intact cells under conditions 

that cause minimum disruptions to the parasite’s life processes. The major advantage of live-

cell fluorescence imaging is its ability to differentiate between spatial signals from the 

parasite and those from the surrounding infected red blood cells such that, even subcellular 

organelles, including the nucleus and the parasite’s acidic digestive vacuole can be 

illuminated.16

In this study, we sought to utilise drug localization studies towards gaining insight into the 

MoA (s) of antimalarial PBIs exemplified by compounds 1 and 2. These compounds, which 

differ in substitutions on the left-hand side aromatic ring (Figure 1, Ring A), where the 

benzimidazole core in compound 1 in the presence of two Cl substituents is replaced by an 

imidazo[1,2-a:4,5-b’]dipyridine core in compound 2. These compounds were rationally 

selected from the series of compounds synthesized to date as they represent unique structural 

features and substitution patterns to facilitate probing the possibility of a mechanistic switch. 

As a starting point towards understanding the MoA of this class of compounds, we initially 

sought to employ drug localization studies to investigate the subcellular accumulation of the 

target compounds in P. falciparum. We hypothesized that a systematic investigation of their 

subcellular localization within the parasite would provide insight into the compounds’ MoA. 

Fluorescence is generally observed in highly conjugated polycyclic aromatic compounds 

that are capable of undergoing electronic transitions. This results in the intrinsic fluorescent 

properties of compounds. In the absence of this property, extrinsic fluorescent dyes are 

attached to the compounds to allow for their fluorescent imaging. While most fluorescent 

imaging protocols have required the derivatization of the target compounds by attaching 

extrinsic fluorophores,17, 18 there have been growing concerns that the presence of these 

extrinsic fluorophores may change the MoA of the compounds under study and hence 

interfere with their subcellular accumulation in the parasite even when they retain 
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antiplasmodium activity. Also, attaching external fluorophores requires the need for 

structure activity relationship studies to ascertain the most appropriate site for attachment 

and results in the need for additional synthetic steps. Most fluorophores are either too 

expensive, too big or generally not suitable for the molecule under study, making it a 

daunting task to find the appropriate fluorophore suitable for each molecule. Thus the 

intrinsic fluorescent properties of the study compounds are advantageous in circumventing 

these drawbacks.

We describe, for the first time, the intrinsic fluorescent properties of compounds 1 and 2 
suitable for the live-cellular imaging of P. falciparum. We observed using confocal 

microscopy intense localization of these compounds without causing any significant 

photodamage to the cells. We further performed docking experiments and a cellular heme 

fractionation assay to support our findings from the fluorescent localization studies.

Experimental Procedures

Reagents

Unless otherwise stated, all compounds were purchased from Sigma-Aldrich or Combi-

Blocks and used without further purification. Solvents were generally purchased from 

Science World. Bovine hemin (Fe(III)PPIX-Cl) was obtained from Fluka. NP-40 was 

obtained from Pierce Biotechnology (Rockford, IL, USA). Deionized and purified water 

(dH2O) was provided by a Millipore Direct-Q3 water purification system. DRAQ 5, 

LysoTracker Red, ER-Tracker Red, and MitoTracker Deep Red were obtained from 

Molecular Probes (Oregon, USA) and later Thermo Fisher Scientific. Nile Red was 

purchased from Sigma-Aldrich. Absorption spectra were recorded on a Shimadzu UV-1800 

spectrophotometer and were baseline-corrected while fluorescence spectra were measured 

using a Varian Cary Eclipse spectrofluorometer. Assay plates were read using a SpectraMax 

340 PC 384 Absorbance Microplate Reader (Molecular Devices).

Fluorescence profiling of target compounds.

The fluorescence profile for both compounds was obtained using the Varian Cary Eclipse 

spectrofluorimeter in four different solvents, dichloromethane (DCM), dimethyl sulfoxide 

(DMSO), methanol and water. 5 μM solutions of both compounds were prepared, and their 

ultraviolet-visible profile obtained at 25 °C from which the absorption maxima and the 

molar extinction coefficients were obtained. The absorption maxima of each compound was 

used as a suitable wavelength for the excitation of the compounds, (Excitation at 420 nm) 

from which an emission profile was obtained. The effect of pH on the fluorescence intensity 

and wavelength of both compounds was assessed in 20 mM HEPES buffer at Ph 2.5 - 8.5.

