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Abstract

The role of redox enzymes in establishing a microenvironment for parasite development is well
characterized. Mimicking human glucose-6-phosphate dehydrogenase and glutathione reductase
(GR) deficiencies by redox-cycling compounds thus represents a challenge to the design of new
preclinical antiparasitic drug candidates. Schistosomes and malarial parasites feed on hemoglobin.
Heme, the toxic prosthetic group of the protein, is not digested and represents a challenge to the
redox metabolism of the parasites. Here, we report on old and new redox-cycling compounds —
whose antiparasitic activities are related to their interference with (met)hemoglobin degradation
and hematin crystallization. Three key-assays allowed probing and differentiating the mechanisms
of drug actions. Inhibition of B-hematin was first compared to the heme binding as a possible
mode of action. All tested ligands interact with the hematin - dimer with Kp similar to those
measured for the major antiparasitic drugs. No correlation between a high affinity for hematin and
the capacity to prevent p-hematin formation was however deduced. Inhibition of B-hematin
formation is consequently not the result of a single process but results from redox processes
following electron transfers from the drugs to iron(l11)-containing targets. The third experiment
highlighted that several redox-active compounds (in their reduced forms) are able to efficiently
reduce methemoglobin to hemoglobin in a GR/NADPH-coupled assay. A correlation between
methemoglobin reduction and inhibition of B-hematin was shown, demonstrating that both
processes are closely related. The ability of our redox-cyclers to trigger methemaoglobin reduction
therefore constitutes a critical step to understand the mechanism of action of our drug candidates.
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Introduction

Malaria and schistosomiasis are two major tropical infectious diseases caused by Plasmodia
and Schistosoma parasites, respectively. These diseases are ranked first and second among
the world’s parasitic diseases, in terms of extent of endemic areas, number of infected
people and economic burden. Despite numerous antimalarial and antischistosomal agents
developed throughout the 20t century, the diseases have not yet been eradicated and no
vaccine is available.
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The severe form of P. falciparum malaria is responsible for the death of less than one million
people per year, mainly children below 5 years of age. Multidrug-resistance of malarial
strains toward broadly used antimalarial drug treatments (e.g. chloroquine, quinine,
sulfadoxine-pyrimethamine) has spread all over the world in the last five decades.
Schistosomiasis is a group of widespread and devastating tropical diseases caused by the
platyhelminth Schistosoma which affects more than 200 million people worldwide,
especially in Africa. Praziquantel has been the anthelmintic drug of choice against flatworms
for more than 20 years; currently more than 100 million people per year are treated with this
drug. If resistant worms develop, schistosomiasis treatment will face a crisis because of the
absence of alternative effective drugs or of a sufficiently protective vaccine. Thus,
concerning these two neglected diseases, there is an urgent need for new ethical drugs to
emerge which should be efficient, safe, cheap to synthesize and which display mechanism(s)
of action that counteract the development of resistance.

During the intraerythrocytic cycle of malarial parasites, a large amount of host cell
hemoglobin (Table 1) is digested in acidic vesicles and in the final food vacuole.
Hemoglobin digestion, as a source of essential nutrients, was also observed to occur in the
gut of Schistosomaworms [1]. This catabolic process generates indigestible and toxic heme
(iron(111) protoporphyrin IX or Fe!'"PP1X, Table 1) with concomitant high fluxes of reactive
oxygen species (ROS) inducing oxygen-derived radical reactions and over-oxidation of
macromolecules. Both malarial and schistosomal parasites evade the toxicity of the released
free heme by expressing two major detoxification pathways, the biocrystallization of heme
into a dark brown pigment called hemozoin [2,3] (Hz; the synthetic crystal formed from
hematin is called p-hematin, Table 1) and an efficient thiol network based on the
regeneration of thiols catalyzed by NADPH-dependent disulfide reductases [4,5,6] (Figure
1). These flavoenzymes include both glutathione reductases (GR) of Plasmodium-infected
human erythrocytes identified as targets of antimalarial drugs [7] and the unique
multifunctional enzyme, the thioredoxin-glutathione reductase (TGR) [8], specifically found
in Schistosoma. Schistosoma mansoni TGR, which was recently proved to be an essential
enzyme for Schistosomaworms to maintain the reducing balance, is also a key drug target
for antischistosomal drug design [9]. Therefore, throughout the years, the development of
antiparasitic agents against blood-feeding parasites like Plasmodium parasites and
Schistosomaworms has been focused on chemical series which target the heme
biocrystallization process. Not surprisingly, numerous heme binders sharing common
structural motifs — from 4-aminoquinolines [10], quinoline methanols or arylmethanols
[11,12], endoperoxides [13], to xanthones [14,15,16] — kill both malarial and schistosomal
parasites.

The malarial parasite indeed prevents damage (oxidative stress) by a cytosolic antioxidant
thiol network that is regenerated by NADPH-dependent disulfide oxido-reductases,
glutathione reductase (GR; EC 1.8.1.7), thioredoxin reductase (TrxR; EC 1.8.1.9) [4,5], and
possibly by lipoamide dehydrogenase (LipDH; EC 1.8.1. 4) [17]. Among the most effective
ligands of NADPH-dependent disulfide reductases the most potent antiparasitic effects were
indeed observed for redox-cyclers acting as subversive substrates of these flavoenzymes
(reaction 1 in Scheme 1). Subversive substrates of disulfide reductases are exemplified by
methylene blue, 1,4-naphthoquinones, nitrofurans [4,5]. These compounds are reduced via 1
or 2 electron(s)-transfer and regenerated in the presence of major oxidants in the parasites
(reaction 2 in Scheme 1), as previously shown with the couple metHb(Fe'"")/oxyHb(Fe'")
(Table 1) in the presence of methylene blue or 3-benzoyl menadione derivatives as redox
molecules [18,19].

In the majority of reported /in vitro UV-Vis spectrophotometric studies about hematin
(hydroxylated or aquo heme or [(Fe''PPIX)(OH)] or [(Fe''PPIX)(OH,)], Table 1)
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crystallization, investigations of hematin speciation have been carried out in the presence of
the potent antimalarial 4-aminoquinolines [20]. This is partly due to the high solubility of
these weak bases containing three nitrogen atoms with a broad range of pKj values. Upon
protonation of the quinoline (pK; ~ 8) and of the terminal amino group (pKj; ~ 11) of the
side chain, the solubility of the compounds is drastically increased in aqueous media,
rendering “comfortable” the physicochemical analysis of the hematin:drug complexes 7/n
vitro under varying pH conditions. However, structurally distinct chemical series with
limited solubility were reported to display antimalarial activities and inhibition effects on
hemozoin formation. Because of the broad range of drug solubility, many /n vitro assays
using hematin at different pH values can lead to misinterpretations if precipitation of the
drug occurs, especially if the assays are based on hematin absorbance at one fixed
wavelength [21]. Furthermore, as it has been clearly demonstrated in recent reports [18,19],
inhibition of hemozoin formation is not the result of only one process, i.e. of ligand binding
to the rt-it hematin dimer. It can also originate from redox processes following electron
transfer reactions from the drug to the iron(l11) of two relevant targets hematin and
methemoglobin (noted metHb or metHb(Fe'!"), Table 1). In particular, heme(Fe!') is an
inhibitor of hematin crystallization [22]. To illustrate metHb(Fe!'") conversion by redox
cyclers, we recently demonstrated the ability of reduced 3-benzoylnaphthoquinones (i.e.
dihydronaphthoquinones) to generate oxyHb(Fe!'!) (Table 1) as a mechanism of antimalarial
action of 3-benzylnaphthoquinone derivatives [18,19].

Plasmodium parasites digest methemoglobin (metHb(Fe!'!)) faster than oxyhemoglobin
(oxyHb(Fe'")) [23] and hemoglobin oxidation to methemoglobin in the acidic vesicles/food
vacuole is the basis of creating space for parasite growth. Consequently, the reduction of
metHb(Fe''") to oxyHb(Fe'!) by redox-active agents is expected to slow down both
metHb(Fe''") digestion and the growth rate of the parasite. Another reason for targeting
metHb(Fe'!") reduction is that ferric hemoglobin is not able to transport oxygen;
metHb(Fe'!") elevation in brain blood vessels of infected host, for instance, contributes to
hypoxia and cerebral malaria [24]. Thus, the reduction of redox-active agents by NADPH in
reactions mediated by disulfide reductases and their oxidation, from their reduced forms, in
spontaneous reactions with ferric species of heme and hemoglobin might contribute both to
the elevation of free heme level and to interference with hemozoin formation in the
parasites. Both events — oxidizing the reductants and reducing the oxidants in a continuous
redox cycle (Figure 1) — are expected to contribute to the elimination of the parasites
[18,19]. This strategy is well illustrated by recent findings about the mode of action of the
antimalarial drug methylene blue [25] and a novel series of 3-benzylmenadione derivatives
involved in a cascade of redox reactions in the parasites as part of the putative mode of
action [18,19].

In this paper, it is our goal to describe three key-assays that can be used as probes to
differentiate between distinct mechanisms of antimalarial (Figure 1) or antischistosomal
drug actions and that can be employed to identify hemozoin inhibitors both in vitroand in
vivo. Quasi-physiological conditions applied to these assays would bring high benefit to
rationalize the effects of well-controllable inhibitors. Several different assays based on the
speciation of hematin in aqueous solutions with varying pH have been developed for
studying the interaction capabilities of the drugs with metHb(Fe'!) at pH 6.9 or hematin at
pH ~5 and pH 7.4. Two low solubility-featured compound series, antimalarial 1,4-
naphthoquinones and antischistosomal xanthones, were selected in this present report to
illustrate the most frequently applied spectrophotometric assays.
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Thermodynamics and Structural Aspects of Ferriprotoporphyrin

From Heme to Hemozoin in Blood-Feeding Plasmodium and Schistosoma Parasites

As part of its complex life cycle, the parasite invades, grows and multiplies within the host’s
red blood cells. The parasite digests a high quantity of hemoglobin from the host cell
cytoplasm (Figure 1) using a cytostome and transports the hemoglobin to its acidic digestive
vacuole (pH 5.0-5.5) [26]. In the process of hemoglobin digestion, free heme
(ferriprotoporphyrin, noted Fe'!'"PP1X, Figure 2) is produced, which is highly toxic for the
parasite.

Indeed, heme is an ubiquitous and essential molecule playing key roles in biological
processes like oxygen transport, respiration, photosynthesis and drug detoxification.
However, due to its intrinsic properties, heme can cause numerous deleterious effects within
the cell [27]. Due to its amphiphilic features, heme binds to phospholipid membranes
altering their permeability and selectivity, and ultimately leading to cell lysis [28]. Because
of its pro-oxidant character, heme is also capable of generating free reactive radicals through
the decomposition of organic peroxides. These reactive oxygen species (ROS) mediate
lipids peroxidation resulting in protein cross-linking and nucleic acid modifications. To
overcome this free Fe!''PPIX-induced toxicity, efficient biomineralization of heme into a
highly insoluble and relatively “unreactive” crystal called hemozoin (Hz or malaria pigment)
is essential for its detoxification. The overlapping of the iron(l11) porphyrins decrease the
active surface and consequently significantly decreases the pro-oxidant capacity [29].
Nevertheless, far from being an “inert” pigment, hemozoin has also a redox activity,
consistent with previous studies showing that hemozoin could induce lipid peroxidation in
human monocytes [30,31]. Hemozoin is nowadays widely considered as the main key target
of many antimalarial agents, in particular 4-aminoquinolines. Indeed, 4-aminoquinoline
antimalarials such as chloroquine (Table 2) have been demonstrated to inhibit hemozoin
formation by binding either to free Fe!''PP1X preventing biomineralization reactions [32].

FelllPPIX Speciation in Aqueous Solution and Relevance to Hemozoin Formation

The deeper understanding of the ferriprotoporphyrin (heme) speciation in solution is
therefore of essential interest to unravel its role in biomineralization processes (formation of
the hemozoin crystal) in malarial parasites and Schistosomaworms. The evaluation of the
nature, the stoichiometry and the strength of ferriprotoporphyrin Fe!'"PPIX complexes with
antimalarial and antischistosomal redox biosensors, a focus of our ongoing research work
and of this present report, is of fundamental importance. The nature of the hematin dimer in
solution (p-oxo [33] / reme [34] / -Pr [35]), which has been established to be an important
building block during the formation of hemozoin, was (and is still) a subject of interest and
debates for more than sixty years. Iron(111) metalloporphyrins can undergo various equilibria
in solution (self-association or dimerization, oligomerization) and protolytic reactions
depending on the physico-chemical conditions of the medium (solvent, pH, ionic strength,
temperature...). In 1947, J. Shack and W. M. Clarke [36] were among the first scientists to
demonstrate that Fe!'"PPIX displays intricate speciation behavior in aqueous solution. More
than twenty years later, S. B. Brown et al. [37] showed, thanks to absorption
spectrophotometry, that Fe!'"PP1X can undergo dimerization in aqueous solution and first
proposed this dimer to be a p.-oxo species (Figure 3) [38].

Since then, heme behavior in aqueous solutions was a matter of several contradictory reports
on the nature and the speciation properties of the Fe!!'PP1X dimer. T. J. Egan and his
coworkers [20] recently established that Fe!'"PP1X(H,0/HO™) does not spontaneously form
a p-oxo dimer in agueous mixtures of protic solvent, but rather a cofacial r-rc dimer (Figure
3B). The p-oxo dimer (Figure 3A) is rather a predominant species in aqueous mixtures of
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aprotic solvents or in detergent solutions (e.g. with 10% pyridine in an aqueous solution of
Fe!''PPIX at 0.1 M NaOH or in aqueous mixtures containing aprotic solvent such as 5.64 M
DMSO, acetone or DMF at pH 10). The influence of experimental conditions (nature of the
pH, protic or aprotic character of the solvent...) has been clearly demonstrated and reviewed
in the report published by T. J. Egan and his coworkers [20]. In addition, this p-oxo dimer is
characterized by an absorption band in the visible region centered at about 575 nm (together
with a shoulder at about 600 nm).

