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Abstract

Aims: Resistance of Plasmodium falciparum to drugs has led to renewed interest of redox-active methylene blue
(MB) for which no resistance has been reported so far. Moreover, MB displays unique interactions with glu-
tathione reductase (GR). However, the mechanisms of action/interaction with potential targets of MB are yet to
be elucidated. Our physico-biochemical study on MB and relevant hematin-containing targets was performed
under quasi-physiological conditions. Results: The water deprotonation of the Fe(Ill)protoporphyrin dimer, the
major building block of f-hematin, was studied. At pH 6, the predominant dimer possesses water coordinated to
both metals. Below pH 6, spontaneous precipitation of f-hematin occurred reminiscent of hemozoin biomi-
neralization at pH 5.0-5.5 in the food vacuole of the malarial parasite. MB also forms dimers (Kpjm =6800 M~
and firmly binds to hematin in a 2:1 hematin:MB sandwich complex (Kp=23.16 uM). MB bioactivation catalyzed
by GR induces efficient methemoglobin(Fem) [metHb(Fe™)] reduction to hemoglobin(FeH). The reduction rate,
mediated by leucomethylene blue (LMB), was determined (kmetHbred:991 M~ 's™ Y in an assay coupled to the
GR/reduced form of nicotinamide adenine dinucleotide phosphate system. Innovation and Conclusion: Our
work provides new insights into the understanding of (i) how MB interacts with hematin-containing targets, (ii)
other relevant MB properties in corroboration with the distribution of the three major LMB species as a function
of pH, and (iii) how this redox-active cycler induces efficient catalytic reduction of metHb(Fe'") to hemoglo-
bin(Fe"") mediated by oxidoreductases. These physico-biochemical parameters of MB open promising perspec-
tives for the interpretation of the pharmacology and pathophysiology of malaria and possibly new routes for
antimalarial drug development. Antioxid. Redox Signal. 17, 544-554.

Introduction (30). The “bioisosteric” behavior of its synthetic thioanalogue,

methylene blue (MB; Fig. 1), known as the first industry-

SIGNALING BY NATURAL SMALL MOLECULES has become a
challenging research area in the field of new antibiotic
treatment of infectious diseases (48). In the last decades, im-
portant questions emerged on the other functions exerted by
these small molecules at subinhibitory concentrations. Nu-
merous redox-active molecules, in particular antibiotic
phenazines, were reconsidered as key players in cell signal-
ing, having a role in electron transfer to generate energy for
growth in Pseudomonas aeruginosa (18, 47). In general, redox-
reactive signal molecules—like phenazines and quinones—
might be regarded as essential “secondary” metabolites reg-
ulating community behavior and cell-cell communication (15,
46, 60). The phenazine pyocyanin, described as the terminal
signaling factor in the quorum-sensing network of P. aerugi-
nosa, was recently discovered as a potent antimalarial agent

designed antiinfective agent, has inspired the present physi-
cochemical study on MB and its effects on pathophysiologic
mechanisms of malaria.

Malaria is a parasitic disease that is caused by Plasmodium
species. The pathogenic agent Plasmodium infects humans and
mosquitoes. The asexual period of the life cycle proceeds in
different stages including those taking place in human
erythrocytes. While the maturation of the parasite occurs in
erythrocytes, from ring stage to trophozoite stages, acidic
vesicles ensuring the transport of hemoglobin fuse into a
single central digestive vacuole (also called food vacuole)
where further digestion of hemoglobin proceeds at a pH
around 5.5 (33). At this pH, oxyhemoglobin [oxyHb or
oxyHb(Fe")] is quickly oxidized to methemoglobin [metHb
or metHb(Fe)]. The binding of hemoglobin to the
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Innovation

The therapeutical properties of methylene blue (MB) by
itself are insufficient for the rapid cure of falciparum malaria
but the lack of resistance of Plasmodium falciparum to MB
has renewed interest in this compound and led to drug
combinations of MB with amodiaquine and artesunate.
The mechanisms of interaction of MB with hematin-
containing targets are yet to be fully elucidated. Here,
we report that MB firmly binds to the hematin n-n di-
mer forming a (hematin),»MB complex under quasi-
physiological conditions. This effect is likely to contribute
to the inhibition of hemozoin formation in P. falciparum. In
addition, it increases the concentration of parasite-toxic
heme. Furthermore, we demonstrate that the reduction of
methemoglobin(Fem) metHb(Fe™) to oxyhemoglobin(FeH)
by reduced form of nicotinamide adenine dinucleotide
phosphate is efficiently catalyzed by MB and glutathione
reductase, the rate constant for metHb reduction being
991+44 M~ '-s~'. Thus, the redox properties of MB can
affect the digestion of metHb by the malarial parasites and
inhibit P. falciparum growth. The multifaceted properties of
MB will help to characterize (met)hemoglobin catabolism
as an Achille’s heel of P. falciparum and guide the design
and synthesis of new and efficient redox-active drugs
against malaria.

hemoglobinase falcipain-2 is strictly pH dependent, and fal-
cipain-2 preferentially binds metHb(Fe™) rather than oxy-
Hb(Fe') (28). Inhibition of this and other proteases and its
paralogues prevents parasite maturation, suggesting that
drug-induced conversion of metHb(Fe'") to oxyHb(Fe'") may
become a strategy for the design of novel antimalarial drugs.