Fluorescent Live-cell Imaging.

Nunc Lab-Tek II 8-well chamber slide (Thermo Fisher Scientific ) with no.1.5 cover glass 

was coated with a 150 μL poly-L-lysine solution for 10 mins after which, the excess solution 

was removed, and the chamber slide was air-dried. Human erythrocytes infected with P. 
falciparum chloroquine-sensitive strain (NF54) were cultured, according to Trager and 

Jensen.19 5 μL of the harvested parasitized erythrocyte pellets were resuspended in 5mL 
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Ringer’s solution (pH 7.5). 100 μL aliquot of the suspended cells were placed in each well 

of the chamber slide and incubated for 30 mins to allow cells to adhere to the glass chamber. 

Excess Ringer’s solution was removed alongside all non-adhering parasitized red blood 

cells. The cells were washed twice with Ringer’s solution after which a new solution 

containing the appropriate concentration of drugs and organelle markers was added. 

Confocal microscopy was performed using a Zeiss laserscanning microscope (LSM880) 

with an Airyscan detector. Plan- Apochromat 63x/1.40 Oil DIC M27 objective lens was used 

to keep laser transmission as low as possible to prevent phototoxicity to the cells. Images 

were captured and processed using Zeiss ZEN software (Carl Zeiss Microscopy GmbH).

Parasite cellular heme speciation assay.

Ring stage PfNF54 parasites (5% parasitemia and 2% hematocrit) were synchronized and 

incubated with varying concentrations of compounds 1 and 2 as well as no compound, as a 

control, for 36h, after which the mature trophozoites were isolated by saponin lysis. The 

isolated trophozoites were resuspended in 100 μL phosphate-buffered saline (PBS) and 

accurately transferred to a round-bottomed, 96-well 0.5mL plate (Axygen Scientific) 

referred to as the “stock plate”. A “counting plate” was prepared by adding 10 μL of the 

resuspended trophozoites to a fluorescence-activated cell sorting (FACS) diluent (PBS pH 

7.5 containing 0.125 % (v/v) glutaraldehyde and 0.5 % (v/v) DNase) to a final volume of 

200 μL and refrigerated at 4 °C. Cell counts were analysed using flow cytometry on a 

Becton Dickinson (BD) AccuriTM C6 Plus using SSC/FL1530nm with BD AccuriTM C6 

Plus software. In a flat-bottomed, 96-well plate samples were prepared by diluting 20 μL of 

the solution from the counting plate with 160 μL of 1 x SYBR Green I in PBS. To this, 20 

μL of TrucountTM beads (BD) were added such that a fixed amount of beads were 

contained in a final volume of 200 μL. The plate was then incubated in the dark at 37 °C for 

30 minutes and mixed well prior to reading on the flow cytometer. Typically, between 10 

000 total events were counted for each sample. The concentration of cells in the wells were 

calculated according to the equation:

CF = (T ∕ B) × CB

Where:

CF = concentration of cells per mL

T = number of trophozoites gated

B = number of TrucountTM beads gated

CB = concentration of fluorescent beads in each well per mL (calibrated bead count 

according to supplier stipulation)

The data acquired was analysed using FlowJo Software (V10).

The stock plate was stored at −20 °C. To determine the amount of hemoglobin, heme and 

hemozoin a series of cellular fractionation steps were involved. The samples in the stock 
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plate were thawed to promote cell membrane lysis; to this, 100 μL of water was added, and 

the samples were sonicated for 5 mins. A solution of HEPES buffer (50 μL, 0.02 M, pH 7.5) 

was added and the sample centrifuged at 3600 rpm for 20 mins. The supernatant of the 

solution was collected and transferred to an adjacent set of wells on the same plate. To the 

supernatant, 50 μL of 4% SDS was added, sonicated for 5 min and incubated at room 

temperature for 30 minutes. Finally, to the supernatant, 50 μL of 0.3 M NaCl and 25% 

pyridine (v/v) in 0.2 M HEPES pH 7.5 were added and 200 μL of this transferred to a flat-

bottomed, 96-well plate termed the “reading plate”. To the pellet remaining, 50 μL water, 50 

μL 4 % SDS were added and resuspended well. The plate was then sonicated for 5 min and 

incubated at room temperature for 30 min to allow the free haem to be solubilised. 