The thermodynamics of the (Fe!''PP1X), dimer formation (both under a r-t [39] or p-oxo
[20,40] state) has been recently revisited and thoroughly described. For instance, at pH ~
7.4, which corresponds to acidity which was considered in our thermodynamic
investigations, the (Fe!'"PP1X), r-r dimer constitutes the major species in a wide range of
[Fe'""PP1X]yot (Figure 4A), while the (Fe!'"PP1X),0 p-oxo dimer is a minor species for
[Fe!"PPIX]iot below 1072 M in aqueous 5.64 M DMSO (40% /1) solutions (Figure 4B).
These physico-chemical considerations support the fact that the (Fe!'"PP1X), rt-r dimer is
by far a more stable bio-edifice under quasi-physiological conditions with respect to the
(Fe'"'PP1X),0 w-oxo dimer except if not physiological conditions are used ([Fe!'"PPI1X];ot
> 3.16 mM, presence of aprotic solvents such as DMSO, high pH values — pH > 10...).

These physico-chemical results pointed out the intricacy of the behavior of Fe(l11)
protoporphyrin IX in aqueous solution [20,39]. The nature and the arrangement of the
species were demonstrated to be closely dependent on numerous physico-chemical
parameters such as the medium acidity, the Fe!'"PPIX concentrations, the temperature, the
electrolyte concentration and/or the nature of the solvents (polarity, proticity...). These
physico-chemical factors determine whether Fe!''PPIX monomers, rt-r, p-oxo (and at
lesser extend p-Pr — Figure 3C) dimers or larger aggregates are formed in solution.

Figure 5 displays the distribution diagrams of the protonated species of the (Fe'''PPIX), r-
rc dimer as a function of pH. The dimerization constants as well as the protonation constant
of [(Fe!'"PP1X)(OH)] monomer and of [(Fe!'"PPIX),(H,0),] r-rt dimer [25,39] have been
considered (equations 1-6) to calculate these speciation diagrams.

KDiml
2 (Fe"PPIX)(OH,) 2 [(FePPIX)(OH,)l,
logK,,,,=6.2

Equation 1

Diml

m?2

K.
(Fe™PPIX)(OH,)+(Fe™PPIX)(OH) 2 [(Fe™PPIX)(OH,) - (Fe™PPIX)(OH)] Equation
logk,, ,=7.3 2

im2

m3

KDiI
2 (Fe"PPIX)(OH) 2 [(Fe™MPPIX)(OH)],

Equation 3
logkK,,, ,=6.1
K3
[(Fe"PPIX)(OH,)], 2 (Fe"PPIX)(OH,) - (Fe'"PPIX)(OH)+H* Equation 4
logk?,,=7.0
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KD
(FePPIX)(OH,) - (Fe™PPIX)(OH) = [(Fe"PPIX)(OH)],+H* Equation 5
logk? ,=8.06

KM
(Fe'PPIX)(OHy) & (Fe™PPIX)OH)+H*  gquation s
logk™ =73

For the (Fe!''PP1X), r-rt dimer, the two iron(l11) protoporphyrins adopt a face to face
cofacial arrangement (Fe!!'PPIX--Fe!'"PPIX interplane distance of 4.42(9) A - see the
example of hemin - dimer in Figure 3B) [41] and the two ferric cations are
pentacoordinated with awater molecule completing the Fe(l11) coordination sphere. The
bisaquo complex [(Fe!''PP1X)(OH,),] can undergo two successive deprotonations to afford
the mono- or the bis(hydroxo) species (equations 4 and 5). Therefore, the (Fe!''PP1X), -1t
dimer exists in aqueous solution under three different protonated states, namely
[(Fe'''PPIX)(OH))]5, [(Fe''"PPIX)(OH,).(Fe'"PPIX)(OH)] and [(Fe''"PPIX(OH)]; (the
charges have been omitted for the sake of clarity). The distribution diagrams presented in
Figure 5 show that the biomineralization processes may be related to the formation below
pH 6 of the bisaquo -t species [(Fe!!"PPIX)(OH,)],. The water molecules are more labile
than the hydroxyl groups and are hence more easily displaced by the propionate groups of
the side arms of an adjoining ferriporphyrinic unit ((/) at pH ~ 6, the propionic acids are
deprotonated; (//) the corresponding pKj; values have been calculated to be ~ 3.5 [42] in
anionic (SDS) or neutral (TX-100) surfactants). This feature is expected to be one of the key
parameters in biomineralization process of hematin. These speciation and protolytic
properties of Fe(l1l) protoporphyrin X also demonstrate that there is a narrow pH window
(3.5 <pH < 6) suitable for biomineralization (e.g. the pH of the acidic (pH ~ 5.0-5.5)
digestive vacuole of A. falciparum and of the worms gut [1] is well suited for hemozoin
nucleation and growth). Competition in favor of protonation of the propionate units (pH < 3)
or deprotonation of the bisaquo [(Fe!''"PP1X)(OH,)], species (pH > 6) prevent hemozoin
formation. These speciation curves also indicate that aquo/hydroxo complex is the
predominant species at pH 7.4, the acidity which was chosen for the binding studies reported
in this work. Lastly, these studies confirmed that Fe''"PPIX spontaneously and exclusively
dimerizes in solution even under non physiological conditions ([Fe!''PPI1X]iot > 0.4 mM)
but does not form higher aggregates in aqueous solution above pH 5-6.

Hemozoin and B-Hematin X-Ray Structural Data

Hemozoin and models of hemozoin (B-hematin) [35,41] have been extensively analyzed in
the past few years, and led recently to new sights about their biomineralization properties.
Until very recently, hemozoin [35] and p-hematin were both regarded as repetitive
occurrence of p-Pr dimers (see vide infra for p-hematin) and the -t stabilizing interactions
were considered only in the context of crystal packing [35].

The repeat unit (triclinic unit cell) of p-hematin can be regarded as a centro-symmetric heme
cyclic dimer, where the two Fe!'"PPIX units are linked through iron-carboxylate bonds
(RCOO~-Fe!llPPIX distance of 1.886(2) A)) between the propionate side-chain of one
molecule and the central Fe atom of the other (p.-Pr mode, Figure 3C). The dimers are rt-
stacked in a similar fashion to that typical of molecular crystals of porphyrins (large
interplanar distance and small lateral overlap between the porphyrin moieties). Additional
stabilization is gained from the dispersion interactions between the methyl and the vinyl
side-chains of the adjacent dimers. Lastly, these structural studies also revealed hydrogen-
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bonding interactions, involving the remaining propionate side chains (averaged O--O = 2.8
A®), which link the dimers into a symmetrical two-dimensional matrix.

The crystal structure data of hemozoin from Plasmodium falciparum was solved at a
resolution of 2.4 A by powder diffraction data [41,43]. In this study, it was proposed that the
driving forces for the Fe!''PP1X self-association are constituted of two different modes of
interactions. The first one involves strong r-t interactions (Fe!''PPIX:--Fe!llPPIX
interplane distance of 4.42(9) A) which initiate the crystal formation. In addition, the -
dimers are interacting intermolecularly through iron(I11)-carboxylate linkages (p.-Pr
interaction - Figure 3C -RCOO™-Fe!'"PPIX distance of 1.91(8) A)) stabilizing the crystal
structure.

Analyses of these two X-ray data revealed that the structures of hemozoin and B-hematin are
very similar even though they were analyzed differently (i-Pr versus rt-t mode). However,
many open issues still remain regarding the mechanisms by which hemozoin nucleates and
growths. Hemozoin appears to be chemically and spectroscopically identical to p-hematin
which is formed by heating Fe!'"PPIX in concentrated acid at 60°C [43], or at physiological
temperatures if a suitable lipid-water interface is provided [44].

Major Antimalarial Drugs Inhibiting Hemozoin Formation

Several series of antimalarial drugs were reported to exert to different extents their
antimalarial activity by enhancing free heme toxicity through the inhibition of hemozoin
formation. However, no direct correlation between the antimalarial activity (/n vitroand in
vivo) and the inhibition of hemozoin or p-hematin formation was clearly established unless
the lipophilicity and the protonation constants (pKj) of the tested compounds have been
taken into account [45]. The pKj; values are important to consider in the case of antimalarial
drugs which mainly interact with the Fe(l11) protoporphyrin through drug-Fe(l11) fifth axial
coordination bond. The binding constants usually follow the order of the pKa values that are
tuned by substituent-induced electronic effects [46]. Major families of antimalarial drugs
inhibiting hemozoin formation involve methylene blue and their derivatives, quinolones,
xanthones, azoles, isonitriles [47,%8].

The first synthetic antimalarial drug, methylene blue (Table 2), a tricyclic phenothiazine
blue cationic dye and some of its derivatives, have been shown to interact with heme and
their antimalarial activities correlated well with the abilities to inhibit B-hematin formation
[49]. 1t was also known as an effective subversive substrate of various NADPH-dependent
disulfide reductases [7b]. We recently reported that methylene blue firmly binds to the
hematin -t dimer forming a (hematin),: MB complex (MB = methylene blue) under quasi-
physiological conditions (pH 7.4) [25]. This effect is likely to contribute to the inhibition of
hemozoin formation in Plasmodium falciparum and to the increase of the concentration of
parasite-toxic heme. On the other hand, the reduction of metHb(Fe!'!) to oxyHb(Fe'!") by
NADPH is efficiently catalyzed by methylene blue and glutathione reductase (metHb
reduction rate constant of 991 +44 M~1 s™1). Thus, the redox properties of methylene blue
can also affect the digestion of metHb by the malarial parasites and inhibit 2. falciparum
growth.

The 4-aminoquinolines are certainly the most important and studied class of antimalarial
drugs considered until now that act by targeting the parasite specific hemoglobin digestion
pathway. For example, chloroquine (Table 2), a famous member of this 4-aminoquinoline
family of compounds, accumulates in the acidic digestive vacuole of the parasite [50]. It was
shown to interact with the p-oxo dimer of oxidized heme, thereby preventing hemozoin
formation [51]. Chloroquine strongly binds to Fe'''PPIX leading to a 1:1 complex with

Curr Pharm Des. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johann et al.

Page 8

association constants log Ka ~ 5-6 (Kp ~ 2-15 pM) at pH 7.5 [12,51,57,58,59,60]. The -1t
interaction between chloroquine and the conjugated m-system of hematin is believed to
govern and stabilize the formation of adducts. Free heme and heme-chloroquine complexes
may kill parasites by inducing severe oxidative stress [52], which successively leads to
peroxidation of parasite membrane lipids, damage of DNA, oxidation of protein and
ultimately, death of the parasite. Quinine (Table 2), a quinoline methanol antimalarial
(another important member of the quinoline family) was also shown to interact with
Fel''PPIX but less efficiently than chloroquine by forming a 1:1 complex characterized by
association constants log Ka ~ 4.1-4.3 (Kp ~ 50-80 M) at pH 7.5 [51]. Quinine was
reported to inhibit hemozoin formation [53]. Even though many spectroscopic reports have
been published [54], the lack of structural data related to the interactions of 4-
aminoquinoline antimalarial drugs with heme-containing targets renders difficult the design
and the development of novel compounds. The recent elucidation of the crystal structure of
the complex of halofantrine with Fe!'"PPI1X by T. J. Egan and his coworkers [12] shed light
on the existing interactions with antimalarials, especially the arylmethanols. A three-point
interaction coordination complex that involves - stacking, O-Fe!!! coordination and
intramolecular hydrogen bonding was shown. In addition to the r-stacking of the
phenanthrene ring of halofantrine over the porphyrin ring system, the drug coordinates to the
iron(l11) centre of Fe!'"PPIX through its alcohol unit. This arylmethanol/Fe!''PPIX
complex is also stabilized through an additional intermolecular hydrogen bond occurring
between the protonated terminal nitrogen atom of halofantrine and a propionate side arm of
the Fe!'"PP1X monomer. This salt bridge formation is suggested to interrupt the formation
of the hemozoin dimer precursor produced during the heme detoxification pathway and
satisfactorily accounted for the strong activity of the two active antimalarial drugs quinidine
and quinine. By contrast, formation of comparable salt bridges with the inactive 9-
epiquinidine and 9-epiquinine epimers induces more constrained species and necessitates
much higher energy costs.

Xanthones have been identified as another potent class of antimalarial compounds [55].
Xanthones are supposed to act in a unique fashion to kill Plasmodium parasites through the
formation of soluble complexes with heme, thereby inhibiting the process of hemozoin
formation [15]. In particular, xanthones bearing hydroxyl groups at both the 4- and 5-
positions, especially when paired with neighboring 3- and 6-substituted hydroxyls,
demonstrated the most potent activity to inhibit hemozoin formation. To unravel the
mechanism by which these xanthones inhibit Plasmodium growth, spectroscopic and
physico-chemical analyses were performed on the 4,5-dihydroxyxanthone (Table 2). The
heme:xanthone complex stoichiometry in aqueous solution was found to be 1:2. This
interaction is non-cooperative and exhibited a heme complex dissociation constant Kp of 5.1
KM at pH 5.8. The strength of the heme:xanthone interaction is comparable to those
measured for the quinoline-based antimalarial drugs chloroquine and quinine (Table 2) [56].
The heme:xanthone complex formation was found to be both pH and solvent dependent,
with strong evidences that the xanthone carbonyl moiety firmly interacts with the iron(l111)
metallic center of the hematin dimer. Hydrogen bonds between the hydroxyl groups of the
xanthone (in positions 4 and 5) and the propionate side chains of heme, as well as -
stacking between both aromatic 1t systems appeared to contribute to the overall stability of
the xanthone-heme complex. It was concluded that this interaction is responsible for the
activity of the 4,5-dihydroxyxanthone against Plasmodium through effective inhibition of
hemozoin formation.
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Synthesis and Physico-Biochemical Studies of Xanthone and 1,4-
Naphthoquinone Derivatives targeting Iron(lll)-Hemoglobin catabolites

Objectives

We now described a thorough physico-biochemical study of six compounds (Figure 6),
which was conducted to gain a deeper understanding of the mechanism of action by which
xanthone [16,63] and 1,4-naphthoquinone substrates could act as potential inhibitors of p-
hematin crystallization through redox-cycling and exert antimalarial or antischistosomal
activities. Plasmodium and Schistosoma parasites digest methemoglobin, resulting from
endogenous oxidation of hemoglobin, as a source of essential nutrients (aminoacids) and
detoxify the toxic free heme released during methemoglobin digestion viaits
biocrystallization into an insoluble and “inert” crystal called hemozoin (or malaria pigment
or Schistosoma pigment, Figure 1). Considering that the process of hemoglobin (or
methemoglobin) digestion is common to both Plasmodium and Schistosoma parasites, it was
first of interest to study the ability of our compounds to interact with heme in solution,
which is usually anticipated to be a first prerequisite when targeting hemozoin formation.

