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Although mankind has been aware of the
origin and transmission of malaria for
several centuries,!' still an estimated
300-500 million people are affected
globally each year with an annual death
toll of at least 1.1-2.7 million mainly
involving children and pregnant women.
According to data from the World Health
Organization (WHO), each day up to
3000 children under 5 years die of malaria
with 90 % of these cases occurring in sub-
Saharan Africa. It is estimated that about
one third of all hospital admissions and
25% of all deaths of children in this
region are related to malaria. Neverthe-
less malaria is endemic in about
100 countries and is a significant problem
in Brazil, Afghanistan, Sri Lanka, Thailand,
Indonesia, China, Vietnam, and Cambo-
dia, too.” The infection is caused by the
bite of the female Anopheles mosquito™®
that leads to the transmission of a proto-
zoan parasite of the genus Plasmodium.?!
Four species of Plasmodium can produce
the disease in various forms, the most
dangerous species being P. falciparum.
The infective cycle starts by infection
with sporozoites that invade hepatocytes.
After several days the progeny mero-
zoites enter the blood stream and infect
erythrocytes. Here several stages of asex-
ual reproduction occur, resulting in the
rupture of the erythrocyte and ultimately
the formation of gametocytes. These can
be ingested by mosquitoes and form a
zygote initiating the sexual reproductive
cycle, again producing sporozoites. If
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large numbers of parasites are present,
the cell division and red blood cell
destruction causes the well known symp-
toms of fever, shivering fit, and anemia.”

While statistics at a first glance might
indicate that the global malaria situation
has stabilized, an alarming increase in
drug resistance and decrease in thera-
peutic efficacy of available
drugs has been observed. A
drug-based therapy should
lead to the elimination of the
parasite in the different stages
of its life cycle and to termi-
nation of erythrocyte destruc-
tion. The therapy depends on
parasite sensitivity and drug
availability. Common antima-
larial agents that affect para-
site metabolism are prima-
quine, several antibiotics, arte-
misinins, sulfonamides, antifols
and chloroquine, and related
compounds. The absence of
adequate health services in
endemic zones frequently re-
sults in a recourse to self-
administration of drugs with
incomplete treatment. The re-
sulting drug pressure selectiv-
ity (and increasing vector efficiency) is a
major factor in the increase in resistance
of the parasite to effective drugs.”!

A crucial step for possible drug inter-
actions and medical problems involves
parasite maturation in the red blood cells.
The parasite proteolyzes ingested eryth-
rocyte haemoglobin as its major nutrient
source. The parasites digest up to 75 % of
host cell haemoglobin within a lysosomal
organelle, the digestive vacuole. While
this process delivers essential amino
acids, it also liberates cytotoxic haem
[ferriprotoporphyrin (1)]. As Plasmodium
lacks haem oxygenase and cannot de-

grade haem by macrocycle cleavage, it
uses a rather unique way for haem
detoxification. For the haem to be se-
questered, it is transformed by a parasite-
specific aggregation process resulting in
an inert form, called haemozoin or ma-
laria pigment.B ® Haemozoin forms large,
insoluble crystals that after destruction of
the red blood cells are deposited in
lymphoid tissue, spleen, liver, bone mar-
row, and brain, resulting in organ pig-
mentation of the affected patients.* 7!
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A first step towards an understanding
of the molecular structure of haemozoin
was made by the observation that its

chemical (elemental composition and
solubility) and spectroscopic properties
(IR, ESR, X-ray absorption, and M&ssbauer
spectra) are identical to so-called f-hae-
matin.® S-Haematin is formed as an
insoluble phase upon prolonged heating
of acidic solutions of haematin or more
conveniently by abstraction of HCI from
haemin with non-coordinating bases un-
der anhydrous conditions.” %@ As final
proof of the identity of haemozoin and
B-haematin it was shown that the crys-
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tallographic unit cells of both materials
were the same.b!

For some time it was assumed that this
insoluble form was a polymer of Fe'-
protoporphyrin units. A carboxylate
group oxygen atom of one propionate
side chain was believed to coordinate to
the iron center leading to a polymer with
the general structure -(porphyrin)Fe"-
[OOC-CH,-CH,-(porphyrin)Fe',-O0C-.
The other propionic acid group was
thought to form hydrogen bonds with a
different chain of propionate-linked
haems,[60: bl

However, the correct structure was
recently revealed by Stephens, Bohle,
and co-workers as an aggregate of hydro-
gen-bonded dimers.'"” For their study
they used high-resolution X-ray powder
diffraction data obtained with a micro-
crystalline powder of S-haematin. Riet-
veld refinement clearly showed the struc-
ture to consist of five-coordinated high-
spin Fe"-protoporphyrin dimers (Fig-
ure 1). Dimerization is achieved through
n'-coordination of a carboxylate group
oxygen atom of a propionate side chain
to the iron center of a porphyrin, which in
turn uses a propionic acid chain for
coordination. Thus, each dimer is held
together by two Fe—O axial bonds. Crys-
tallographically these dimers serve as the
units for a hydrogen-bonded polymer.
The propionic acid group of each por-
phyrin not involved in iron coordination
forms a classic hydrogen-bonded diacid
aggregate with another dimer, resulting
in a hydrogen-bonded polymer with
dimeric Fe"-protoporphyrin subunits (Fig-
ure 1).