The only part of hemoglobin not digested by Plasmodium
falciparum is iron porphyrin (heme or PPIX). This heme is toxic
because it can destabilize the membranes, inhibit enzymes,
cause osmotic changes, and induce the Fenton reaction lead-
ing to the production of reactive oxygen species (ROS) inside
the parasite. To detoxify hematin [=hydroxylated heme or
Fe'"PPIX(OH) or ferriprotoporphyrin (Fe""PPIX)] Plasmodium
relies on hematin crystallization, that is the formation of he-
mozoin (heme biomineral or malaria pigment) (56). The
stacking of iron porphyrins decreases their active surface and
consequently decreases their prooxidant capacity (42). Since
Fe"'PPIX is an inhibitor of hematin polymerization (39), redox-
active compounds displaying the ability of reducing Fe'"PPIX
to Fe''PPIX can lead to the decrease of hemozoin formation
and increased oxidative stress in infected red blood cells.
Thus, agents with redox cycling activity able to generate Fe'l
from Fe'"' states either at the hemoglobin or at the heme levels
might act as putative antimalarial agents by inducing the ar-
rest of trophozoite development. Our hypothesis is that this is
the main mechanism of the antimalarial action (Fig. 1) of MB
(22,51) and of the recently reported 1,4-naphthoquinones (41).

Furthermore, hemozoin production provides benefits to
the parasite in suppressing the host’s immune response by
inhibiting macrophage functions through impaired phago-
cytosis after ingestion of P. falciparum—infected erythrocytes or
isolated malarial pigment (25, 53, 54). This observation sug-
gests that any drug able to continuously redox cycle
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metHb(Fe™) into oxyHb(FeH), and thus to deplete the for-
mation of hemozoin in blood stages, should contribute to re-
verse the depression of cellular immunity in malaria.

The redox homeostasis of P. falciparum-infected red blood
cells is challenged with high concentration of ROS produced
from the immune response of the host or from hemoglobin
digestion in the parasite. The parasite prevents damage by a
cytosolic antioxidant thiol network that is regenerated by two
reduced forms of nicotinamide adenine dinucleotide phos-
phate (NADPH)-dependent disulfide oxidoreductases, GR
(EC 1.8.1.7), thioredoxin reductase (EC 1.8.1.9) (32, 52), and
possibly by lipoamide dehydrogenase (EC 1.8.1.4) (35).

The use of MB as an antimalarial therapeutic agent has been
rediscovered a few years ago (51). Since then, further studies
were performed to understand the molecular interactions of
MB with potential targets, including metHb (27). Historically,
the appearance of more efficient antimalarial drugs and of in-
secticides to combat the mosquito vector of the disease halted
the use of MB. The resistance of P. falciparum to drugs, and the
resistance of Anopheles to insecticides have led to the revival of
MB use. No clinical resistance to MB in P. falciparum has been
reported so far, nor could it be induced in drug pressure ex-
periments carried out with parasites in cultures and in animal
studies (58). Furthermore, MB was found active, not only
against the disease-causing asexual schizonts, but also against
the disease-transmitting gametocytes of P. falciparum: this an-
timalarial activity was observed both in vitro with all blood
stages of various parasite strains in culture with 50% inhibitory
concentration (ICsp) values in the lower nanomolar range (2)
and in vivo (13). However, the therapeutical activity of MB
alone is not sulfficient to rapidly cure falciparum malaria in
humans whereas a drug combination of MB with amodiaquine
and artesunate was found to be very effective (62) and included
a pronounced gametocytocidal activity. These effects recom-
mend MB-based combinations for the control of transmission
of P. falciparum malaria in endemic regions (13, 30). Further-
more, as early as 1891, it was reported that the phenothiazine
dye MB also killed Plasmodium vivax (26).