The ability to inhibit B-hematin crystallization was then evaluated and compared with the
heme binding properties of our substrates as it is generally accepted as a plausible mode of
action of the known antimalarial and antischistosomal drugs (vide supra, Table 2). Here, we
investigated the ability of redox-active compounds — the naphthoquinones and xanthones —
to inhibit B-hematin formation, not only on the sole basis of hematin binding but also on the
basis of electron transfer reactions. Hence, we evaluated if, under their reduced states — the
compounds could trigger metHb(Fe!'") reduction into oxyHb(Fe!") as a critical step for
potential antiparasitic mechanism of actions.

Synthesis of Xanthones via Palladium-Catalyzed C-H Addition to Nitriles

The synthesis of four xanthones 1 to 4, and of two 1,4-naphthoquinone derivatives 5 and 6
was performed to provide key-compounds useful for the physico-biochemical studies.

A rapid and easy two-step synthetic route to xanthones with excellent yields involving
palladium-catalyzed CH-addition to nitriles followed by aromatic nucleophilic substitution
SNAr was followed to synthesize the xanthones (Scheme 2) [64].

The two-steps Larock’s strategy to obtain simple xanthones was used in order to prepare
useful compounds for further structure-activity relationship studies. The 2-methoxy-9H-
xanthen-9-one (xanthone 3) was synthesized in three steps (Scheme 3). Commercially
available 1,4-dimethoxybenzene (2 equiv.), 2-fluorobenzonitrile (1 equiv.), Pd(OAc), (0.1
equiv.), DMSO and TFA were used as starting materials and heated at 95 °C for 24 h. The
(2,5-dimethoxyphenyl)(2-fluorophenyl)methanone 3a was obtained as colorless oil with
85% vyield after flash chromatography. Compound 3a was then selectively demethylated by
dropwise addition of BBr3 (1 equiv.) at 0 °C in DCM for 1 h to give the (2-fluorophenyl)(2-
hydroxy-5-methoxyphenyl)methanone 3b with 86% yield. The 2-methoxy-9H-xanthen-9-
one 3 was finally obtained with 61% yield after a SNAr type reaction in the presence of 2.0
equivalents of potassium carbonate. The synthesis of both benz[c]xanthen-7-ones (shorten as
benzoxanthones) 1 and 2 started from the corresponding naphthol instead of the phenol and
the naphthol intermediate was submitted to the aromatic nucleophilic substitution under
basic conditions (KoCO3). Both benzoxanthones 1 and 2 were produced with 69 and 86 %
yield, respectively.

To evaluate the influence of fluorinated substituents in the xanthone skeleton on the
biological activity, a fluorine xanthone derivative was synthesized. Commercially available
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4-methoxy-3,5-difluorophenol (2 equiv.), 2-fluorobenzonitrile (1 equiv.), Pd(OACc), (0.1
equiv.), DMSO and TFA were used as starting materials and heated at 95 °C for 24 h
(Scheme 4). The (2,4-difluoro-6-hydroxy-3-methoxyphenyl)(2-fluorophenyl)methanone 4a
was obtained with 14% yield after flash chromatography. This result suggested that the
introduction of fluorine atoms in the phenol reagent dramatically decreased the yield of the
reaction. Compound 4a underwent SNAr type reaction in the presence of 2.0 equivalents of
potassium carbonate to obtain 2,4-difluoro-3-methoxy-9H-xanthen-9-one 4 with 53% yield.

UV-visible Absorption Spectrophotometric Titration of Hematin

Principle of the Assay

The affinity of our compounds for hematin was investigated by UV-visible absorption
spectrophotometry at pH 7.5, a pH which prevents hematin crystallization (Figure 5). It is
noteworthy that under these pH conditions, Fe!''"PPIX predominantly exists as a rt-r dimer
with one Fe(l11) center being coordinated by a water solvent (fifth axial ligand) molecule
and the second one with a hydroxyl ligand ([(Fe!''"PP1X)(OH,).(Fe!'"PPIX)(OH)] species).

An absorption (300 nm < A < 800 nm) spectrophotometric titration of an aqueous hematin
solution (~ 3 x 107 M in 0.2 M sodium hepes buffer) at pH 7.5 was carried out by adding
microvolumes of a stock solution of the substrate (~5-9 x 10~ M in DMSO). Aliquots of 5
to 20 pL of the stock substrate solution were added to the reaction mixture and the UV-
visible absorption spectra were recorded after each addition. Special care was taken to
ensure that equilibrium was attained after each addition.

Spectrophotometric Properties of Hematin

The high-spin Fe!l'PPIX possesses a spin of S = 5/2 with all half-filled d-orbitals in close
proximity with the porphyrin HOMO and LUMO. This results in a strong overlap between
the porphyrin mt-m* (eg m* excited state orbitals) and the Fe!!l d transitions (d,, d,
orbitals). This is consequently reflected by broad Q bands in the visible absorption region.
Similarly to ferric high spin derivatives of myoglobin and hemoglobin, the formation of a
characteristic charge transfer band CT (also called band 111 (ap, — d ) [65,66]) centered at
~ 613 nm (Figure 7) can be observed. These spectroscopic characteristics are markedly
different from those of the p-oxo Fe!'"PPIX dimer (absorption in the visible at ~ 575 nm
together with a shoulder at ~ 600 nm) thus allowing to precisely probe their occurrence in
solution. In addition, exciton transfer occurs from electronic interaction by direct overlap of
the mt orbitals of the porphyrins (face to face cofacial arrangement for the two Fe!''PPIX
subunits within the rt-it dimer) and electron exchange between the individual
chromophores. This excitonic coupling in the ground state breaks the degeneracy of the B
(or Soret absorption band) excited state, giving rise to two Soret bands lying at 383 nm and
364 nm (Figure 7). This broad and split Soret band is therefore an apparent spectroscopic
signature of the presence of the Fe!'"PPIX rt-it dimer in solution (Kpjm= 1088 M~1 at pH ~
7.5, Equations 1-5).

Upon addition of the substrate, concomitant bathochromic shifts and narrowing of the Soret
band were observed for all the substrates emphasizing the formation of complexes with
hematin - dimer. The association constants Ka (M™1), the dissociation constants (LM)
and the stoichiometries of the species at equilibrium have been determined by processing the
spectrophotometric data with the Specfit program [67,68,69,70,71,72]. Specfit adjusts the
stability constants and the corresponding molar extinction coefficients (M~ cm=1) of the
species at equilibrium.
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Spectrophotometric Titrations of the Hematin mr-1r Dimer by the Substrates at pH 7.5

Xanthones and Benzoxanthones—The series of the four xanthones (compounds 1 to
4, Figure 6) was studied to evaluate their ability to interact with hematin -1 dimer in 0.2 M
sodium hepes buffer pH 7.5 and at 7= 25 °C. The spectrophotometric titrations of the
benzoxanthone 2 (Figure 8) and of xanthone 4 (Figure 9) are given as representative
examples.

Benzoxanthone 2 is structurally similar to 1, the only difference being the substitution by a
trifluoromethyl group in 2. In addition, benzoxanthones 1 and 2 both possess a hydroxy! unit
in position 2 which is methylated. Although this 2-hydroxyl site is not capable to coordinate
the Fe(l11) center of hematin, our absorption spectrophotometric titrations (Figure 8A),
however, revealed the formation of complexes. Upon addition of the substrates 1 or 2, a
narrowing of the broad and split Soret band, characteristic of the hematin rt-w dimer, is
observed. In addition, a concomitant bathochromic shift of the Soret band is observed and
the intensity of the CT absorption of the hematin -t dimer is decreasing. These data
strongly suggest a loss of the excitonic coupling which characterizes the (Fe!!'PPIX), rt-nt
dimer (vide supra) and the formation a -1t complexes (or Charge Transfer CT) complexes
with benzoxanthones 1 and 2. For benzoxanthone 1, the statistical processing of the
absorption data revealed the formation of a [(Fe!''PP1X)(1)] complex characterized by an
association constant of log K11 = 5.9 £ 0.01 (Equation 11, Kp = 1.26 pM). The formation of
this 1:1 species is in agreement with the dissociation of the hematin r-rt dimer and the
subsequent alteration of the broad and split Soret band to a sharp and intense absorption
being bathochromically shifted. By contrast, two species, namely [(Fe''"PP1X),(2)] (log 51
=12.5+ 0.1, Equation 7) and [(Fe''"PP1X)(2),] (log B2 = 10.2 + 0.2, Equation 9) were
characterized with benzoxanthone 2 which bears an additional trifluoromethyl group. Taking
into account the apparent dimerization constant of Fe!''PP1X measured at pH 7.5 (log Kpjim,
= 6.82, Equations 1-5, 12), we can accordingly calculate the successive association constant
(log K»1 =5.7 £ 0.1, Equation 8) as well the corresponding dissociation constant (Kp = 2

pwM).

B2 .
2 Fe™MPPIX+S 2 [ (Fe™PPIX),(S)] Equation 7

K .
(F'PPIX),+S = [(Fe'PPIX),(S)] Equation8

B :
FePPIX+2S = [ (Fe™PPIX)(S),] Eduation 9
111 K 11 .
[(Fe""PPIX)(S)]+S 2 [(Fe "PPIX)(S),] Equation 10

it Ky 111 Equation 11
Fe "PPIX+S 2 [(Fe "PPIX)(S)] Equ

K

im

2FPPIX = (Fe'"PPIX), logk

Dim

=6.82atpH 7.5 Equation 12
A possible explanation for this striking dissimilar binding behavior observed for

benzoxanthones 1 and 2 is that, because of steric hindrance and electronic constrains (i.e.
electron-withdrawing effects) induced by the CF3 group and its position of substitution, a
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single binder 2 will not be sufficiently efficient to effectively dissociate the rc-r dimer of
hematin. Therefore, one molecule 2 might first associate on one side of the rt-m dimer,
thereby destabilizing it (e.g. marked variations of the broad and split Soret band, see Figure
8B). A second benzoxanthone molecule 2 can then intercalate within the weakened -
dimer, leading to its dissociation and the formation a [(Fe!'"PP1X)(2),] “sandwich” like
complex in agreement with the loss of exciton coupling characterizing the hematin -
dimer. The two complexes formed between hematin and benzoxanthone 2 were
characterized by their electronic spectra (Figure 8B). With respect to (Fe!!'PP1X), dimer,
the [(Fe!''PP1X),(2)] species possesses a less intense, broad and split Soret band which is
still confirming the dimeric nature of hematin. By contrast, [(Fe!''PP1X)(2),] displays a
much sharper Soret band lying at lower energies (Amax =401 nm, AX = 18 nm with respect
to (Fe!''PP1X)5), in agreement with the dissociation of the hematin rt-rc dimer and the
presence of a single Fe!''PP1X heme surrounded by two benzoxanthones 2. The
thermodynamic and spectroscopic data are gathered in Table 3.

Xanthone 3 possesses similar association properties with hematin to benzoxanthone 1 and
forms, under our experimental condition, a 1:1 complex associated to an apparent
association constant of log K11 = 5.78 + 0.03 (Kp = 1.66 uM). The [(Fe!''"PP1X)(3)] species
is characterized by a red shift of the hematin dimer Soret band to Amax ~ 399 nm. The
introduction of two fluorine atoms also markedly modified the binding properties of
xanthone 4 with hematin rc-rc dimer. The speciation behavior of compound 4 with hematin
is indeed comparable to that of benzoxanthone 2 with two species being successively
formed, namely the [(Fe!''"PP1X),(4)] (log B>1= 11.4 + 0.1, Equation 7) and [(Fe'!'"PP1X)
(4)2] (log B12 = 9.2 £ 0.2, Equation 9) species (Figure 9). Similar spectroscopic signatures
can also be observed. [(Fe!''PP1X),)(4)] is characterized by a broad and split Soret band in
agreement with the -1t dimeric nature of heme, while the Soret absorption band of the
[(Fe'"PPIX)(4),] species is much sharper and bathochromically shifted of 18 nm (Figure 9)
with respect to (Fe!''"PP1X), suggesting the presence of a single heme molecule encircled by
two xanthone molecules. The successive apparent association constant of [(Fe!!'"PP1X)2(4)]
complex was calculated to be log K»1 = 4.6 (Kp = 25.1 M, Equation 8) and is one order of
magnitude lower than the association constants determined for the other substrates
considered in this work. The introduction of fluorine atoms in the benzoxanthone or
xanthone skeletons seemingly influence the electronic properties of these molecules and
thereby disfavor efficient rt-rt interactions with the Fe!!''PP1X macrocycle. In addition,
increasing bulkiness brought by these substituents likely play a critical role in the binding
processes.