Thereafter were added 50 μL 0.2 M HEPES pH 7.5, 50 μL 0.3M NaCl and 25 % pyridine 

and the plate was centrifuged at 3600 rpm for 20 min. The supernatant was transferred to an 

adjacent set of well on the same plate and diluted to 400 μL with water. Of this solution, 200 

μL was transferred to the reading plate. The remaining pellet was treated with 50 μL of 

water and 0.3 M NaOH and sonicated for 15 minutes to solubilise the hemozoin. The plate 

was then incubated for 20 minutes at room temperature. Finally, 50 μL of 0.2 M HEPES 

buffer, 50 μL of 0.3 M HCl and 50 μL 25% pyridine solution were added, and the 

supernatant was diluted with water to a final volume of 400 μL. Of this, 200 μL was 

transferred to the reading plate. The UV-visible spectra of these fractions were recorded 

between 400 nm and 415 nm on a multi-well plate reader (Spectramax 340PC, Molecular 

Devices). Percentages of the three fractions; hemoglobin, heme and hemozoin fractions, 

were determined from the absorbance values. The total heme in each of these samples was 

quantified using a standard curve. GraphPad Prism (v5) was used to analyse the final data set 

and perform the significance tests.

Docking studies.

Compounds 1 and 2 were docked against the β-haematin surface using the previously 

published 3D crystal structure.20 The Fe-O bonds were treated as zero-order bonds to 

constrain the input geometry. The receptor grid encompassed the (100) and (001) faces of 

the crystal. The protonation states of both the crystal and the ligands were generated at pH 

4.8 ± 0.5 using Epik. The ligands were minimized using Schrodinger’s OPLS3e force field. 

The output conformers were docked using Grid-based ligand docking with energetics (Glide 

extra precision). Epik state penalties were added to the docking score and intramolecular 

hydrogen bonds were rewarded. Planarity of conjugated π groups was also enhanced.

Results and Discussion

Fluorescence profiling of compounds 1 and 2 showed that both compounds possessed 

similar photophysical properties. Their absorption maxima were observed at 420 nm and 

fluorescence emission following excitation at this wavelength was observed at 480 nm. We 

attribute these fluorescent properties of the compounds to the extended conjugation ensuring 

a continuous delocalization of electrons from the benzimidazole core to the trifluoromethyl 

phenyl substituent. These compounds exhibited small solvatochromic shifts from 480-500 

nm in their fluorescent emission over four solvents. The most intense fluorescence emission 

was observed in non-polar environments while intensity in aqueous solutions was relatively 
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weaker. This is advantageous in detecting both neutral and phospholipid bilayers. At the 

same time, the moderate fluorescence intensity of these compounds in aqueous media 

implies that, should they accumulate in the digestive vacuole, their fluorescence signals 

would not overwhelm the detection of signals from other secondary sites of accumulation. 

Also, the fluorescence intensity of both compounds was significantly affected by the 

changes in pH. Fluorescence intensity was highest at pH 4.5 (Figure 2) where the 

compounds are fully protonated, and this also represents the biologically relevant pH in the 

digestive vacuole of Plasmodium falciparum.

During the intraerythrocytic stage of the parasite’s life cycle, it degrades nearly all its host 

cell’s hemoglobin to obtain nutrients. This catabolic process occurs in the acidic, oxygen-

rich, lysosome-like digestive vacuole (DV).21, 22 As a consequence of this process, large 

quantities of heme are released into the DV as a by-product. Due to the toxicity of heme to 

the survival of the parasite, it quickly sequesters the released heme by converting it into an 

insoluble and relatively unreactive microcrystalline dimer known as hemozoin.20, 23, 24 The 

heme detoxification pathway is a unique target for antimalarial chemotherapy, as 

demonstrated by the 4-aminoquinolines.25 This pathway is specific to the Plasmodium 

parasite and resistance to scaffolds known to target this pathway did not arise from the 

changes in the heme detoxification pathway but rather mutations in the DV membrane 

transporter, Plasmodium falciparum chloroquine resistance transporter (PfCRT).26 Also, 