The fact that MB is excreted as unmodified form, as its two
electron-reduced form leucomethylene blue (LMB, Fig. 1), or
as one of its demethylated metabolites (51) points out that
these compounds per se are responsible for the drug activities
of MB in vivo. In addition, structure-activity relationships are
of particular interest since the structural properties of the
heterocycle are multifaceted: MB is involved in intricate redox
processes; it has the ability to change its structure pro-
nouncedly upon reduction to LMB and both structures can be
protonated in different ways. Additionally, MB and its two
electron-reduced form LMB (Fig. 1) possess different lipo-
philicities, and MB tends to dimerize in water. MB is reduced
by various NADPH-dependent disulfide reductases (9, 10),
including both glutathione reductases from Plasmodium-
infected human red blood cells (22). The flow of electrons from
the nicotinamide ring of NADPH proceeds via the flavin ring
of GR-bound FAD to the phenothiazine of MB/leucoMB.
Many flavin-binding disulfide reductases show this diapho-
rase activity catalyzing the reduction by NAD(P)H of various
dyes (MB) and quinones that act as hydrogen acceptors.
Based on cysteine alkylation or Cys— Ala mutations at the
active site dithiol, the NADPH-reduced flavin was shown to
be the redox center for this diaphorase activity (6, 10). In
particular, the deficiency of metHb(Fe'™) reductase (NADH
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diaphorase) activity in human erythrocytes responsible for
hereditary or acquired methemoglobinemia (57)—characterized
by an elevated level of metHb(Fe™) in erythrocytes—is cor-
rected by MB administration (51). Redox cycling and the
ability of MB to modify its lipophilicity upon electron ex-
change are therefore likely to form the basis for its biological
effects. Revisiting the physicochemical properties and the
mechanisms of action/interactions of MB toward its relevant
targets might contribute to a better understanding of the
physiopathology of the disease and to corroborate the concept
of new redox-active agents (16, 41) against malaria.

Results
Structural and redox properties of MB

MB is based on a tricyclic phenothiazine chromophore and
is an intensely colored blue cationic dye (£°°=10"M~'-ecm™;
Fig. 1) (37). MB monomer has a characteristic absorption
maximum at 665 nm. Two electron-reduced form of MB, LMB
(Fig. 1), a colorless compound (Amax ~256-262nm), can be
reoxidized by oxygen to MB. This redox cycling between MB
and LMB makes MB a redox indicator, which has found many
applications in bioanalytical chemistry (49, 59).
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Protolytic properties of MB and LMB

MB is a positively charged cation in a wide pH range
(pK,=0) (29). Under basic conditions (pH>10-11), MB is not
stable and can undergo stepwise and slow demethylation
(55). By contrast, LMB could be represented by LMBH;>*,
LMBH,", LMBH, and LMB~ protonated species (Fig. 2).
Above pH 7, LMB exists in water mainly as a deprotonated
anion, LMB™ (29).

Dimerization of MB

The dimerization of MB in aqueous solution may appear
surprising, since it possesses a positive charge, but many dyes
and organic molecules display this phenomenon (38). These
interactions occur in aqueous solution and have both a n-n
stacking and a charge-transfer (CT) complex character (40).
The nature and the concentration of electrolytes, temperature,
and pH have also significant influence on the dimerization
processes (45). The dimerization mechanism of MB is a two-
step process involving the very fast formation of a complex
from the diffusion controlled interaction of two MB molecules
(k1p=1.76x10° M~ '-s71, ky,=2.23%10'" s71; f=forward;
b=backward) followed by a slower rearrangement (kys=
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FIG. 1. Putative redox-cyling of me-
thylene blue affecting redox home-
ostasis in P. falciparum-infected red
blood cells accounting for the observed
antimalarial activity.** (A) Schematic re-
presentation of the redox-cyling and traf-
ficking processes of methylene blue.
*HMS, hexose monophosphate shunt.
Blue arrows indicate reduction; red arrows
indicate oxidation. Dashed arrows repre-
sent uptake processes. MB is 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 KGR (Step 2), and
then to be transported in the acidic vesi-
cles or in the food vacuole (Step 3). Sub-
sequently, MB is proposed to be reduced
by GR of the parasite (Step 4) in a con-
tinuous redox cycle into the cytosols. The
reduced species LMB are assumed to be
transported through heme complexation
into the acidic vesicles where LMB mole-
cules transfer the electrons to oxidants
[hematin or metHb(Fe'™), Step 5]. The final
result is an inhibition of hemozoin for-
mation (Step 6) and the arrest of tropho-
zoite development. Thus, the antimalarial
MB would act as prodrug of redox-active
principles, being cycled in and out of
the acidic vesicles in infected red blood
cells, thereby oxidizing major intracellular
reductants (NADPH) and subsequently
| reducing oxidants like hematin or

metHb(Fe™). (B) Chemical structures of
methylene blue (MB) and its reduced
form leucomethylene blue (LMB). The

blue positively charged phenothiazine cation, which predominates in a wide pH range, is represented in this figure, as well as
the monoprotonated and neutral LMB (in fact LMBH species). (To see this illustration in color the reader is referred to the
Web version of this article at www.liebertonline.com/ars). MB, methylene blue; KGR, human glutathione reductase; LMB,

leucomethylene blue; NADPH, reduced form of nicotinamide adenine dinucleotide phosphate; metHb(Fe

LMBH, monoprotonated form of LMB.