The xanthones and benzoxanthones considered in this work demonstrated their capacities to
firmly interact with heme and to efficiently dissociate the (Fe!''PP1X), rt-rt dimer. In the
context of hemozoin targeting, this property is of fundamental importance and is usually
anticipated to be a first pre-requisite to allow interaction with hematin and subsequent
inhibition of hemozoin formation. Introduction of fluorine or CF3 substituents, however,
alters the binding properties and leads to other stoichiometries such as 1:2 and 2:1 n-m
complexes with hematin. The apparent association constants measured at pH 7.5 and at 7=
25 °C range from 5 to 6 (dissociation constants Kp in the .M range) and are comparable to
those reported in the literature for antimalarial drug targeting hematin crystallization (Table
2). The main thermodynamic and spectroscopic results of the xanthone- and benzoxanthone-
heme binding studies are gathered in Table 3.

1,4-Naphthoquinones—Based on a drug design and selection project, some of us

recently demonstrated [18] that several benzyl-1,4-naphthoquinones were active at the nM
concentrations against human pathogen Plasmodium falciparum in culture and against
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Plasmodium berghei in infected mice. It was therefore of interest to examine the binding
properties of two model 1,4-naphthoquinones 5 and 6 (Figure 6). The benzylnaphthoquinone
5 and the benzoylnaphthoquinone 6 display a similar speciation behavior with hematin
(Figure 10). They both lead to 1:2 or 2:1 heme complexes, and are characterized by global
association constants ranging from 1019-1012 M2 in 0.2 M sodium hepes buffer at pH 7.5
(Table 3). From the electronic spectra depicted in Figure 10B for the
benzoylnaphthoquinone 6, a substrate first aggregates with the dimeric unit of hematin to
afford a stable 2:1 complex (successive association constant of log K51 = 5.6, Kp ~ 2.63
M, Equation 8). The presence of a split and broad Soret band, but less intense, suggests
that this heme species is not related to a “sandwich”-like arrangement but rather involve a
substrate which is firmly associated on one face of the hematin - dimer (as already
observed for several xanthones and benzoxanthones, vide supra). The strong absorptivity
centered at about 350 nm originates from the phenolate subunit of substrate 6. It is
noteworthy that desolvation of at least one water molecule from an iron(l11) center has to
take place to allow -1 contacts between the heme (in the w-rc dimeric state) and the
substrate (i.e. the predominant iron(l11) protoporphyrinic species at pH 7.5 is
[(Fe''"PPIX(OH,)).(Fe!''PPIX(OH))]. Addition of excess of the substrate will favor the
formation of a 2:1 species with one protoporphyrin core being encircled by two substrates as
suggested by the sharp and strong bathochromic shift (AA = 17 nm) of the Soret band
(Figure 10). The loss of the charge transfer at ~ 610 nm is also indicative of the presence of
a single heme unit within [(Fe''"PPIX)(S),] complexes.

Our spectroscopic and thermodynamic approach demonstrate the ability of xanthones,
benzoxanthones or 1,4-naphthoquinones to strongly interact (Kp in the LM scale, see Table
3) with hematin re-re dimer and to lead to its dissociation viathe formation of [(Fe!!'PP1X)
(S)] or [(Fe'""PPIX)(S),] complexes. These apparent association values measured at pH 7.5
are comparable to those reported in the literature for the most efficient antimalarial agents,
such as chloroquine or quinine, which were shown to efficiently target and prevent
hemozoin biocrystallization (Table 2). In the next section, we will evaluate the potential of
these compounds to inhibit p-hematin crystallization under quasi-physiological conditions
(concentration, temperature, pH...) which mimic the acidic digestive vacuoles and guts of
the Plasmodium parasites and Schistosomaworms, respectively. The aim of this study is to
correlate the heme binding properties of our substrates to inhibition of hemozoin formation.

Inhibition of B-Hematin Formation

Principle of the Assay

The host’s hemoglobin digestion by Plasmodium parasites and Schistosomaworms leads to
the accumulation of free toxic heme. The parasites detoxify this exogenous deleterious
species through biomineralization processes leading to an insoluble and much less active
crystal named hemozoin. Inhibition of heme oligomerization would lead to death of the
parasite by accumulation of toxic free heme in the membranes and subsequent oxidative
stress [56,73]. Many antiparasitic agents against blood-feeding parasites were consequently
designed to target the heme biocrystallization process. After a first evaluation of the heme
binding capacities of our compounds, we then undertook a biochemical investigation of our
compounds as inhibitors of hematin crystallization to f-hematin, the synthetic equivalent of
hemozoin. We used a biochemical assay previously developed by K. K. Ncokazi and T. J.
Egan [74]. This assay, performed first at a pH of ca. 5-5.5 (i.e. pH of the digestive vacuole
at which hemozoin biomineralization efficiently occurs), is based on a classical hematin
quantification method known as the pyridine ferrihnemochrome method [75]. Aqueous
pyridine (used in a very large excess — 5% by volume) forms a hexacoordinated low-spin
complex with free heme [(Fe!!"PP1X)(Pyr),], but not with B-hematin. This red colored
complex has a very high absorptivity of the Soret band in the visible region (49> = 1.04 x
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10° M~1 cm™1, Figure 11). Therefore, it allows a straightforward quantification of the
residual free hematin in the presence of our substrates as reporter activity for inhibition of
the hematin oligomerization (carried out at pH about 4.5-5.0). The final pH value of the
assay was 7.5 after addition of the buffers containing pyridine (0.2 M sodium hepes + 5%
(v/v) pyridine buffer at pH 8.2 and 0.02 M sodium hepes + 5% pyridine (v/v) buffer at pH
7.5) used to stop the reaction. The experimental conditions optimized by T. J. Egan and his
coworkers were modified for our compounds (order of the addition of the reagents) and our
assays were monitored by UV-visible absorption spectrophotometry (absorption spectra
recorded from 300 nm to 750 nm). 1C5q values for inhibition of p-hematin formation were
determined from the absorbance changes at 405 nm versusthe drug (equiv.) / hematin
(equiv.) ratio in the following plots (vide infra).

Xanthones and Benzoxanthones—The four xanthone and benzoxanthone derivatives
were evaluated for their ability to inhibit f-hematin crystallization. Despite their ability to
strongly interact with hematin (Table 3), all these compounds displayed no significant
inhibitory activity of hematin crystallization and displayed similar spectral variations to
those depicted as examples in Figure 12 for benzoxanthone 1 and xanthone 3. The maximum
of inhibition reached for the four xanthones or benzoxanthones is about 20-30% at 5
equivalents which can be clearly interpreted as the absence of any inhibitory potential for
hematin crystallization of these substrates. Indeed, these inhibition values are usually
reached for control experiments at 0 mM drug concentration. In addition, nor the addition of
the drug simultaneously to hematin prior incubation at 60°C for one hour (typical conditions
used to prepare p-hematin, see section above), neither the addition of the drug to preformed
B-hematin led to significantly inhibitory activities. These data clearly demonstrate that these
xanthone and benzoxanthone derivatives did not display any inhibitory potential for hematin
crystallization either by prevention or by dissociation. To further confirm that most of the
antimalarial drugs mainly prevent B-hematin formation rather than dissociating it, we carried
out inhibition assays with amodiaquine under identical conditions. As expected,
amodiaquine prevents p-hematin formation while it possesses weaker capacity to dissociate
pre-formed p-hematin crystals as shown in Figure 13.

Figure 14 displays the IR spectral characteristics of f-hematin crystals in the absence
(Figure 14A) and in the presence of benzoxanthone 1 (Figure 14B) and of xanthone 3
(Figure 14D). Infrared spectroscopy was herein used to characterize the reaction products
and to provide further information about the inhibitory activities of compounds 1-4 with
respect to p-hematin. This technique unambiguously distinguishes between hematin and -
hematin [58]. The latter has distinct and intense sharp bands at 1661 and 1204 cm~1 which
are absent in the former. Three equivalents of benzoxanthone 1 (Figure 14B) or of xanthone
3 (Figure 14D) did not inhibit the reaction in agreement with the previous p-hematin
inhibition data. No drug association with hematin can be also demonstrated since the IR
peaks of xanthone derivatives 1 or 3 observed in combination with p-hematin possess
identical characteristics as in the absence of B-hematin. These data demonstrate that even
though benzoxanthones 1 and 2 and xanthones 3 and 4 are able to bind to
ferriprotoporphyrin, they do exhibit any inhibitory activity toward p-hematin. rt-r
interactions are mainly expected to drive the complex formation which is by far not
sufficient to prevent B-hematin formation as observed, for instance, for arylmethanols
antimalarials such as quinine, mefloguine or halofantrine [12,47].

1,4-Naphthoquinones—BY contrast with the xanthone- and benzoxanthone-based
substrates, the benzyl-1,4-naphthoquinone 5 and the benzoyl-1,4-naphthoquinone 6
displayed significant inhibitory potential to hinder B-hematin formation. The benzyl-
naphthoquinone 5 was shown to inhibit the formation of p-hematin by a maximum of 80%
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at a drug (equiv.) / hematin (equiv.) ratio of 5. The ICsq value which was accordingly
determined is equal to 4.2 drug equiv./ hematin equiv. (Figure 15). Among the substrates
examined in this work, the benzoyl-naphthoquinone 6 is by far the most efficient system
which efficiently prevents the formation of f-hematin (ICsq = 1.3 drug (equiv.)/ hematin
(equiv.) with a maximum of inhibition of 90 %, Figure 15).

The main results of the hematin crystallization inhibition by xanthones and benzoxanthones
are gathered in Table 4. It clearly appears from the binding studies and the inhibition of -
hematin formation assays that no clear and direct correlation exists. For our systems, their
capacities to prevent formation of the p-hematin (or hemozoin) are therefore not only related
to their ability to firmly interact with the rt-rt hematin dimer (used as a model of p-hematin
and hemozoin). Consequently, the mechanism by which the formation of hemozoin is
prevented is most likely induced by another process. To get further insight into this
mechanism of action, we then examined the ability of our substrates to reduce heme-
containing targets in the presence of disulfide reductases.

Spectroscopic and Kinetic Studies of the Reduction of Methemoglobin to
Hemoglobin

Principle of the assay

Plasmodium parasites and Schistosomaworms use methemoglobin (hereafter noted
metHb(Fe'!")) as a source of aminoacids for their own growth and digest it faster than
hemoglobin (hereafter noted oxyHb(Fe'")). At pH 5.0 to 6.0 (acidic digestive vacuoles or
guts of Plasmodium parasites and Schistosomaworms, respectively), hemoglobin (HbFe!!)
or oxyhemoglobin (oxyHb or oxyHb(Fe'!")) is quickly oxidized to methemoglobin (metHb or
metHb(Fe'")). Consequently, the reduction of metHb(Fe!') to oxyHb(Fe'!") can significantly
slow down methemoglobin digestion.

The ability of our compounds to inhibit disulfide reductases (P. falciparum GR — noted
PIGR- and of human erythrocytes — noted A/GR or S. mansoni — noted SmTGR) combined to
their potency to reduce metHb(Fe'"") to oxyHb(Fe'!) (or heme-containing targets) could
contribute to rise oxidative stress and interfere with hemozoin formation; both phenomena
possibly leading to the death of the parasites. The pernicious and continuous use of NADPH
flux under the catalysis of these disulfide reductases in the presence of our redox-active
compounds (which behave as substrates or electron acceptors) can dramatically increase the
flux of toxic reduced species (hydronaphthoquinones in the case of starting
naphthoquinones; leucomethylene blue from methylene blue) within the parasite and lead to
its death by shifting the equilibrium (Fe''") to (Fe!') heme species. In addition, efficient
reduction of the other ferric centers of porphyrinic targets such as hematin -1t dimers can
also significantly contribute to the prevention of hemozoin (or f-hematin) crystallization.

In order to evaluate the potency of our compounds to reduce metHb(Fe!'!) to oxyHb(Fe!"),
we used a reduction assay coupled to the AGR/NADPH system /n vitro which regenerate the
reduced species of our substrates continuously. This assay was recently established as a
relevant /in vivo model in our laboratory [18]. The UV-visible absorption spectrum of
metHb(Fe'!") between 300 nm and 700 nm is characterized by a maximum absorbance
centered at 405 nm (Soret band of the Fe(I11) heme and a broad band centered at 603 nm, see
vide supra). Upon metHb(Fe!'!) reduction by our redox-active compounds (7= 37°C; pH =
6.9), which were pre-reduced by #GR, the formation of the oxyHb(Fe!!) species is associated
to a bathochromic shift of the maximum of absorption of the Soret band from 405 nm to
about 410 nm (in fact it corresponds to oxyHb(Fe!") with the metal cation being

Curr Pharm Des. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johann et al.

Page 16

hexacoordinated in a low spin state, see vide supra), as well as the formation of two new less
intense absorptions at ~ 536 nm and ~ 576 nm.

metHb(Fe™) — Hb(Fe'"):One electron reduction rate limiting step
Hb(Fe''+0, — oxyHb(Fe!):Fast oxygenation step (under aerobic conditions)

No shift of the absorption band centered at 405 nm and, consequently, no metHb(Fe!'!)
reduction was observed in the presence of chloroquine, used as negative control [18]. No
shift of the Soret band was also observed in the absence of the redox-active drugs (control
experiment, vide infra), demonstrating that ”GR/NADPH-base system is not the prevailing
reducing system and confirming that the substrates, under their reduced states, correspond to
the bioactive intermediates during the reduction of metHb(Fe'!") into oxyHb(Fe'") mediated
by the glutathione reductase. The spectral changes as well as the kinetic parameters of the
reduction reaction were thoroughly analyzed. Since the coupled assay based on metHb(Fe!!)
and the "GR/NADPH-based system was performed with all the compounds under identical
experimental conditions, the apparent kinetic rates can be compared and discussed and
picture the redox-cycling capacities of the xanthone, benzoxanthone and 1,4-
naphthoquinone substrates.