studies have shown that several chloroquine analogues remain potent against chloroquine-

resistant strains of the parasite, while still targeting this pathway.27-29 For these reasons, the 

heme detoxification pathway is still regarded as a viable target for antimalarial drug 

discovery. Chloroquine has been the most successful antimalarial to target this pathway.30 It 

is a neutral, weak base that distributes evenly in the cytoplasm of the parasite. However, in 

acidic medium, the compound’s basic side chain is protonated, leading to its accumulation in 

the DV through a process known as ion trapping.31 Also, intermolecular interactions permit 

chloroquine to bind to heme and interfere with its biocrystallization to hemozoin. This 

causes heme to build up to levels that lead to the parasite’s death. Solution state proton NMR 

has earlier revealed the prominent π–π interaction between Fe(III)PPIX and chloroquine.32 

However, de Villiers et al. were the first to provide an example of a crystal structure of 

Fe(III)PPIX with an antimalarial, halofantrine, that inhibits the formation of hemozoin.33 

They were able to show that just like chloroquine, most aryl methanol compounds inhibiting 

the formation of hemozoin possess hydrophobic aromatic rings which interact with the 

porphyrin ring of heme through π–π-stacking. They also showed evidence of hydrogen 

bonding between the propionate group of Fe(III)PPIX and the protonated nitrogen of the 

compounds studied as well as coordination of the deprotonated hydroxyl groups to the iron 

(III) centre of the heme monomer33-35 Chloroquine, on the other hand appears to interact by 

π stacking and hydrogen bonding.36 Previous studies have also shown that, chloroquine and 

other quinoline-type antimalarials inhibit the nucleation and growth of β-hematin crystals by 

adsorbing onto their 001 surface through a porphyrin acid to quinoline amine salt bridge and 

through the intercalation of the quinoline rings between the aromatic groups of β-hematin.
37-39 Consequently, we hypothesized that both compounds 1 and 2 could be acting through 

this pathway since both compounds possess hydrophobic aromatic groups, a basic side chain 

with protonatable nitrogen in acidic medium (Figure 3).
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To further investigate this hypothesis, we employed docking to predict whether either or 

both compounds are likely β-hematin inhibitors. Compounds were docked against the β-

hematin surface using the 3D crystal structure previously published by Pagola et al20 

( Figure 4 and 5). We observed intermolecular interactions between compound β and the 

crystal surface of β-hematin. The benzo[4,5]imidazo[1,2-a]pyridine group of this compound 

interacts through π–π stacking with the porphyrin ring of β-hematin. Its basic amino side 

chain also forms a hydrogen bond with the propionate group of β-hematin when protonated 

at pH 4.5, suggesting it as a possible inhibitor of β-hematin (Figure 4). A similar docking 

pose was observed for compound 2; however, the presence of the pyridine ring in this 

compound accords it a second site for protonation in acidic media. The pyridine ring present 

in compound 2 differentiates it from compound 1. At pH 4.5, both the secondary amine on 

the side chain and the basic nitrogen in the pyridine ring are protonated, allowing for 

diprotonation in compound 2 (Figure 5B). This phenomenon also occurs in chloroquine, and 

allows for diprotonation in this compound as well.40 However in compound 2, the π–π-

stacking interaction between the porphyrin ring of β-hematin and the heteroaromatic ring of 

the compound is lost due to changes in the orientation of the compound at the active site in 

the diprotonated state (Figure 5B). The two compounds were tested in the in vitro cell-free 

β-hematin inhibitions assay (BHIA) according to Lu et al41 with both compounds exhibiting 

good β-hematin inhibiting activity represented by values comparable to that of chloroquine.3 

This further suggests β-hematin inhibition as a plausible MoA for the compounds.

Although docking studies and the BHIA assay provided some insight into the possible MoA 

of these compounds, these experiments are cell-free and designed to only predict and mimic 

conditions in the Plasmodium parasite. Hence, we subjected both compounds to live-cell 

confocal microscopy in P. falciparum-infected erythrocytes to shed more light on the 

accumulation of the compounds in vitro using their intrinsic fluorescence properties. Initial 

fluorescence confocal microscopy of P. falciparum-infected erythrocytes revealed that the 

compounds selectively accumulate within erythrocytes infected with P. falciparum. 
Meanwhile, no fluorescent signal was observed for unparasitized red blood cells (Figure 6). 