III), methemoglobin;
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FIG. 2. Protolytic properties of leucomethylene blue
(LMB) in water. (A) Acid-base equilibria of LMB in water.
(B) Distribution diagrams of the protonated species of LMB
as a function of pH calculated for [LMB];o;=10 uM.

6.74x10° s71, kyp=1.327%10° s~') into the final stable
(MB), dimer. The two cations are arranged in a sand-
wich structure (45). A trimerization process was also
reported and is characterized by fryim=6x 10°M ™2 (equation
1) [MB: Jmax ~6650m; (MB)5: Amax ~610nm, Kpim =2000 M ™!
—see equation 2; (MB)s: Amax ~575nm, Ky, =3000 M~ I_gee
equation 3] (8).

3MB 2= (MB), Equation 1
2 MB =222 (MB), Equation 2
(MB), + MB Alins (MB), Equation 3

To evaluate the Kp;, value under physiological conditions
(pH=7.4, T=37°C), ultraviolet/visible (UV-Vis) spectra of MB
were recorded at different concentrations (Fig. 3). Within the
concentration range of 2.73 uM to 175 uM, a single equilibrium
2MB 2 (MB), has been considered and higher oligomeriza-
tion processes were neglected (see Supplementary Data
available online at www liebertonline.com/ars).

The absorbances at any wavelength can then be correlated
to the absorptivities of both the monomer and the dimer,
which are related by Kpiny, (24).

1 2em —&q)\/ (1 Kp; -1 .
Ar= = |eqCr + @em = #4) /(1 + 8KpimC) Equation 4
2 4Kpim

The use of equation 4 resulted in the determination of
Kpim=6.8%10°> M ™! as well as the reconstitution of the elec-
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FIG. 3. Absorption spectra of MB at increasing concen-
tration in solution. (A) 0.2M sodium HEPES buffer of pH
74, T=37°C; 1) [MBJt=2.73 uM; (2) [MB]io=82 uM (data
were recorded for [MB]; up to 175 uM, not shown). (B) In
DMSO, T=25°C; (1) [MBlit=8uM; (2) [MBliot=175uM.
DMSO, dimethylsulfoxide.

tronic spectra of MB and (MB), (Fig. 4). A hypsochromic shift
of ~50nm of the Sy— S, band of MB is a strong indication of a
“head-to-tail” arrangement (excitonic coupling). Kpiy is in
good agreement with the values reported in the literature
measured under various experimental conditions (45).

The distribution diagrams (Fig. 4) demonstrate the pre-
dominance of MB and (MB),. This range of concentration
from 2.73 to 175 uM is relevant since MB accumulated inside
the erythrocytes (36, 43). The formation of (MB); or oligomers
of higher degree is unlikely to occur in vitro and in vivo since
the concentrations required in water for such processes is
>1mM. Polymerization reactions, however, can occur in
solvents of low dielectric constants such as hexane. In addi-
tion, no pH dependence on the dimerization of MB is expected
because of the very low pK, value of MB (pK,=0) (29) unless
at high pH where demethylation may occur.

The dimerization was taken into account in further exper-
iments with MB in aqueous solution, and was considered for
further models for the interpretation of UV spectra. In contrast
to the dimer formation in water, no dimerization was ob-
served in dimethylsulfoxide (DMSO).

Fe'"PPIX in aqueous solution

In water, ferriporphyrins such as hematin can undergo
various equilibria (dimerization and oligomerization) and
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FIG. 4. Physico-chemical and absorption spectroscopic
aspects of MB dimerization in pH 7.4 aqueous buffer. (A)
Schematic representation of the dimer equilibrium of MB. (B)
MB species as a function of [MB];.; at 37°C and pH 7.4. The
trimerization constant was fixed at Krum=3000 M~ (C)
Electronic spectra of the MB monomer and of the (MB), di-
mer; Solvent: 0.2 M sodium HEPES buffer of pH 7.4, T=37°C.

protolytic processes depending on the physicochemical con-
ditions. The nature of the hematin dimer in solution has been
elucidated and reviewed in the past few years (17, 31, 44). The
p-oxo dimer is the dominant species in aqueous mixtures of
aprotic solvents or in detergent solutions (Fig. 5). It is char-
acterized by an absorption band in the visible region centered
at ~575nm (4).