Xanthones and Benzoxanthones—The fours members of the xanthone and
benzoxanthone series, whose binding capacities with hematin and inhibition properties of p-
hematin formation were described (vide supra), were evaluated for their ability to reduce
methemoglobin Fe(I11) into hemoglobin Fe(l1) (in fact oxyHb(Fe!")) in the coupled assay
with glutathione reductase and NADPH (used as cofactor). Even though all these four
compounds were found to strongly interact with hematin - dimer at pH 7.5 and 7= 25 °C
in water, most of them did not induce a significant and fast reduction of metHb(Fe'!") into
oxyHb(Fe!') (pH = 6.9, 7= 37 °C). Benzoxanthones 1 and 2 were not capable to reduce
metHb(Fe''") and the very weak shift observed, if any, was no more than 1 nm. In addition,
assays of metHb(Fe'!") reduction performed with benzoxanthones 1 and 2 display similar
spectrophotometric characteristics as illustrated in Figure 16. The decrease of absorption
band at 340 nm can be ascribed to NADPH consumption by the GR, while the weak
decrease of the absorption of the Soret band is most likely related to degradation of
metHb(Fe''") [77].

According to the absorption spectra recorded within the timescale (one hour) which was
considered, xanthones 3 and 4 apparently do not induce fast reduction of metHb(Fe!'!) into
oxyHb(Fe'"). The processing of the absorption data set versustime, however, allowed us to
evidence the presence of two rate-limiting steps, with the second one being most likely
associated to a slow reduction process of metHb(Fe!'!) into oxyHb(Fe!") (i.e. (i) a shift of
only 2 nm of the Soret band takes place after one hour in the presence of 3 and 4; (ii) a new
and weak absorption band at ~ 540 nm is gradually formed with time; Figure 17a). As
previously suggested for benzoxanthones 1 and 2, the first step may correspond to slow
degradation of metHb(Fe!!"), while the second slower one is associated to the substrate-
mediated reduction of metHb(Fe'!"). We calculated the apparent first order rate constants
related to both steps. For the metHb(Fe!'!) reduction rate limiting step, the Aops values are
equal to Agps = (7 + 2) x 1072 s71 for 3 (t®d;/, = 165 min) and Agps = (1.2 + 0.2) x 1074571
for 4 (t"®d;,, = 96.3 min).

In contrast with benzoxanthones 1 and 2, xanthones 3 and 4 are capable of reducing

metHb(Fe'"") into oxyHb(Fe!!) but according to very slow processes (treql/? ~ 1.5 — 3 h)
which are by far not biological relevant. These data show that, even though these xanthone

Curr Pharm Des. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johann et al.

Page 17

and benzoxanthone derivatives are able to interact with hematin - dimer in water at pH
7.5 (Table 3), only those with fine-tuned electrochemical characteristics would rapidly and
efficiently reduce metHb(Fe'") into oxyHb(Fe'!), an important pre-requisite when targeting
inhibition of hemozoin formation, redox homeostasis and death of the parasites. In the other
hand, this weak capacity to efficiently and rapidly reduce metHb(Fe!'!) can be seemingly
related to their inability to inhibit B-hematin formation. The major results of the
spectroscopic and kinetic studies relative to the metHb(Fe!'!) reduction coupled-assay with
HGR/NADPH with the benzoxanthones 1 and 2 and the xanthones 3 and 4 are summarized
in Table 5.

1,4-Naphthoquinones—The benzyl- 5 and the benzoylnaphthoquinone 6 were then
evaluated for their ability to reduce metHb(Fe!'!) into oxyHb(Fe!') in the coupled assay with
human glutathione reductase and NADPH. After pre-reduction (two electrons reduction
process) with ”GR/NADPH-based system under aerobic conditions [18], the dihydrogenated
form of naphthoquinones 5 and 6 induce, in a much faster step (t®d;, = 5-6 min), a
significant bathochromic shift of the Soret band (~ 3-5 nm) of the metHb(Fe'!!) Soret
transitions within the time range considered (20 to 45 min). These two compounds were
shown to behave similarly as depicted in the UV-visible spectra provided in Figure 18. For
example, a red shift from 405 to 410 nm was observed during the first rate-limiting step for
compound 6 (Kyps = (2.07 + 0.03) x 1073571, t'ed, ;, = 555 min). For most of these
substrates, slower steps (Figure 19) were also observed but concern either re-oxidation or
degradation of oxyHb(Fe!) once AGR/NADPH becomes inactive (i.e. when NADPH is
consumed or when AGR becomes inactive). The kinetic and spectroscopic results obtained
for the metHb(Fe''") reduction by substrates 5 and 6 are provided in Table 5.

Figure 19 illustrates the major mediation role of the A”GR/NADPH system on the
metHb(Fe'") reduction by our redox-cyclers (mainly 1,4-naphthoquinone substrates).
Methemoglobin is stable in solution at pH 6.9 as depicted in Figure 19A and NADPH,
which is the cofactor of AGR, has no influence on its reduction (Figure 19B). When mixing
metHb(Fe''") with the 3-benzoyl-1,4-naphthoquinone 6 in the absence of AGR/NADPH
(Figure 19C), no reduction occurs as well. Mixing metHb(Fe!'!) in the presence of the /GR/
NADPH system, but in the absence of the redox-cycler 6, has also no effect on the reduction
of metHb(Fe!'"). Disulfide reductases, such as the human glutathione reductase (/GR), are
therefore not able by themselves to efficiently reduce these ferric targets. Importantly, the
presence of AGR and its cofactor NADPH pre-reduced the redox-cycler substrate which is
then able to trigger in its turn the reduction of metHb(Fe'!") into oxyHb(Fe!!). These
spectroscopic data enlightened that the bioactive forms of the substrates are the reduced
species and clearly pointed out the crucial role of glutathione reductase in mediating
metHb(Fe'!") reduction by pre-reducing the substrate.

The thorough examination of the data obtained for the six substrates (Table 4 and Table 5)
strikingly indicates that the redox-cyclers which are capable of efficiently reducing the
metHb(Fe!'!) into oxyHb(Fe!') are also those which are able to inhibit B-hematin (or
hemozoin) formation, thus suggesting a closely related mode of action. Since all the
compounds tested in this study were shown to interact with hematin r-rc dimer (used as a
model), no direct correlation can be establish between the ability to bind heme and
bioactivity of these compounds toward the parasites, as it is usually anticipated for other
series of drugs. However, our substrates (used as representative models of xanthone,
benzoxanthone and 1,4-naphthoquinone redox-cyclers) operate according to a new mode of
action which mainly targets the reduction of Fe(l11)-containing species such as
methemoglobin, ferric protoporphyrin or hemozoin-type biocrystals. The mechanism by
which the inhibition of hemozoin (or B-hematin) is induced by these redox substrates is not
related to the ability of the drugs to prevent hemozoin or B-hematin formation, but rather to

Curr Pharm Des. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johann et al.

Page 18

their capacity to reduce the ferriprotoporphyrinic units, thereby weakening the hemozoin or
B-hematin packing interactions. Their ability to rapidly and efficiently induce
methemoglobin reduction in presence of disulfide reductases can also drastically slow down
methemoglobin digestion by the parasites and will contribute to their overall bioactivities
and to the prevention of the pathogen development.

Conclusion

In this study, we combined complementary bioanalytical methods such as absorption
spectrophotometric binding titrations, hematin crystallization assay and methemoglobin
reduction assay to evaluate the strength of the interactions between xanthone-,
benzoxanthone- and 1,4-naphthoquine-based substrates with the iron(I11)-containing targets
hematin and methemoglobin in solution under quasi-physiological conditions. These
physico-biochemical data allowed us to identify the key parameters related to the
mechanism of action of redox substrates toward parasitic pathogens (P/asmodium and
Schistosoma). All substrates were shown to firmly interact with hematin -t dimer in hepes
buffer at pH 7.5, which is frequently predicted to be a first prerequisite when targeting
hemozoin formation. It appears from our studies that the capacity of our redox-active
compounds to rapidly and efficiently reduce methemoglobin has also to be taken into
account to rationalize their potential in preventing or inhibiting p-hematin (or hemozoin)
formation. The inhibition of B-hematin crystallization was evaluated and correlated well to
the binding properties and electron transfer capacities of our substrates.

Six low solubility-featured compounds which possess structures conferring high
antiparasitic properties, namely the 1,4-naphthoquinone and the xanthone series, revealed
valuable information for the better understanding of their mechanisms of action.

All the compounds were shown to display high affinities for hematin and lead to either 1:1
or 1:2 (and 2:1) charge-transfer complexes with apparent dissociation constant in the uM
range (0.2 M sodium hepes buffer at pH 7.5). These binding constants are comparable to
those reported for the major antimalarial drugs (Table 2) targeting hemozoin formation and
demonstrate the propensity of our substrates to efficiently dissociate the hematin - dimer
in model solutions. This binding study allowed us to draw structure-activity relationships
such as substitution pattern, nature of the substituent, bulkiness of the substrate and redox
properties. Even though all the tested substrates interact with hematin w-rw dimer, only few
of them displayed a potent inhibitory activity in the hematin crystallization assay. In contrast
to some previous reports, no direct correlation between a high affinity for hematin -
dimer and the capacity to prevent p-hematin formation can be deduced.

The ability of our substrates to reduce methemoglobin to hemoglobin was thus examined
and discussed in the frame of p-hematin formation. Once again, only few compounds were
shown to efficiently and rapidly reduce methemoglobin(Fe'!") to hemoglobin(Fe'!). Very
interestingly, a direct correlation between methemoglobin reduction and inhibition of
hematin crystallization was observed, thereby demonstrating that the two processes are
closely related. Compounds displaying an ability to reduce methemoglobin are also very
potent inhibitors of p-hematin formation. The facility of our redox-active agents (mainly the
naphthoquinone series) to be rapidly and efficiently reduced by NADPH with mediation of
the disulfide reductases (i.e. glutathione reductase) and, in their reduced forms, to
catalytically and specifically transfer electrons to ferric species of heme and hemoglobin
contribute to interference with hemozoin biomineralization. Both events — oxidizing the
reductants and reducing the oxidants in a continuous redox cycle — are expected to lead to
the death of the parasites. These multifaceted properties of these hematin binders, efficient
methemoglobin reductants after bioreduction by NADPH/GR couple and potent inhibitors of
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hemozoin/B-hematin oligomerization of several representatives of the naphthogquinone and
xanthone/benzoxanthone series will guide the design and the synthesis of redox active
antimalarial and antischistosomal drugs with optimized properties.

Experimental Section

Physico-Biochemical Studies

Materials and Methods—Distilled water was purified by passing it through a mixed bed
of ion-exchanger (Bioblock Scientific R3-83002, M3-83006) and activated carbon
(Bioblock Scientific ORC-83005). All stock solutions were prepared using an AG 245
Mettler Toledo analytical balance. The [Fe!'"PPI1X],: and [metHb(Fe!!")]io: were calculated
from the molecular weight of the corresponding monomers. Hepes (2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid, Gerbu Biotechnik) buffer (0.2 M) was
prepared in water and the pH (7.4) was adjusted with NaOH slurry. pH reading was done on
a PHM240 MeterLab® millivoltmeter fitted with a combined glass electrode (Metrohm
6.0234.500, Long Life, 0.1 M NaCl). Calibration was done with commercial Merck®
buffers (1.68, 4.00, 6.86, 7.41, and 9.18). Stock solutions of the substrates in DMSO for the
different assays were freshly prepared in Eppendorf tubes just before the experiments.
Hematin (Fe!!'PP1X(OH)) solution was prepared from hemin equine Type 111
(Fe""PPIXCI, Sigma-Aldrich) and 0.1 M NaOH solution vigorously stirred at room
temperature (RT) for 1 h. Methemoglobin was prepared by oxidation of Human hemoglobin
(Sigma-Aldrich) in solution by oxygen at RT (the molecular weight of the tetrameric
hemoglobin is 64.458 kDa). NADPH (Biomol, Hambourg, Germany) solution was prepared
in water and kept at 0°C during the experiments. The final concentration in the optical cell
was calculated from the absorbance at 340 nm (e340 = 6.22 mM~1 cm™1).

Spectrophotometric titration of hematin rt-i dimer by the substrates: An aliquot of 10
L of the Fe!'"PPIX(OH) stock solution (~ 1.68 mM) were dissolved in 500 wL 0.2 M
sodium hepes buffer at pH 7.5 in a 1 cm Hellma optical cell. The absorption
spectrophotometric titrations were carried out by adding microvolumes of a stock solution of
the substrate (~5-9 x 1074 M in DMSO). Aliquots of 5-20 p.L of the stock substrate solution
were successively added to the reaction mixture and, after each addition, a UV-visible
absorption spectrum (300 nm <A< 800 nm) was recorded with a Uvikon 941
spectrophotometer. Special care was taken to ensure that equilibrium was attained. The
association constants K and the stoichiometries of the species at equilibrium were
determined by processing the spectrophotometric data with the Specfit program
[67,68,69,70,71,72]. Specfit uses factor analysis to reduce the absorbance matrix and to
extract the eigenvalues prior to the multiwavelength fit of the reduced data set according to
the Marquardt algorithm. The uncertainties on the log K values are given as 3o with o =
standard deviation. Distribution curves of the various complexes and protonated species
were calculated using the Hyss 2006 program [78]. Origin 5.0 was used to process the
analytical results [79]. For the sake of simplicity charges are omitted in all the chemical
equilibria.