While numerous dimeric porphyrin
structures are known that involve coordi-
nation of a peripheral substituent func-
tionality with a central metal atom,!"®
haemozoin is the only crystalline pro-
tein-free porphyrin aggregate structure
found in vivo.'"™ As haemozoin is the
focal point of action for several antima-
laria drugs, the detailed structure now

e

available has important implications for
finally understanding the antimalarial
drug actions.

Malaria pigment is not formed sponta-
neously from haem or haemoglobin un-
der physiological conditions and the
(bio)chemistry of its formation remains a
mystery. Several “active principles” have
been associated with the acceleration of
haemozoin formation in vivo. In vitro it
can be achieved with parasite extracts!®
or appropriate nucleation,!'? whereas
histidine-rich proteins or a putative haem
polymerase enzymel® 12281 and phospho-
lipids'?? have been implicated here as
well.

Several antimalarial drugs act by inter-
fering with haemozoin formation. For
example, chloroquine (2) has been shown
to bind to free ferriprotoporphyrin, and
the complex thus formed then binds to
the growing haemazoin aggregate, ter-
minating extension and blocking further
haem incorporation."™ It appears that all
antimalarial quinolines act in a similar
fashion, requiring first formation of a
haem -drug complex and then its bind-
ing to the haem aggregates, thereby
blocking further haemozoin formation.
Obviously, the formation of a highly
ordered structure like that shown in
Figure 1 is not possible when the growing
face of the haemozoin crystallites is
occupied by, for example, chloroquine -
haem complexes.'" As chloroquine -
haem - haemozoin interaction involves
purely chemical action, the known chloro-
quine resistance is the result of the drug
not reaching the target site, that is,
changes in the uptake process.!'!

As most older drugs have resistance
problems, currently the most promising
drug is artemisinin (Qinghaosu, 3) an
endoperoxide sesquiterpene lactone pro-
duced by an annual Chinese herb.!'
Artemisinin and its derivatives have the
broadest stage specificity of all antima-
larial drugs and causes structural changes
in the erythrocyte stage of the parasite. Its

Figure 1. View of the aggregates formed by -haematin in the crystal.'”
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peroxide function is vital for the drug
action and its mode of action is believed
to involve the formation of cytotoxic
compounds such as free radicals and
reactive aldehydes. It was generally be-
lieved that 3 reacts first with intraparasitic
haem giving rise to oxyl radicals that
rearrange to C-centered radicals"® which
are then able to alkylate proteins and
DNA.'""However, its exact mode of action
is still unknown. Artemisinin is known to
bind haem!®! and has been shown to
inhibit specific proteases.'® Recent
chemical studies on artemisinin ana-
logues also reinforce the hypothesis that
the formation of tight iron protoporphyr-
in—artemisinin  complexes,  possibly
through coordination of the peroxide
group to the Fe" center,' is involved in
the activation of their antimalarial ac-
tion.12%

Recently, several new pieces of evi-
dence have become available. Wu et al.
showed that artemisinin can be activated
by non-haem Fe' and then react with the
SH group of cystein, suggesting a possi-
ble mechanism for the observed alkyla-
tion of biomolecules.?" Intriguingly, Meu-
nier and co-workers showed that artemi-
sinin is also capable of directly alkylating
simple porphyrins such as (5,10,15,20-
tetraphenylporphyrinato)manganese(n),
giving rise to B-alkylated hydroporphyrins
(e.g. 4).22 2% This reaction appears to be
general for all antimalarial trioxanes. This
is further evidence for the formation of
C-centered radicals in the vicinity of haem
which then alkylate and inactivate pro-
teins involved in haemoglobin break-
down (haemoglobinases) and perhaps
the histidine-rich protein,'?! which may
play a role in haemozoin formation.
Further modes of action of 4 involve its
ability to meso-hydroxylate haem and
thus point to its potential involvement
in haem degradation.”® Pandey etal.
showed that artemisinin not only binds
haem and inhibits the haemozoin aggre-
gation, they also observed a concen-
tration-dependent  artemisinin-induced
breakdown of haemozoin in vitro.['8! This
combination of several actions aimed at
proteins, haem, and haemozoin might be
an explanation for the efficacy of this
drug to counteract malaria. In any case,
haemozoin has emerged as the focal
point of action for several antimalarial
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Haemozoin Structure

agents with quite different chemical
structures.

The observed increase of resistance
against antimalarial drugs and ongoing
problems in developing vaccines?¥ or
using bacteria as bio-weapons for mos-
quito vector control® mandates world-
wide research efforts aimed at developing
novel and drastically improved drugs. It
can only be hoped that the break-
throughs made in recent years with the
structural elucidation of haemozoin and
the better understanding of the action of
drugs such as artemisinin and chloro-
quine will speed up this process.
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