At pH 7.4, the n-n (Fe""PPIX), dimer represents the major
species in a wide range of [Fe"PPIX]o (Fig. 5). The (Fe'l!
PPIX), dimer is characterized by broad Q bands in the visible
region and a CT band, (band III, a,—d,;) (19, 61), at
~630nm (4). The direct overlap of the n orbitals of the por-
phyrins results in an excitonic coupling, which breaks the
degeneracy of the excited state B, giving rise to two Soret
bands lying at 385 and 360 nm. These broad and split Soret
bands are spectroscopic signatures of the presence of the n-n
dimer (4).

Potentiometric and absorption spectrophotometry were
used to analyze the protonated species of Fe"PPIX present

BLANK ET AL.

o T

-0X0
B 100
80
g nn dimer (log K, = 6.82
§ 60+ at pH 7.43in H,0)
o
0 40
S
20 .
Fe"PPIX
0

30 35 40 m415 50 55
-log [Fe"PPIX],_,

Fe"PPIX
80 -
]
g 60 p-oxo dimer (log K, _=2.50
g- at pH 7.43 in aqueous
oy
? 40 5.64 M DMSO (40 % viv)
S
204
p-oxo-(Fe"PPIX),
0

30 35 4.0 m4fs 50 5.5

-log [Fe PPIX]m

FIG. 5. Structural and physico-chemical aspects of heme
self-association in aqueous solutions. (A) Molecular repre-
sentations of the p-oxo [p-oxo-bridged iron(Ill) porphyrin di-
mer], 7-n [ stacked iron(IIl) porphyrin dimer], and p-Pr [dimer
formed by symmetrical and mutual intermolecular iron(IIl)-
propionate coordination bonds] arrangements of hematin in
solution. Speciation diagrams of the ferriprotoporphyrin IX
species as a function of [Fe™MPPIX], at 25°C and pH 7.4 under
two solvent conditions. (B) In pure water; (C) in aqueous
5.64 M DMSO (40% v /v). Fe"PPIX, ferriprotoporphyrin.

under physiological conditions (see Supplementary Data).
Figure 6 displays the potentiometric titration of a 1.83 mM
(Fe™PPIX), solution. Under these conditions, the (Fe™PPIX),
dimer is the exclusive heme species in solution. Below pH 3,
the dimer is soluble in water (dark brown color). Above pH 3
and up to pH 5-6, a brown precipitate, attributed to f-he-
matin (crystalline heme), is formed spontaneously. This pre-
cipitate could be resolubilized above pH 6.0. A color change
from brown to green was observed when the pH was further
increased to ~11.5-12, thus indicating deprotonation of the
diaquo(FeHIPPIX)z species. The statistical processing of the
data allowed determining two pK, values (pK,;=7.0 and
pK,2=8.06). These data are in reasonable good agreement
with the literature values (pK,;=6.2 and pK,,=8.5) (17).
Under basic conditions, the absorption spectrum of the
(Fe""PPIX), dimer is characterized by a split B band centered
at 385 and 360nm and a CT absorption at ~611nm. Upon
protonation, marked spectral changes were observed with a
red shift of ~19nm of the CT band and a pronounced change
of the relative intensities of the two Soret absorptions at
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FIG. 6. Potentiometric titration curve of hematin dimer
(Fe'"PPIX),. T=25°C; [=0.1M (NaClOy); [(Fe"PPIX),]i0c=
1.83mM. The dotted line (....) represents the pH region
where precipitation occurs. The solid line (—) corresponds to
the pH range for which data were processed with the Hy-
perquad 2000 program. The dashed line (——) corresponds to
the pH values that were excluded from the processing.

~360-385 nm. The statistical processing of these data allowed
characterizing two protonated species, (Fe""PPIX(OH)), and
(Fe""PPIX(OHy)),, which are related by a global protonation
constant log f/,=14.34. This value is in agreement with the f,
(equation 7) that can be deduced from potentiometry (log
P2=pKa1 +pKa2=14.7, equations 5 and 6).

(Fe"PPIX),(OH,), —2= (Fe'" PPIX)(OH,)

« (Fe"™PPIX)(OH) +H ™" : (pKa1) Equation 5
(Fe"PPIX)(OH,) « (Fe'PPIX)(OH) —2=
(Fe"™PPIX),(OH), + H™ : (pKa2) Equation 6

(Fe""PPIX), (OH,), == (Fe'' PPIX),(OH), +2H" : ()
Equation 7

Electronic spectra are given in Figure 7. Deprotonation of
the two water ligands induces a bathochromic shift of the CT
absorption and a hyperchromic shift of the Soret bands ad-
ditionally to the change in the relative absorptivities. These
spectral observations can be rationalized by stronger binding
of these exogenous ligands that pull outward the two ferric
centers and thereby alter the n-n interactions as well as the
overlap between the porphyrin, e.g., ¥ excited state orbitals
and the Fe'l d,. and d,. orbitals.