This reiterates the specificity of both compounds to the Plasmodium parasite. It is to be 

noted that only trophozoites and schizonts were studied. This is because, the heme 

detoxification pathway is dominant in the trophozoite stage, as it is at this stage of the 

parasite’s life cycle that nearly 80% of the host haemoglobin is degraded for nutrient 

derivation, hence developing a distinct DV. During this stage, all organelles are fully 

developed, making their visualization easier by confocal microscopy. However, besides the 

digestive vacuole, several other organelles such as the endoplasmic reticulum (ER), 

mitochondrion, and plastids (apicoplast) play important roles during the intraerythrocytic 

stage and unlike the DV, these organelles persist in all stages of the intraerythrocytic cycle of 

the parasite making them equally viable targets. Hence, we investigated the accumulation of 

the compounds in the ER, mitochondrion, nucleus and the parasite’s lipid bodies.

To investigate in detail the subcellular accumulation of these compounds, the cells were 

treated with LysoTracker Red, a dye which is believed to accumulate in the membranes of 

acidic organelles like the DV18 and DRAQ5, an anthraquinone dye with high affinity for 

double-stranded DNA and hence suitable to serve as a nuclear marker.42 We also used 
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MitoTracker Deep Red fluorescent dye to illuminate the mitochondrion of the parasite since 

its chloromethyl moiety reacts with the thiol-containing cysteine residues in the 

mitochondria allowing it to diffuse across membranes and localize in the mitochondria.43 To 

establish the localization of both compounds in neutral and phospholipids, we treated the 

cells with Nile Red. This lipophilic dye is effective in staining lipids in cells. In aqueous 

media, Nile Red is entirely quenched; however, in non-polar environments and lipid-rich 

environments, it shows intense fluorescence.44 All fluorescent dyes were selected carefully 

to avoid crosstalk between the dyes and the compounds under study.

Once the target compounds were incubated with LysoTracker Red, we expected to see 

intense fluorescence colocalization in the DV between the compounds and the tracker dye, 

assuming both compounds inhibit the formation of hemozoin. However, no colocalization 

was observed between compound 1 and LysoTracker Red. The tracker dye accumulated in 

the digestive vacuole shown by the white arrow in figure 6 but no significant accumulation 

was observed for compound 1 suggesting that contrary to the earlier hypothesis, the 

compound’s site of accumulation is not in the digestive vacuole and its primary action is not 

to inhibit the formation of hemozoin. It should be noted that the fluorescence emission of 

this compound is at least 0.2-fold greater in acidic environments than basic and neutral 

environments. Hence, the concern that the compound could undergo pH quenching in the 

digestive vacuole is highly unlikely.

Compound 2, on the other hand, showed significant colocalization with LysoTracker Red 

with regions of intense accumulations around the hemozoin crystals. This suggests that 

unlike compound 1, significant amounts of compound 2 permeate the digestive vacuole 

membrane and accumulates in the acidic digestive vacuole. This, we believe, is due to the 

compound being diprotonated as predicted by docking studies, allowing it to accumulate in 

the digestive vacuole to concentrations high enough to observe through pH trapping. Also, 

once diprotonated, compound 2 still binds efficiently to the hemozoin surface. Although 

both compounds possess structural features that interact with β-hematin and prevent its 

growth as shown by the docking, only compound 2 accumulates significantly in the 

parasite’s DV. This is evident in the live-cell imaging. Aside from accumulation in the 

digestive vacuole, both compounds showed association with the parasite’s membranous 

structures (Figure 7). However, no co-localization was observed between either compound 

and the nuclear marker DRAQ5, suggesting that these compounds do not act in the nucleus 

of the parasite (Figure 8).