B-Hematin Inhibition Assay: The B-hematin inhibition assay used in this work was
inspired from that developed by the group of T. J. Egan [74] with some significant
improvements in the order of the addition of the reactants, which was imposed by the low
solubility of some of our compounds. Drug solutions (89.1 mM, 53.5 mM, 26.7 mM, 17.8
mM, 13.4 mM, 8.9 mM, 4.5 mM, 0 mM) were prepared by dissolving the drug in DMSO
(Table 6). Hematin stock solution (1.68 mM) was prepared by dissolving equine hemin
(1.05 mg) in 0.1 M NaOH (960 p.L). The solution was incubated at room temperature for 1
h. In a series of 2 mL Eppendorf tubes, 2.0 L of drug solution (or solvent for the blank
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reference) were dispensed. Then, 20.2 pL of hematin stock solution were added. The
Eppendorf tubes were placed in an incubator at 60°C and then, 2 pL of 1 M HCl and 11.7
pL of 12.9 M sodium acetate solution (pH 4.5) pre-incubated at 60°C were added. The final
hematin concentration was 1 mM. The final drug concentrations were 4.96 mM, 2.98 mM,
1.45 mM, 0.99 mM, 0.75 mM, 0.5 mM, 0.25 mM and 0 mM and the final pH of the solution
was 4.5. The reaction mixtures were incubated at 60°C for 1 h. After incubation, the reaction
mixtures were quenched at room temperature by adding 900 pL of 0.2 M sodium hepes
buffer + 5% (v/v) pyridine (pH 8.2), to adjust the final pH of the mixture to a value between
7.2 and 7.5. Then, 1100 pL of 0.02 M sodium hepes buffer + 5% pyridine (v/v) (pH 7.5)
was added. The Eppendorf tubes were shaken and the precipitate of p-hematin was scrapped
from the walls of the Eppendorf tubes to ensure complete dissolution of hematin. The f-
hematin was allowed to settle at room temperature for 1 h. The supernatant was carefully
transferred to a Hellma optical cell (/=1 cm) without disturbing the precipitate and the
absorption spectra were measured between 300 and 750 nm.

MetHb reduction assay

Enzyme: Recombinant /GR was purified as previously reported [80]. One unit of GR
activity is defined as the consumption of 1 pmol NADPH per min under conditions of
substrate saturation. The enzyme stock solution (266 M) used for kinetic determinations
were > 98% pure as judged from silver stained SDS-PAGE and had specific activities of 200
U/mg (MGR). A hGR stock Il solution was prepared by dilution (1/10) of the enzyme stock
solution with AGR buffer (pH 6.9). [18]. The AGR buffer (pH 6.9) was prepared by
dissolving KH,POy, (2.79 g), KoHPO4, 3 H,0 (6.04 g), EDTA (0.372 g), and KCI (14.91 g)
in 1 L water. The pH was adjusted by dropwise addition of 5 M KOH.

Methemoglobin Reduction Coupled Assay with hGR/NADPH: Stock solutions of 2 mM of
the drugs in DMSO were freshly prepared. Solutions of 397 .M methemoglobin in /GR
buffer and ca. 4 mM NADPH in water were prepared and kept at 0°C during the experiment.
The final NADPH concentration in the optical cell was calculated from the absorbance at
340 nm (e349 = 6.22 mM~1 cm™1). In a Hellma optical cell (/=1 cm), 945 pL of the /GR
buffer, 20 L of the methemoglobin solution (397 wM), 20 pL of the drug solution (2 mM)
and 10 p.L of the NADPH solution (ca. 4 mM) were introduced and pre-incubated at 37.5°C
(Lauda E200/011 thermostat and a Huber Minichiller cooler) for 5 min. Then, 5 pL of the
HGR stock 11 solution was added. The reaction was monitored by UV-vis. absorption
spectrophotometry on a Cary 300 spectrophotometer with the scanning kinetics method. A
spectrum was measured every 30s between 250 and 500 nm over 1 to 2 h. The kinetic data
were processed with the Specfit program [67,68,69,70,71,72].

Materials and Methods—Melting points were determined on a Biichi melting point
apparatus and were not corrected. 1H (300 MHz), 13C (75 MHz) and 19F (282 MHz) NMR
spectra were recorded on a Bruker DRX-300 spectrometer; chemical shifts were expressed
in ppm relative to tetramethylsilane (TMS); multiplicity is indicated as s (singlet), d
(doublet), t (triplet), g (quartet), sep (septet), m (multiplet), cm (centered multiplet), dd
(doublet of a doublet), dt (doublet of a triplet), and td (triplet of a doublet). C indicates a
quaternary carbon in the 13C NMR assignation. 1°F NMR was performed using 1,2-
difluorobenzene as external standard (& = —=139.0 ppm). IR spectra (cm™1) were recorded on
a Perkin—Elmer Spectrum One Spectrophotometer. Intensities in the IR spectra are indicated
as vs (very strong), s (strong), m (medium), w (weak), and b (broad). Elemental analyses
were carried out at the Mikroanalytisches Laboratorium der Chemischen Fakultét der
Universitat Heidelberg. Electron impact mass spectrometry (EI-MS) was recorded at
facilities of the Institut fir Organische Chemie der Universitat Heidelberg. Analytical TLC
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was carried out on pre-coated Sil G-25 UV g4 plates from Macherey&Nagel. Flash
chromatography was performed using silica gel G60 (230-400 mesh) from
Macherey&Nagel.

Synthesis of Xanthones 1to 4

General Procedure 1: A flask was purged with Argon and the following reagents were
successively introduced under inert atmosphere: the arene (2.0 equiv.), the benzonitrile (1.0
equiv.), Pd(OACc), (0.1 equiv.), DMSO and TFA (Scheme 3 and Scheme 4). The flask was
sealed and the reaction mixture was stirred and heated at 95°C for 24 h. The mixture was
cooled and 8 mL of water was added to the flask. The resulting mixture was heated at 70°C
for 2 h. Then, the mixture was cooled and extracted three times with 15 mL Et,O. The
combined organic layers were dried over MgSQO, and evaporated. The resulting oil was
purified through flash chromatography.

(2,5-dimethoxyphenyl)(2-fluorophenyl)methanone (3a): Commercially available 1,4-
dimethoxybenzene (500 mg, 3.62 mmol), 2-fluorobenzonitrile (220 mg, 1.81 mmol), DMSO
(0.20 mL) and TFA (4.5 mL) were used as starting materials and treated according to
general procedure. The resulting yellow oil was purified through flash chromatography
(hexane:EtOAcC 2:1). The product 3a was obtained as a colorless oil (400 mg, 1.54 mmol,
85%). R (hexane:EtOAc 2:1) = 0.44. IH NMR (300 MHz, CDCls): & (ppm) = 7.76-7.85
(m, 2H), 7.61-7.73 (m, 1H), 7.34-7.45 (m, 2H), 7.19-7.25 (m, 1H), 7.05 (d, /= 8.79 Hz,
1H), 3.95 (s, 3H, OCHj3), 3.77 (s, 3H, OCH3). 13C NMR (75 MHz, CDCls): & (ppm) =
193.71 (C=0), 161.03 (d, ZJcr= 256 Hz, CF), 153.41 (Cg), 153.05 (Cq), 133.94 (d, /e =
9 Hz, CHy), 130.95 (d, “/cr= 2 Hz, CHy), 129.11 (Cg), 128.0 (d, Zfcr = 12 Hz, Cy), 124.09
(d, SJcr = 3.7 Hz, CHy), 120.00 (CH4,), 115.96 (d, 2/cr = 22 Hz, CHyy), 114.75 (CHyy),
113.29 (CHgy), 56.24 (OCHg), 55.92 (OCH3). 1%F NMR (282 MHz, CDCI3): & (ppm) =
-112.81 (ddd, 3Jyr = 11 Hz, 44y = 7 Hz, 4dye = 5Hz). EI-MS (70 eV, m/z (%)): 260.2
([M+], 100) for C15H13FO3 [64]

(2-fluorophenyl)(2-hydroxy-5-methoxyphenyl)methanone (3b): A solution of (2,5-
dimethoxyphenyl)(2-fluorophenyl)methanone 3a (100 mg, 0.384 mmol) in 8 mL of
dichloromethane (DCM) was cooled at 0°C and kept stirring for 30 min. Then, BBr3 (0.38
mL, 1M in DCM) was added dropwise to the solution and the reaction mixture was stirred at
0°C for 1 h. The reaction mixture was quenched with 8 mL of methanol (MeOH). A
saturated solution of NaCl was added to the mixture and it was extracted three times with 10
mL DCM and twice with 10 mL ethyl acetate. The organic layers were combined, dried over
MgSO, and evaporated. The product 3b was obtained as a yellow powder (82 mg, 0.33
mmol, 86%). Ry (cyclohexane:DCM 3:2) = 0.32. 1H NMR (300 MHz, CDCl3): & (ppm) =
11.59 (s, 1H, Ph-OH), 7.45-7.58 (m, 2H, Hy), 7.14-7.32 (m, 3H, Hy), 7.01 (d, /=9.1 Hz,
1H, Hy), 6.86 (t, J= 7.5 Hz, 1H, Hy), 3,68 (s, 3H, OCHa). 13C NMR (75 MHz, CDCls): 6
(ppm) = 198.10 (C=0), 159.10 (d, L/cF= 252 Hz, Cq-F), 157.54 (Cg), 151.77 (Cg), 132.96
(d, 3Jck = 8 Hz, CHy-F), 129.87 (d, %tk = 8 Hz, CHy-F), 126.21 (d, 2k = 16 Hz, C¢-F),
125.02 (CHgy), 124.40 (CHyy), 119.31 (Cg), 119.19 (CHgy), 116.37 (d, 2Jcr = 21 Hz, CHy-
F), 115.17 (d, *JcF = 2 Hz, CH,-F), 55.90 (O CH3). 1°F NMR (282 MHz, CDCI3): & (ppm)
=-112.22 (cm, 3Jyp=10 Hz, 4U4e=7 Hz, *Je=5 Hz, SJdyr=3 Hz). EI-MS (70 eV, m/z (%)):
246.1 ([M™], 100) for C14H1,FO3 [64].

(2,4-difluor o-6-hydr oxy-3-methoxyphenyl) (2-fluorophenyl)methanone (4a): Commercially
available 4-methoxy-3,5-difluorophenol (200 mg, 1.25 mmol), 2-fluorobenzonitrile (67 p.L,
0.63 mmol), DMSO (0.06 mL) and TFA (1.6 mL) were used as starting materials and treated
according to general the procedure 1. The resulting brown oil was purified through flash
chromatography (cyclohexane:EtOAc 10:1). The product 4a was obtained as a yellow
powder (25 mg, 0.09 mmol, 14%). Ry (cyclohexane:EtOAc 10:1) = 0.34. 1H NMR (300
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MHz, CDCl3): & (ppm) = 11.93 (s, 1H, Ph-OH), 7.50-7.57 (m, 2H), 7.27 (ddd, 3y =8

Hz, *J4r = 7 Hz, *J4n = 1 Hz, 1H), 7.13 (ddd, 3Jye = 10 Hz, 34y = 8 Hz, 4y = 1 Hz,
1H), 6.61 (dd, 3JyF = 12 Hz, 5J4r = 2 Hz, 1H), 3.85 (s, 3H, OCH3). 13C NMR (75 MHz,
CDClg): & (ppm) = 193.70 (C=0), 164.90 (Cy), 161.62 (dd, Lcr = 259 Hz, 3Jcg = 9 Hz, Cq-
F), 161.24 (Cq), 159.57 (d, LJer = 252 Hz, C4-F), 156.81 (dd, L/cr = 259 Hz, 3/cr = 9 Hz,
Cq-F), 159.23 (dd, 2/cr = 16 Hz, C4-0), 156.36 (Cg), 133.57 (d, 3Jcr = 8 Hz, CHyy), 129.38
(d, 3Jcr = 8 Hz, CHy), 124.40 (d, *Jcr = 3 Hz, CHyy), 115.84 (d, 2JcF = 22 Hz, CHyy),
101.50 (dd, 2Jc = 22 Hz, *Jcr = 3 Hz, CHy), 62.49 (t, “Jcr = 3 Hz, OCH3). 19F NMR (282
Hz, CDCI3): & (ppm) = —113.87 (dd, 4k = 15 Hz, 3J4g = 12 Hz), ~114.47 (cm, 3y = 13
Hz, *J4r = 7 Hz), —122.21 (dd, g = 15 Hz, SJyr =7Hz). EI-MS (70 eV, m/z (%)): 282.1
([M+], 24) for C14HgF303.

General procedure 2: The benzophenone derivative (1.0 equiv.) and KoCO3 (2.0 equiv.)
were placed in a round-bottom flask. The flask was sealed under Argon and 10 mL of dry
Acetone were added. The reaction mixture was stirred at 50°C for 2 h. The suspension was
then filtered through a pad of celite and washed with 25 mL of diethylether (Et,0). The
filtrate was concentrated under vacuum.

2-methoxy-9H-xanthen-9-one (3): (2-fluorophenyl)(2-hydroxy-5-
methoxyphenyl)methanone 3b (80 mg, 0.325 mmol) was used as a starting material and
treated according to general procedure 2. The 2-methoxy-9H-xanthen-9-one (3) was
obtained as white, “cotton-like” flakes (45 mg, 0.20 mmol, 61%). Rs (cyclohexane:DCM
3:2) =0.20. IH NMR (300 MHz, CDCls): & (ppm) = 8.35 (dd, 3J= 8 Hz, /=1 Hz, 1H),
7.69-7.75 (m, 2H), 7.31-7.50 (m, 4H), 3.92 (1H, 3H, OCHj3). 13C NMR (75 MHz, CDCl3):
& (ppm) = 177.09 (C=0), 156.14 (C4-0), 156.02 (Cg), 151.02 (Cg), 134.60 (CHg), 126.69
(CHar), 124.91 (CHgy), 123.73 (CHgy), 122.14 (Cy), 121.27 (Cy), 119.43 (CHyy), 113.23
(CHy), 105.86 (CHgy), 55.95 (CH3). EI-MS (70 eV, m/z (%)): 226.1 ([M*], 42), 211.1 ([M-
CHa]*, 30) for C14H1003. Elemental analysis calcd for C14H19O3 (%): C, 74.33; H, 4.46;
found: C, 74.04; H, 4.38. m.p. 126-128°C.