At pH 7.4, the mixed aquo/hydroxo complex (Fe"PPIX
(OHy,))- (Fe"PPIX(OH)) dominates, while the bisaquo (Fe''p-
PIX(OHy)), species is the major species below pH 6 (4), that is
under conditions where f-hematin precipitates spontane-
ously. Our potentiometric study shows that the polymeriza-
tion and crystallization processes may therefore be related to
the formation of (Fe™PPIX(OH,)),. The water molecules are
more labile ligands than the hydroxyl groups. At pH <6, the
propionic side arms are deprotonated and are therefore ca-
pable to substitute the labile coordinated water ligands and to
trigger the biomineralization process. The pH of the acidic
digestive vacuole of P. falciparum is well suited for hemozoin
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FIG. 7. UV-Vis absorption properties of the n-t hematin
dimer in aqueous solution. (A) Absorption spectrophoto-
metric titration of Fe""PPIX in 0.1 M NaClO, as a function of
pH. (B) Variations of the absorbance at 1=383nm and at
4=450nm as a function of pH. (C) Electronic spectra of the
protonated species of the hematin dimer. Solvent: water;
T=25°C; I=1cm; [Fe™PPIX];or=21 uM.

nucleation and growth, which contributes to detoxification of
the large concentration of heme produced by digestion of
metHb. Under more acidic conditions, dissociation can be
related to the protonation of the propionates (14).

Hematin:MB speciation in aqueous solution

The inhibition of hemozoin formation is one of the targets of
antimalarial therapy. The interactions between (Fe'"PPIX), and
MB at pH ~7.4 were first analyzed by UV-Vis absorption
spectroscopy. The stoichiometry of the MB:hematin complex
was determined with the method of continuous variations.
Series of HEPES-buffered solutions of MB and Fe™PPIX
subject to the condition that the sum of the total MB and
FePPIX concentrations is constant (84.1 M) were prepared.
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FIG. 8. UV-Vis absorption properties of the MB/n-n he-
matin dimer complexes in pH 7.4 aqueous buffer. (A)
Spectrophotometric titration of 1.55 uM MB by (Fe'PPIX), at
pH 7.4. (1) [Fe™PPIX]iot=0uM; (2) [Fe™PPIX]or=1.36 uM,
I=1cm. (B) Spectrophotometric titration of 9.8 uM Fe'"PPIX
versus [MBli: at pH 7.4. (1) [MBliot=0uM; (2) [MBliot=
24.8 uM, I=1cm. (C) Electronic spectra of MB, (FeIHPPIX)2
and of the MB:(Fe"PPIX), complex. Solvent: 0.2M sodium
HEPES buffer of pH 7.4, T=25°C.

Absorption spectra were measured for each of the solutions
and the extremum x,,,,« value (~0.31) indicates the predomi-
nant formation of a 2:1 stoichiometry complex ((Fe'"P-
PIX),:MB).

To evaluate the affinity of MB for the hematin dimer
and to get further structural and spectroscopic information,
spectrophotometric titrations in the UV-Vis region were then
performed at pH 7.4 (Fig. 8).

The statistical processing of the spectrophotometric data,
taking into account Kpjpy, = 6.8 x 10> M~ for MB and Kpjn, =6.6 %
10° M~ for Fe™PPIX (17), led to the global (equation 8) asso-
ciation constant log B((Fe™PPIX)»:MB))=12.3 and the suc-
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cessive (equation 9) association constant (log Ko=5.5; Kp=
3.16 uM).

p (FellPPIX),:MB
—
==

B
2 Fe™PPIX + MB (Fe''PPIX), : MB Equation 8

(Fe"'PPIX), + MB = = (Fe"PPIX), : MB  Equation 9
D

Binding of MB induces a significant narrowing and red
shift of the Soret band of hematin. This spectroscopic finding
suggests strong interactions between MB and Fe''PPIX and
demonstrates a loss of excitonic coupling between the two
ferriporphyrins, which indicates that MB is intercalated be-
tween two Fe'PPIX in a sandwich-type arrangement.