In the Plasmodium parasite, neutral lipids have been shown to carry out important functions 

during the asexual blood stage of the parasite’s life cycle. Fitch and co-workers have 

previously shown that neutral lipid mixtures enhance the formation of β-hematin in vitro and 

that these lipid structures are closely associated with the digestive vacuole where the 

formation of hemozoin occurs.45 Using electron microscopy and Nile Red fluorescence, 

Sullivan et al. showed ultrastructural evidence of the presence of neutral lipids in the in vivo 

site of hemozoin formation.46 Therefore we decided to investigate the colocalization of our 

compounds with Nile Red. Although this tracker dye illuminates both phospholipid 

membranes and neutral lipid bodies in mature Plasmodium parasites, we could differentiate 

fluorescence emissions arising from the neutral lipid structures from those from the 
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phospholipids using confocal microscopy. Interestingly, we observed punctate spherical 

structures illuminated by the Nile Red at an excitation that only detects neutral lipids. These 

neutral lipid structures were observed to only colocalize with compound 2 and not with 

compound 1. They were observed to lie in the cytoplasm, near the hemozoin crystals, 

possibly in intimate contact with the DV as shown by arrows in the second panel of Figure 9. 

We suspect that colocalization with the neutral lipids may be one of the mechanisms through 

which compound 2 is transported into the DV where it accumulates and disrupts the 

biocrystallisation of heme to hemozoin. However, this phenomenon was not observed for 

compound 1. The compound showed no colocalisation with the neutral lipid bodies and this 

goes to further suggest that this compound’s action is not in the digestive vacuole as seen for 

compound 2 and that the subtle change in substituents has led to substantial changes in 

intracellular localization as observed by confocal fluorescence microscopy and a possible 

change in the MoA of the compounds To investigate the effect of these compounds on the 

levels of heme and hemozoin in the parasite cultured in vitro, we employed the heme 

fractionation assay previously described by Combrinck et al.47 Exposure of P. falciparum to 

compound 1 had no effect on the levels of heme and hemozoin (Figure 10, Panel A). This is 

consistent with the fact that this compound does not localize in the digestive vacuole of the 

parasite, as shown by the fluorescent live-cell microscopy earlier discussed. At increasing 

concentrations of compound 1, both heme and hemozoin levels remained constant. This 

confirms that although compound 1 has all the structural properties required to interfere with 

the conversion of heme to hemozoin, it does not accumulate in the DV to levels that can 

cause any significant inhibition of this pathway. Hence this compound has a different 

mechanism of action from hemozoin inhibition. However, contrary to compound 1, we 

observed a significant change in the levels of both heme and hemozoin when the parasite 

was exposed to increasing concentrations of compound 2. The levels of heme increased 

steadily with a concomitant decrease in hemozoin levels as a function of dose. This 

demonstrates that the exposure of P. falciparum to this compound causes the build-up of 

toxic heme, which leads to the death of the parasite. Therefore, unlike compound 1, 

compound 2 acts through the inhibition of hemozoin formation. We also observed that, 

compared to chloroquine, compound 2 has a less pronounced effect on heme and hemozoin 

levels in the parasite at increasing concentrations.47, 48 (Figure 10, Panel B). This suggests 

that there might be other contributory mechanisms to the action of the compound, and this 

merits further investigation. As earlier stated, compound 1 is about 5 times more active 

against both the sensitive and resistance strains of Plasmodium falciparum. Based on this 

and the results from the hemozoin inhibition assay, we are further convinced that compound 

1’s target is outside the digestive vacuole and that its action and target (s) is clearly different 

from that of compound 2. We believe that compound 1 acts at lower doses at which 

sufficient accumulation in the digestive vacuole does not occur to inhibit hemozoin 

formation. Also, the loss of π–π-stacking interaction observed between the porphyrin ring 

of β-hematin and the heteroaromatic ring of compound 2 once it is diprotonated could 

account for the lesser activity of the compound in comparison to known drugs that target the 

pathway. However, it is intriguing to note that two structurally similar compounds, with 

subtle changes in substitution, could have different MoA (s). This further debunks the 

common assumption that compounds of the same class have the same mechanism of action 
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and the same biological targets and supports the view that, every change in substitution can 

potentially cause a change in the mechanism of action.