2,4-difluoro-3-methoxy-9H-xanthen-9-one (4): (2,4-difluoro-6-hydroxy-3-methoxyphenyl)
(2-fluorophenyl)methanone 4a (200 mg, 0.71 mmol) was used as a starting material and
treated according to general procedure 2. 2,4-difluoro-3-methoxy-9H-xanthen-9-one (4) was
obtained as a beige powder (100 mg, 0.38 mmol, 53%). R¢ (cyclohexane:EtOAc 10:1) =
0.21. IH NMR (300 MHz, CDCls): & (ppm) = 8.30 (dd, 3J= 8 Hz, 4J= 1 Hz, 1H), 7.72

(dd, 3J=8 Hz, 4J= 1 Hz, 1H), 7.40-7.45 (m, 2H), 7.06 (dd, 3Jyg = 10 Hz, SJyr = 2 Hz, 1H),
4.04 (1H, 3H, OCHa); 13C NMR (75 MHz, CDCls): & (ppm) = 174.53 (C=0), 159.61 (Co
158.94 (Cg), 159.46 (dd, LJcr = 260 Hz, 3Jce = 8 Hz, Cy-F), 155.37 (Cy), 154.99 (dd, L/cr =
257 Hz, 3Jcr = 8 Hz, Cq-F), 151.96 (dd, 3Jck = 16 Hz, Cq), 134.92 (CHy), 126.68 (CHyy),
124.50 (CHyy), 121.75 (Cg), 117.47 (CHgy), 101.35 (dd, 2Jer = 23 Hz, “Jcr = 4 Hz, CHy),
62.47 (dd, “Jcg = 3 Hz, OCH3). 1°F NMR (282 MHz, CDCI3): & (ppm) = — 116.61 (dd, *Jke
=15 Hz, 3J4r = 11 Hz), - 126.69 (d, /g = 15 Hz). EI-MS (70 eV, m/z (%)): 262.0 ([M*],
73), 247.0 ([M-CHg]*, 15). Elemental analysis calcd for C14H1003 (%): C, 64.13; H, 3.08;
found: C, 64.36; H, 3.02. m.p. 125-127°C.

Characterization Data of Benzoxanthones 1 and 2: 5-methoxy-6-methyl-7H-
benzo[c]xanthen-7-one (1) was obtained as an orange powder (96 mg, 0.33 mmol, 69%).
Rf (cyclohexane:EtOAc 10:1) = 0.36. 1H NMR (300 MHz, CDCls): & (ppm) = 8.61-8.64
(m, 1H), 8.31-8.34 (m, 1H), 8.13-8.16 (m, 1H), 7.69-7.75 (m, 2H), 7.58-7.65 (M, 2H),
7.37-7.42 (cm, 1H), 3.91 (s, 3H, OCHg), 2.96 (s, 3H, CH3). 13C NMR (75 MHz, CDCly): &
(ppm) = 178.68 (C=0), 154.81 (Cy), 151.84 (Cy), 149.81 (Cy), 133.93 (CHar), 130.99 (Cy),
129.87 (CHgy), 126.57 (CHgy), 126.29 (CHyy), 125.86 (Cg), 124.22 (CHgy), 123.79 (Cy),
123.28 (CHgy), 123.21 (Cq), 122.17 (CHy), 117.46 (CHgy), 117.35 (Cg), 61.45 (OCHy),
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14.51 (CHg). EI-MS (70 eV, m/z (%)): 290.1 ([M*], 53) for C1gH1403. Elemental analysis
calcd for C1gH1403 (%): C, 78.61; H, 4.86; found: C, 78.81; H, 4.92. m.p. 175-177°C.

5-methoxy-6-methyl-11-(trifluoromethyl)-7H-benzo[c]xanthen-7-one (2) was obtained
as a light yellow, cotton-like solid (120 mg, 0.33 mmol, 86%). 1H NMR (300 MHz, CDCl5):
& (ppm) = 8.66-8.68 (m, 1H), 8.54-8.57 (m, 1H), 8.17-8.20 (m, 1H), 8.02-8.05 (m, 1H),
7.76-7.82 (cm, 1H), 7.67-7.73 (cm, 1H), 7.47-7.53 (cm, 1H), 3.92 (s, 3H, OCHy3), 2.97 (s,
3H, CH3). 13C NMR (75 MHz, CDCls): & (ppm) = 177.39 (C=0), 151.79 (Cg), 151.52 (Cy),
150.50 (Cq), 131.27 (q, 3Jcr= 4 Hz, CHy,), 130.99 (CHy), 130.30 (CHg), 126.92 (CHyy),
125.56 (Cg), 124.05 (Cg), 123.70 (Cg), 123.49 (CHgy), 123.34 (CHyy), 123.13 (q, Ler =273
Hz, CF3), 122.15 (CHy), 119.70 (Cg), 119.08 (g, 2Jer = 32 Hz, CqCFj), 117.32 (Cy), 61.54
(OCHg), 14.46 (CH3). 19F NMR (282 MHz, CDCI3): & (ppm) = —61.31 (s, CF3). EI-MS (70
eV, m/z (%)): 358.0 ([M*], 60), 343.0 ([M-CHs]*, 100) for CgH1303F3. Elemental analysis
calcd for CygH1303F3 (%): C, 67.04; H, 3.66; found: C, 66.95; H, 3.80. m.p. 198-200°C.
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benzoxanthone benz[c]xanthen-7-one

A wavelength

CT charge transfer (complex or band)

DCM dichloromethane

DMSO dimethylsulfoxide

EDTA ethylenediaminetetraacetic acid

EI-MS electron impact mass spectrometry

FelllPPIX ferriprotoporphyrin

FelllPPiIXCI ferriprotoporphyrin chloride

Hb(Fe!!) hemoglobin subunit

hGR human glutathione reductase

Ka association constant

Kp dissociation constant

Kbim dimerization constant

M molar

MeOH methanol

metHb(Fe'l) methemoglobin subunit

NADPH reduced form of nicotinamide adenine dinucleotide phosphate
oxyHb(Fe' hemoglobin subunit with O, molecule coordinated on iron(l1)
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ROS reactive oxygen species
TFA trifluoroacetic acid
tot total
UV-vis ultraviolet/visible (spectroscopy)
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Figure 1.

Putative Model for Redox-Active Compounds Affecting Redox Homeostasis in ~.
falciparum-Infected Red Blood Cell Accounting for the Observed Inhibition of Hemozoin
Formation Causing the Death of the Parasites.?

4HMS, hexose monophosphate shunt. RedOx means redox-active compound with ox and red
in subscript to indicate if the compound acts in its oxidized or its reduced state. Double
dashed arrows represent transport processes. The potential redox-active compounds are
proposed to be taken up by the infected red blood cells (step 1), to be reduced in the cytosol
of the human red blood cell by GR (step 2), and then transported in the acidic vesicles or in
the food vacuole (step 3) where hemoglobin digestion occurs. Subsequently, the redox-
active compounds are proposed to be cycled between the acidic compartments and the
cytosols and reduced by GR of the human host cell (not shown) or of the parasite (step 4) in
a continuous redox cycle. The reduced species of redox-active compounds are assumed to be
transported through Fe!!! complexation into the acidic vesicles where the reduced RedOx
species transfer the electrons to oxidants (hematin or metHb(Fe'!"), step 5). The final result
is an inhibition of hemozoin formation (step 6) and the arrest of trophozoite development.
Thus, the physico-biochemical properties of RedOx accounting for the antimalarial activity
were investigated through the different processes under quasi-physiological conditions in the
presence of relevant parasitic oxidant targets like hematin or metHb(Fe!'!). Three assays are
described: drug:hematin affinity studies at pH 7.5; inhibition of hematin crystallization at pH
~ 5.0; metHb(Fe''") reduction assays at pH 6.9 coupled to the NADPH-based GR system.
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Figure 2.
Chemical Structure of the Deprotonated Form of Fel''PPIX.
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Figure 3.

St?uctural Aspects of Hemozoin and its Analogues (such as B-Hematin, the Synthetic
Equivalent of Hemozoin).

(A) p-oxo (pe-oxo bridged dimer of iron(111) protoporphyrin IX). (B) rt-w dimer (r stacked
iron(111) protoporphyrin IX dimer - for instance hemin dimer [Fe!'"PP1X(CI)],). (C) p.-Pr
(dimer formed by symmetrical and mutual intermolecular iron(l11)-propionate coordination
bonds in the particular case of Fe!''PP1X).
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Figure 4.

Speciation Diagrams of the Ferriprotoporphyrin IX (Fe!''PPIX) Species as a Function of
[Fe'"PPIX]o at 25 °C and pH 7.4.

(A) Pure water; (B) aqueous 5.64 M DMSO (40 % v/v). Charges, solvent molecules, protons
and hydroxides have been omitted in the equilibria given in the insets.
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Figure 5.

Thermodynamics of Ferriprotoporphyrin IX under Monomeric and m-rc Dimeric States.
Distribution Diagrams as a Function of pH of Fe!'"PPIX Species Calculated for
[Fe'""PP1X]ot = 40 M.

Thermodynamic data taken from reference [18] and [39]. H,O and OH correspond to the
Fe(l11) axially coordinated molecules. Charges have been omitted for the sake of clarity.
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Figure 6.
Chemical Structures of the Xanthones and 1,4-Naphthoquinones Considered in this Work.
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UV-visible Electronic Spectrum of Free Hematin under -t Dimeric State Measured in 0.2

M Sodium Hepes Buffer pH 7.5 and at 7= 25 °C.
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(A) Absorption Spectrophotometric Titration of Hematin (under a rc-rt Dimeric State) by

Benzoxanthone 2.

Solvent: 0.2 M sodium hepes buffer pH 7.5; /=1 cm; [Fe''"PP1X];o; = 3.07 x 107> M; (1)
[2]iot/[Fe""PP1X] 10t = 0; (2) [2]io/[Fe'M'PPIX]iot = 3.7. (B) Absorption electronic spectra of
the complexes formed between Fe!!'PP1X and substrate 2. (C) Distribution diagrams as a

function of [2]o; of the Fe!llPP1X complexes formed with substrate 2 calculated for

[Fe'"PPIX]ot = 3.07 x 1075 M.
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Figure 9.

(A) Absorption Spectrophotometric Titration of Hematin (under a -t Dimeric State) by
Xanthone 4. Solvent: 0.2 M sodium hepes buffer pH 7.5; /= 1 cm; [Fe'"PPIX]io; = 3.0 x
107> M; (1) [Alior/[Fe"MPPIX]iot = 0; (2) [Alio/[Fe''PPIX]iot = 5.33. (B) Absorption
electronic spectra of the complexes formed between Fe!''PPIX and substrate 4. (C)
Distribution diagrams as a function of [4]t of the Fe''"PPIX complexes formed with
substrate 4 calculated for [Fe!'"PPIX]ot = 3.0 x 107> M.
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(A) Absorption Spectrophotometric Titration of Hematin (in a -t Dimeric State) by the

Benzoylnaphthoquinone 6.

Solvent: 0.2 M sodium hepes buffer pH 7.5; /=1 cm; [Fe''"PP1X];o; = 2.93 x 107 M; (1)
[6]iot/[Fe""PP1X]10t = 0; (2) [6]1ot/[Fe'M'PPIX]iot = 2.96. (B) Absorption electronic spectra
of the complexes formed between Fe!!'PP1X and substrate 6. (C) Distribution diagrams as a
function of [6];o; of the Fe!!"PP1X complexes formed with substrate 6 calculated at
[Fe'""PPIX]iot = 2.93 x 107> M.
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Figure 11.

(A) Absorption Spectrophotometric Titration of Hematin (in a -t Dimeric State) by

Pyridine (noted Pyr).

Solvent: 0.2 M sodium hepes buffer pH 7.5; /=1 cm; [Fe''"PP1X];o; = 1.68 x 107> M; (1)
[Pyrlo/[Fe'""PPIX]iot = O; (2) [Pyrliot/[Fe''PPIX]ior = 51667. (B) Absorption electronic
spectra of the complexes formed between Fe!''PPIX and pyridine. (C) Distribution
diagrams as a function of [Pyr], of the Fe!''PPIX complexes formed with pyridine
calculated at [Fe!'"PPIX]io = 1.68 x 107° M. log Breiippix(pyr)2 = 2.25 + 0.05 calculated

in this study.
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Figure 12.

Inhibition of p-Hematin Crystallization by (A) Benzoxanthone 1 and (B) Xanthone 3
Measured by UV-Visible Absorption Spectrophotometry using Pyridine (5% by volume) as
Reporting Reagent. The squares (M) indicate the inhibition curve (a) obtained by addition of
the drug prior to formation of B-hematin while the circles (@) represent the inhibition curve
(b) obtained by addition of the drug after formation of p-hematin (hematin incubated at
60°C with 12.7 M acetate buffer at pH 4.5).

Solvent: 0.2 M + 0.02 M sodium hepes buffer pH 7.5, 7= 25 °C.
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Figure 13.

Inhibition of p-Hematin Crystallization by Amodiaquine Measured by UV-Visible
Absorption Spectrophotometry using Pyridine (5% by volume) as Reporting Reagent. The
squares (M) indicate the inhibition curve (a) obtained by addition of amodiaquine prior to
formation of p-hematin while the circles (@) represent the inhibition curve (b) obtained by
addition of amodiaquine after formation of p-hematin (hematin incubated at 60°C with 12.7

M acetate buffer at pH 4.5).
Solvent: 0.2 M + 0.02 M sodium hepes buffer pH 7.5, 7= 25 °C.
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Figure 14.

Infrared Spectra of p-Hematin (A) and of Hematin Reaction Products with 3 Equivalents of
Benzoxanthone 1 (B) and Xanthone 3 (D). (A) p-hematin prepared according to refs. [58]
and [76] (1709(s), 1661(s), 1620(sh), 1467(w), 1444(w), 1406(s), 1377(s), 1356(s),
1338(sh), 1294(s), 1279(s), 1224(w), 1204(s), 1147(m), 1120(m), 1088(w), 1076(m),
1049(w), 1008(w), 985 (m), 937(s), 902(s), 836(s), 751(m), 712(s)). The peaks for p-
hematin at 1661 cm~ and 1204 cm™! are indicated with arrows. Peaks due to the drug are
marked with stars (*). IR spectra of benzoxanthone 1 (C) and xanthone 3 (E) are given for
comparison purposes.
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Figure 15.