Since MB is a fluorescent compound (S, — Sy radiative de-
activation at /=685nm), the measurement of fluorescence
spectra of the MB-hematin titration was the method of choice
for an additional proof of the complex formation. The for-
mation of (Fe™PPIX),:MB was characterized by an inhibition
of the MB-centered emission in agreement with 7-n stacking
and/or a CT between the two types of chromophores in the
sandwich-like complex. The global association constant was
determined to be log,B((FeHIPPIX)Z:MB)) =13.1 and is in good
agreement with that determined from absorption.

Methemoglobin reduction coupled assay
with hGR/NADPH

Methemoglobin reduction by MB was reported by clini-
cians many years ago; its reduced metabolite LMB is the
mediator in vivo (7). A reduction assay coupled to the human
GR (hGR)/NADPH system in vitro was recently established as
a relevant in vivo model in our laboratory (16). The reduction
process of metHb(Fe'™) can be observed due to characteristic
changes in the UV-Vis region (see Supplementary Data). The
absorption spectrum of metHb(Fe'") is characterized by a
maximum absorption at ~405nm (Soret band of the penta-
coordinated Fe' heme in a high spin state) and a broad band
centered at ~603 nm. Upon metHb(Fe™) reduction by LMB
(T'=25°C; pH=6.9), which is generated from MB by hGR, the
formation of the reduced Hb(Fe™) species was associated with
a bathochromic shift of the /.5 of the Soret band from 405 to
410nm (Fig. 9B). This corresponds to oxyHb(Fe'"") with the
metal cation being hexacoordinated in a low spin state. We
also observed the appearance of two new absorption bands at
~536 and 576 nm (Fig. 9C).

metHb(Fe'™) — Hb(Fe™) : one electron - reduction
rate limiting step
Hb(Fe') + O, — oxyHb(Fe") : fast oxygenation step

Control experiments clearly showed that in the absence of
the mediation by MB and its reduced form LMB, the hGR/
NADPH couple is not able to reduce metHb(Fe') directly
(Fig. 9A). The redox cycling of MB is based on NADPH oxi-
dation by hGR, which in turn catalyzes the reduction of MB to
LMB (KNAPPH/IGR 1 =4760 M~ *-s71) (8). NADPH per se does
not efficiently reduce MB to LMB (KNAPPH i =6.6M~1.s7lat
pH 6.9) (10) without the enzyme hGR and no reduction of
metHb(Fe™) is observed in the absence of MB (LMB). This
indicates that the "GR/NADPH couple is not the prevailing
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FIG. 9. Methemoglobin reduction assay using MB
and hGR/NADPH in hGR buffer pH 6.9 (KH,PO,/
K,HPO,, EDTA, KCl); T=25°C; [metHb(Fe™)],,,=7.95 uM,
[NADPH],;=96.5 uM, [hGR];,;=133nM. (A) No MB (1)
t=0; (2) t=2h. (B) Soret band and (C) absorptions bands
at ~536nm and ~576nm for [MB]=2uM, (1) t=0; (2)
t=27min; (3) t=1h. hGR, human glutathione reductase;
EDTA, ethylenediaminetetraacetic acid.

system but only the reductant for MB (Fig. 9). Thus, LMB is the
active reducing intermediate for the reduction of metHb(Fe'™)
to oxyHb(Fe'). The splitting of the electron pair could occur at
the GR-bound flavin; hence the electrons are transferred to the
phenothiazine of MB and then from LMB to the heme group of
metHb. Since the amount of MB used in the experiments was
in some cases in the substoichiometric range {2.52 < [MBl];ot/
[metHb(Fe™)],o™" <0.12}, and the process of metHb reduc-
tion ran to completion, the data clearly demonstrate that the
redox cycling of metHb(Fe™) to oxyHb(Fe") is catalytically
mediated by MB through LMB generated in #GR-catalyzed
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NADPH reactions (Fig. 9). We studied metHb(Fe'™) reduction
by varying [MB] at pH 6.9 in the presence of fixed [IGR];ot,
[NADPH],o, and [metHb(Fe™],.. The apparent reduction
rate (kops, s~ 1) varied linearly with [MB];o: and the bimolec-
ular reaction rate of the LMB-mediated reduction of
metHb(Fe'™) was calculated to be k™" ;=991 +44 M~ 1.s7 1,
In the case of P. falciparum, the orthologous parasitic pfGR
possesses comparable thermodynamic and kinetic proper-
ties (10).

Discussion

The determination of the physico-(bio)chemical properties
of MB in vitro was focused on its features as an antimalarial
drug. Our results led to the conclusion that MB has various
profiles of action: (i) MB firmly interacts with hematin though
a 2:1 sandwich complex formation and thus competes in
terms of binding affinity for hematin dimers with the most
potent drugs of the 4-aminoquinoline series (20, 21); (ii) MB
undergoes a catalytic redox cycling that leads to efficient
reduction of metHb to oxyHb through MB reduction in
NADPH-dependent diaphorase-catalyzed reactions medi-
ated by hGR (Figs. 1 and 9). Typical diaphorases are
moonlighting flavoenzymes such as dihydrolipoamide de-
hydrogenase and glutathione reductase. These interactions
are likely to enhance the oxidative stress for the parasite
through inhibition of hemozoin formation and elevation of
the hematin(Fe™) concentration in the acidic digestive vesicles
and vacuole.