Conclusions

In summary, we report for the first time the intrinsic fluorescence properties of previously 

described antimalarial PBIs (compounds 1 and 2), which are suitable for probing their 

subcellular accumulation in P. falciparum. Live-cell microscopy showed no fluorescence 

localization of either compound in the nucleus of the parasite, suggesting that the 

compounds’ action is not in the nucleus. Accumulation in the digestive vacuole of the 

parasite was selective for compound 2 only and not compound 1. This shows the difference 

in localization between the two structurally similar compounds. We also showed the 

association of compound 2 with neutral lipid aggregates, which have been shown to mediate 

the formation of hemozoin. This observation suggests that only this compound has an effect 

in the digestive vacuole of the parasite, although docking studies showed that both 

compounds are able to bind to the surface of hemozoin. We also showed via the heme 

fractionation assay that, at increasing dose, compound 2 showed direct evidence of 

inhibition of hemozoin formation. In contrast, compound 1 showed no impact on the levels 

of either heme or hemozoin. Altogether, these results support hemozoin inhibition as a 

mechanism through which compound 2 acts while suggesting the possibility of additional 

contributing mechanisms. Compound 1, on the other hand, has been shown to act through a 

different, as yet unknown, mechanism, suggesting that a slight change in substitution on the 

chemotype can lead to different MoA (s) and hence different targets in the Plasmodium 

parasite.

The concept of mechanisms and molecular targets of both compounds have still not been 

fully understood; however, results shown here suggest that structurally related compounds 

from the same series will not necessarily have the same molecular target or act through the 

same pathway. Further work will investigate the effect of these compounds on the genome of 

the parasite by employing resistance selection and whole-genome sequencing approaches. 

This is expected to provide some insight into the mechanism of resistance of the parasite and 

potentially also their MoA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Chemical structures of 1 and 2. Representatives of the pyrido[1,2-a]benzimidazole (PBI) 

antimalarial compounds
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Figure 2: 
Effect of pH changes on the fluorescence emission of Compound 2, measured in 20 mM 

HEPES buffer at pH 2 - 8.5. Compound concentration was kept at 10 μ m
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Figure 3: 
Structural similarities between compound 1 and chloroquine, revealing the presence of 

aromatic hydrophobic rings (Blue), basic amino side chains (Red) and chloro-substituted 

aromatic rings in both compounds (Purple).
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Figure 4: 
Predicted binding mode with the 001 face of β-hematin showing hydrogen bonding 

interactions between protonated nitrogen (monoprotonated) on the basic side chain of 

compound 1 and the propionate group of heme at pH 4.5 (1.8 Å) and π–π-stacking 

interactions shown between the porphyrin ring of heme and the tricyclic aromatic 

hydrophobic ring of compound 1 (3.5, 4.0 Å).
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Figure 5: 
Predicted binding mode of compound 2 to the 001 face of β-hematin showing hydrogen 

bonding interactions between protonated nitrogen (A) monoprotonated and (B) di-

protonated on the basic side chain of the compound and the propionate group of heme at pH 

4.5 (1.8, 1.7 Å). π–π-stacking interactions shown between the porphyrin ring of heme and 

the tricyclic aromatic hydrophobic ring of compound 2 (3.5, 3.8 Ȧ)
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Figure 6: 
Panels A and B represent P. falciparum-infected erythrocytes incubated with compounds 1 
and 2, respectively, with arrows showing regions of intense accumulation around hemozoin 

(Hz) and the differential interference contrast is represented as the DIC. Panel C represents 

an uninfected erythrocyte incubated with both compounds. Scale bar: 5 μm.
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Figure 7: 
Live-cell confocal microscopy of P. falciparum-infected erythrocyte, treated with 

Compounds 1, 2 ( blue) and LysoTracker Red (green). White arrows indicate areas of intense 

localization of the dye and regions of overlap shown in the merged image. Scale bars: 2 μm.
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Figure 8: 
Live-cell confocal microscopy showing co-localization of compounds 1 and 2 (blue) with 

the nuclear marker DRAQ5 (red) Scale bars: 2 μm.
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Figure 9: 
Live-cell confocal microscopy showing co-localization between Nile Red (red) and 

compounds 1 and 2 (blue) Scale bars: 1 μm.
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Figure 10: 
Heme fractionation profiles of compounds 1/CKM06 (A) and 2/CKM08 (B). The amount 

of “free” heme Fe and hemozoin (Hz) Fe at increasing concentrations of both compounds. 

Significance levels are depicted with the asterisks; Where * = p<0.5, ** = p < 0.1 and *** = 

p < 0.05
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