Inhibition of B-Hematin Crystallization by the Benzoyl-1,4-naphthoquinone 6 Measured by
UV-Visible Absorption Spectrophotometry using Pyridine (5% by volume) as Reporting
Reagent.

Solvent: 0.2 M + 0.02 M sodium hepes buffer pH 7.5. The cross (x) and the square (H)
labels correspond to two independent replicates, while the solid line corresponds to the
averaged values.
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Figure 16.

UV-Visible Absorption Spectra Recorded as a Function of Time and Showing the Absence
of metHb(Fe!')) Reduction in the Coupled Assay with AGR/NADPH System in the Presence
of Benzoxanthone 2.

Solvent: water (AGR acetate buffer pH 6.9 + 47 mM K,PO4 + 200 mM KCI); 7= 37.0 °C;
40 M NADPH + 66.5 nM hGR + 2 uM metHb + 40 uM benzoxanthone 2; (1) t=0; (2) t ~
60 min.
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(A and B) UV-Visible Absorption Spectra Recorded as a Function of Time Showing the
Slow metHb(Fe'!") Reduction in the Coupled Assay with the ~GR/NADPH System in the
Presence of Xanthone 3. (C) Electronic Spectra of the Reactants and the Products of the
metHb(Fe''") Reduction. (D) Absorbance Changes at A = 405 nm and A = 420 nm.
Solvent: water (hGR acetate buffer pH 6.9 + 47 mM K,PO,4 + 200 mM KCI); 7= 37.0 °C;
40 .M NADPH + 133 nM /GR + 7.95 uM metHb + 40 uM 3; (1) t = 0; (2) t = 60 min.
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Figure 18.

(A and B) UV-visible Absorption Spectra Recorded as a Function of Time Showing the fast
metHb(Fe''") Reduction in the Coupled Assay with the /GR/NADPH System in the
Presence of Benzoylnaphthoquinone 6. (C) Electronic Spectra of the Reactants and the
Products of the metHb(Fe!'") Reduction. (D) Absorbance Changes at A. = 404 nm and A =

414 nm.

Solvent; water (#GR acetate buffer pH 6.9 + 47 mM K,PQO,4 + 200 mM KCI); 7= 37.0 °C;
40 M NADPH + 133 nM /GR + 7.95 M metHb + 40 uM 3; (1) t = 0; (2) t ~ 19 min.
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Figure 19.

UV-Visible Absorption Spectra Recorded as a Function of Time Showing the Influence of
the Reduced Substrates on the metHb(Fe'!") Reduction in the Coupled Assay with the AGR/
NADPH System.

Solvent: water (AGR acetate buffer pH 6.9 + 47 mM K,PO4 + 200 mM KCI) (A) 7.95 pM
metHb. (B) 7.95 LM metHb + 40 M NADPH. (C) 7.95 pM metHb + 40 pM 3. (D) 40 uM
NADPH + 133 nM AGR + 7.95 pM metHb + 40 puM 3. For A, B, Cand D: (1) t=0; (2) t=
60 min. (E) 100 uM NADPH + 133 nM /GR + 7.95 .M metHb, (1) t = 0; (2) t = 120 min.
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Y (K Keat) oF OH ¥
1,4-naphthoquinones 1,4-dihydronaphthoquinones
NQ NQ(H),

2)
Hb(Fe') or metHb(Fe") or
PFIX(Fe') PFIX(Fe')

l l

inhibition of hemozoin
hemozoin formation formation
and trophozoite and growth of
developement arrest the parasite

Scheme 1.

Redox-Active Compounds as Subversive Substrates of NADPH-Dependent Disulfide
Reductases.#? RedOx stands for the redox-active agents like methylene blue, 1,4-
naphthoquinones (given as an example in this scheme) or xanthones. The labels ox and red
stand for the oxidized and reduced states of these redox active agents, respectively.

4 DR means disulfide reductase; 2 X is the series variable, Y means H, or O.
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X CcN cat. Pd(OAc), XN
Ry * RT
= . DMSO/TFA =

Scheme 2.
A Palladium-Catalyzed Two-Step Strategy to Access Xanthones.
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3a 3b

Scheme 3.

Synthesis of 2-Methoxy-9H-xanthen-9-one 3.

Reagents and conditions: a) 0.1 equiv. Pd(OAc),, DMSO/TFA, 95°C, 24h; b) 1.0 equiv.
BBr3, DCM, 0°C, 1h; c) 2.0 equiv. K,COg3, acetone, 50°C, 2h.
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Scheme 4.

Synthesis of 2,4-Difluoro-3-methoxy-9H-xanthen-9-one 4.

Reagents and conditions: a) 0.1 equiv. Pd(OAc),, DMSO/TFA, 95°C, 24h; b) 2.0 equiv.
K,COg3, acetone, 50°C, 2h.
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Table 1

Definition and Abbreviation of the Heme-Containing Compounds Cited in this Work.4

Heme compound

Abbreviation

Definition

Heme Heme Fe!'"PPIX Prosthetic group that consists of an iron atom contained in the center of a
heterocyclic porphyrin ring, namely the protoporphyrin IX (see Figure 2). It
corresponds to the active protein-free unit of hemoglobin molecule.

Hemoglobin Hb(Fe") or Hb Oxygen-carrying Fe(Il) hemoprotein of erythrocytes made up of four different

polypeptide globin chains that contain between 141 and 146 amino acids and a
Fe!'PPIX active site.

Oxyhemoglobin

oxyHb(Fe'") or oxyHb

Hemoglobin protein containing an oxygen molecule in its Fe!'PPIX site

Methemoglobin

metHb(Fe''") or metHb

Hematogenous pigment formed from hemoglobin by oxidation of the iron atom
from the ferrous to the ferric state. A small amount is found in the blood normally,
but injury or toxic agents convert a larger proportion of hemoglobin into
methemoglobin, which does not function as an oxygen carrier.

Hemin chloride

Hemin Fe!''PPIXCI

Heme containing a chloride anion axially bound in the fifth position of the
iron(l11) porphyrinic system.

Hematin

Hematin Fe!'"PPIX(OH,)
or Fe!l'PPIX(OH)

Heme containing a water or a hydroxide molecule axially bound in the fifth
position of the iron(l11) porphyrinic system.

p-Oxo hematin dimer

p-oxo Fe''"PPIX dimer

w-oxo bridged dimer of iron(I11) protoporphyrin IX

-1t Hematin dimer

r-rc Fe'""PPIX dimer

e stacked iron(111) protoporphyrin IX dimer

w-Pr hematin dimer

p-Pr Fe'"'"PPIX dimer

Dimer formed by symmetrical and mutual intermolecular iron(I11)-propionate
coordination bonds in the particular case of Fe!''PPIX

B-hematin

B-hematin

Synthetic hematin crystal standing for hemozoin pigment equivalent

Hemozoin or malarial
pigment

Hz

Disposal pigment — biocrystals which result from self-association of Fe(I11)
protoporphyrin IX - formed during the digestion of methemoglobin in several
blood-feeding parasites (the Fe'!"PP1X are held together mainly through r-r and
p-Pr interactions).

aRefer to references [20], [35] [39], [40] and [41] for schematic representation of j.-oxo Fell 'PPIX, n-re FelllPPIX and p-Pr FelllpPIX dimers
and X-ray structures of B-hematin and hemozoin.
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Table 2

Apparent Association Constants of Quinoline and Xanthone Based Drugs with Hematin or Hemin in Aqueous
Solution.?

Apparent association constant log Ka

Compound Aqueous 5.64 M DMSO/ Drug:Heme  Water/ Drug:Heme  Water [57]/ Drug:Heme

~ N*':\""”:ﬂ‘ A 5'5[7
' 1:2 [25]
Methylene blue
¢ 5.52 + 0,039 3.024f 51167
NN 1:1[58] 11 11
NN 5.6¢
AN 48+010 L:4160] 55107 6060/
1:1[59] 2:1 21
3.260F
1:1
5.39 +0.040 4.97¢
1:1[58] 1:4 [60] 63807
2:1
3.00.f
1:1
410 0.020 4.32€
) 1:1[58] 1:5 [60] 5 100f
~ N 2:1
Quinine
N 3.700f
HO . - 11
N
[ H
S
f‘j’\ ““j\ 3.90 £ 0.080 4,086
\r/ N . 1:1[58] 1:3[60] 2430 F
C 2:1
Mefloquine

4.95 % 0,050
1:1[61]

5.52 +0.030

= .
erroguine 1:1[62]
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Apparent association constant log K

Compound Aqueous 5.64 M DMSO/ Drug:Heme  Water/ Drug:Heme  Water [57]/ Drug:Heme

- NH Not detectable [58] 1‘;%66 0l

Primaquine

o]

NN N 5.29¢
‘ 12
OH OH

4,5-dihydroxyxanthones

aln aqueous 5.64 M DMSO (40% v/v) at pH 7.43, the predominant species for [FeI ! IPPIX]tot <10725 M is most likely the (OH/H20)-monomer
(Figure 4b), while the hematin r-it dimer predominates in water (Figure 4a).

bor7.43-75.
SH65.
JoH 6.
CoH58.

flnteractions with hemin chloride. 7=22.5-28.5 °C.
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Summary of the Binding Studies Between the Substrates Considered in this Work and Hematin rc-rc Dimer at

pH 7.5 and 7= 25°C (sh = shoulder).

Substrate Association constant Heme:drug

Dissociation constant Kp (uM)

Amax (€M) nm (x 10* M1 cm™)

A AN 11 L6 400 (5.18)
A i log Ky =5.9+0.1 : sh 355 (2.9)
(4]
1
CFy 2:1 2.00 386 (10.0)
LA oA log B =125+0.1 : sh 359 (9.3)
J 12 401 (8.82)
log £, =10.2+0.2 :
2
: 11 166 399 (4.4)
o log Kiy = 5.78 + 0.03 : sh 357 (3.41)
3
2:1 251 395 (8.18)
log B5,=11.4£0.1 : sh 357 (6.51)
Foo 12 401 (10.9)
A log fro= 9.2 £ 0.2 sh 357 (3.37)
0 2:1 158 386 (9.76)
[,--%,AV/ ~ , log Bn=12.6 £ 0.2 : sh 361 (9.3)
I 12 400 (5.55)
log B1,= 10.6 £ 0.2 sh 342 (3.08)
5
0 21 263 386 (9.90)
A~ on log B=12.4+0.3 : 353 (11.38)
L
5] tlm 1:2 397 (4.76)
log B1,= 10.6 + 0.3 353 (6.02)
6
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Table 4

Summary of the Hematin Crystallization Inhibition Assay with the Xanthone, Benzoxanthone and 1,4-
Naphthoquinone Derivatives. (ni = no inhibition)

Substrate I1Csq (equivalent inhibitor) ~ %max Inhibition
“‘l ni ~ 28% at 5 equiv.?
e T O ~28%at5 equiv.b

1
CF, ni ~23% at 5 equiv.
R (:I\,v/ \::]
RN NI P
O
2
[f'“--:\-« “»/’-'::J ni ~ 25% at 5 equiv.?
N TN N ~ 44% at 5 equiv.?
o
3
ni ~26% at 5 equiv.
I o
4
i 4.3 equiv. ~ 80%
[\ N R /J
I
(4]
5
0 1.3 equiv. ~90%
e /_;.'\, . OH
LT
S
0 (o]
6
0.4 equiv. ~86% at 5 equiv.?

~40% at 5 equiv.b

Amodiaquine

aWith no p-hematin preformed.

bWith B-hematin preformed (hematin incubated at 60°C for 60 mins with 12.7 M acetate buffer at pH 4.5)
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Summary of the Kinetic Studies of metHb(Fe!'") Reduction by Xanthone, Benzoxanthone and

Naphthoquinone Substrates.

Table 5

Substrate

Kinetic parameters
Kobs (S~

Spectroscopic characteristics

1)/tred1/2 (min) ghmax (M—l cm‘l)

No metHb(Fe """y — oxyHb(Fe'") reaction

No metHb(Fe''") — oxyHb(Fe'") reaction

Il
(8]
2
[/":: ~ “»/’-‘::J metHb: £405=9.97 x 104 M~ cm™!
. ()_,-x_\-p’/-\h,/m,_; (7 + 2) x 10_5 S_l oxyHb: 8412 =711 104 M—l cm—l
5] 165 min
3 oxyHb: 541 =7.40 x 103 M1 cm™?

metHb: £405 =102 x 105 M~ cm™!

(1.2+02)x1074s1  oxyHb: e*®=7.78 x 10 Mt cm™
Fooo 96.3 min
4 oxyHb: €538 = 7,75 x 103 M1 cm
o metHb: e%06 = 1,01 x 10° ML cm™
A o OH
s : . o409 — 4 M1 om-1
[w--\_,-ll.\/--q._._,-'J 25+01)x108st ~ OYHD: &7 =9.20x 10T M em
[ 4.6 min

oxyHb: £540=8.82 x 103 M1 cm

"N
( A ess

metHb: 405 = 1.11 x 10° M~ cm™!

002) x 10951 oxyHb: £499 = 9.49 x 10* M-t cm™*

5.9 min
oxyHb: %41 = 1,00 x 10* M1 cm
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Table 6

Experimental conditions used for the f-Hematin inhibition assay.
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Drug (equiv.) /Hematin Volume of stock solution

Concentration (mM)

Volume of DMSO

Final [drug]g in the Eppendorf

(equiv.) ratio (L) tube (mM)

5 89.1 15 0 4.96

3 53.5 9 6 2.98
15 26.7 4.5 10.5 1.45

1 17.8 3 12 0.99
0.75 13.4 2.25 12.75 0.75
0.5 8.9 15 135 0.5
0.25 45 0.75 14.25 0.25

0 0 0 15 0
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