While the MB-induced reduction of metHb(Fe'™) is harmful
to the parasites, it is potentially beneficial for the host. The
amount of metHb(Fe™) is abnormally elevated in severe
malaria, forming up to 16.4% of circulating hemoglobin, and
also in nonparasitized human red blood cells during P. vivax
infections (3). As reported by Anstey et al. (3), the degree of
methemoglobinemia correlates with disease severity and se-
verity of anemia. A decreased oxygen-carrying capacity of
blood due to anemia was observed to be exacerbated by re-
duced oxygen-carrying capacity of metHb(Fe') (even in the
presence of a low amount) contributing to tissue hypoxia in
patients with severe falciparum malaria. Falciparum malaria is
a major cause of morbidity and mortality in African children
with severe anemia who live in malaria endemic areas. The
high frequency of the sickle-cell hemoglobinopathy and of
glucose-6-phosphate dehydrogenase (G6PD) enzyme defi-
ciency in malaria endemic regions is believed to be due to a
natural genetic protection against fatal malaria (1, 12, 34, 50).
Evidence of G6PD deficiency in Mediterranean countries,
Asia, and Sub-Sahara Africa conferring resistance against se-
vere malaria can be explained by biochemical and clinical
observations. At the biochemical level, Go6PDH is the first
enzyme of the pentose phosphate pathway responsible for
providing the reducing power of the cells in the form of
NADPH. As NADPH is the main reductant of GR in eryth-
rocytes, G6PD deficiency in red blood cells can be regarded as
hGR insulfficiency (23). The deficiency is not lethal for humans
but prevents severe attack of malaria since the oxidative stress
released in erythrocytes creates a milieu hostile for Plasmo-
dium. Inherited hGR deficiency has similar effects (23). Con-
sequently, in these enzyme deficiency diseases and most of
hemoglobinopathies, a rapid elimination of the red blood cells
from the circulation occurs by enhanced phagocytosis via
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complement activation (5, 11, 23). Increased oxidative stress in
red blood cells induced by redox-active compounds like MB
(23) or 1,4-naphthoquinones (41) is also expected to protect
from malaria by triggering enhanced ring-stage phagocytosis
rather than by impairing parasite growth directly. While MB
at high dose was reported to induce hemolysis, it is impor-
tant to mention that a recent clinical study in Burkina-
Faso showed both efficacy and safety of the redox-active MB
in G6PD-deficient patients with uncomplicated falciparum
malaria (62).

Since the malaria treatment is faced with resistance of the
parasites to various drugs, it is important to identify new
targets and to reconsider old orphan drugs. MB appears to be
an excellent candidate to be applied in drug combinations and
to serve as the basis for the design of new redox-active sub-
strates as novel antimalarial agents. Optimization and de-
velopment of new antimalarial lead redox-active drug
candidates into preclinical studies will however involve sev-
eral challenges concerning the safety of patients with hemo-
globinopathies and malaria.
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Abbreviations Used

& =molar absorptivity coefficient
/.=wavelength
p-oxo = pi-oxo-bridged iron(Ill) porphyrin dimer
p-Pr =dimer formed by symmetrical and
mutual intermolecular iron(III)-
propionate coordination bonds
n-n =7 stacked iron(IIl) porphyrin dimer
CT = charge transfer (complex or band)
DMSO = dimethylsulfoxide
EDTA = ethylenediaminetetraacetic acid
Fe'PPIX = ferriprotoporphyrin
Fe'PPIXCI = ferriprotoporphyrin chloride
G6PD = glucose-6-phosphate dehydrogenase
GR = glutathione reductase
Hb(Fe") = hemoglobin subunit
hGR =human glutathione reductase
pfGR = Plasmodium falciparum glutathione
reductase
K = association constant
Kp = dissociation constant
Kpim = dimerization constant
LMB = leucomethylene blue
LMBH = monoprotonated form of LMB
MB = methylene blue
metHb(Fe™) = methemoglobin subunit
NADPH = reduced form of nicotinamide
adenine dinucleotide phosphate
oxyHb(Fe'l) = hemoglobin subunit with O, molecule
coordinated on iron(II)
ROS =reactive oxygen species
tot = total
UV-Vis = ultraviolet/visible (spectroscopy)
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