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Abstract Iron metabolism is essential for cell function and potentially toxic because
iron can catalyze oxygen radical production. Malaria-attributable anemia and iron
deficiency anemia coincide as being treatable diseases in the developing world. In
absolute amounts, more than 95% of Plasmodium metal biochemistry occurs in the
acidic digestive vacuole where heme released from hemoglobin catabolism forms
heme crystals. The antimalarial quinolines interfere with crystallization. Despite the
completion of the Plasmodium genome, many ‘gene gaps’ exist in components of the
metal pathways described in mammalian or yeast cells. Present evidence suggests
that parasite bioavailable iron originates from a labile erythrocyte cytosolic pool
rather than from abundant heme iron. Indeed the parasite has to make its own heme
within two separate organelles, the mitochondrion and the apicomplast. Paradoxically,
despite the abundance of iron within the erythrocyte, iron chelators are cytocidal
to the Plasmodium parasite. Hemozoin has become a sensitive biomarker for laser
desorption mass spectrometry detection of Plasmodium infection in both mice and
humans.
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Abbreviations
DMT Divalent metal-ion transporters
ZnPPIX Zinc protoporphyrin IX
HRP II Histidine-rich protien II
VEPL Vacuole enriched parasite lysates
DFO Desferrioxamine
LDMS Laser desorption mass spectrometry
MALDI Matrix-assisted laser desorption ionization

1
Human Host Iron Metabolism

Iron is an essential participant in metabolic reactions in all living cells because
as a transition metal it can undergo changes in electron oxidation states and
therefore can both oxidize and reduce molecules. Inorganic iron is the second
most abundant metal in the Earth’s crust, yet from a biologic perspective is
difficult to extract from its insoluble oxides. Likewise in humans 95% percent
of the 3 g of iron is highly concentrated in erythrocytes or macrophages,
with minute amounts bioavailable in tissues. Daily absorption and excretion
is one-thousandth of the total pool (Fairbanks and Beutler 1995b; Hentze
et al. 2004). Similarly, the intraerythrocytic Plasmodium parasite exists in
the erythrocyte with 100 fg (20 mM) of iron per cell, but utilizes less than
one-one-thousandth of this iron pool (Egan et al. 2002).

Iron exists only transiently as a free cation because it is carefully
chaperoned to proteins that bind or incorporate it. Iron proteins comprise
the heme proteins such as hemoglobin, myoglobin, catalase and cytochromes
or iron flavoproteins such as xanthine oxidase, succinate dehydrogenase and
NAD dehydrogenase (Hentze et al. 2004). Iron is essential for mitochondrial
and chloroplast function as the electron transport chain, iron sulfur clusters
and nearly half of the enzymes of the tricarboxylic acid cycle require iron.
Because iron can also damage membranes and proteins with the production
of oxygen radicals, its intracellular concentration is closely regulated with an
array of storage and transport proteins that are transcriptionally regulated in
eukaryotes. An iron responsive element and iron regulatory protein interact
in the absence or presence of bioavailable iron to tightly regulate genes
like ferritin, transferrin, aconitases, heme synthesis enzymes and the iron
transporters such as divalent metal-ion transporters (DMT) or ferroportins
(Hentze et al. 2004).

The human host of the malaria parasite has approximately 2,500 mg (fe-
male) to 3,500 mg (male) of total iron as depicted in Fig. 1. Hemoglobin
contains approximately 1,700 mg (female)–2,400 mg (male) or about 65%
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Fig. 1 Human iron compartments

of the iron total. The reticuloendothelial macrophages, predominately in the
liver and spleen, contain approximately 600 mg in ferritin and hemosiderin;
the bone marrow approximately 300 mg, the liver parenchyma approximately
1,000 mg and muscle and other cells approximately 400 mg. Only 3–4 mg
circulate in a plasma labile pool bound to transferrin. This labile pool, also
subject to diurnal variation, turns over seven to eight times a day resulting
in approximately 20 mg that is loaded and delivered principally to the bone
marrow for hemoglobin synthesis. While total dietary iron intake is about
10–15 mg, only 1 mg (10%) is absorbed through the intestine. One milligram
is also excreted in sweat, urine or feces each day. Thus the majority of the
daily hemopoietic iron requirements originates mainly from macrophage re-
cycling of heme iron and also from ferritin store transfer. The spleen and
liver reticuloendothelial cells normally digest phagocytosed erythrocytes at
a rate sufficient to release 20% of the heme iron in a few hours with 20%–70%
recycled back to hemoglobin in a few days (Fairbanks and Beutler 1995b;
Hentze et al. 2004).

In the past 15 years, many aspects of the molecular iron metabolism in
mammals have been elucidated. The majority of intestinal iron absorption is
by heme endocytosis or transport into intestinal epithelial cells, called entero-
cytes where heme oxygenase degrades heme to release iron. The mechanism
of heme transport across membranes is a large unanswered question. An al-
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ternative enterocyte pathway, that is upregulated in iron deficiency, is direct
iron cation transport by DMT-1 (Gushin et al. 1997). The enterocyte exports
iron to the plasma via the transporter, ferroportin (McKie et al. 2000). Cellular
iron uptake from plasma is by receptor-mediated uptake of transferrin. Acid-
ification of the endocytotic vacuole releases iron which is transported into
the cell cytosol again by DMT-1 (Hentze et al. 2004). Only specialized cells,
including duodenal enterocytes, macrophages, hepatocytes, astrocytes and
syncytiotrophoblasts, are capable of iron export via ferroportin. Iron export
from nonintestinal cells requires ceruloplasmin or hephaestin (Garrick et al.
2003; Hentze et al. 2004; Kaplan and O’Halloran 1996; Miyajima 2002). Most
of the cellular requirement for iron is for mitochondrial function and DNA
synthesis.

Iron deficiency anemia affects over 500 million people including more
than half of all children and pregnant women (Yip 1998). Low total iron body
content results most commonly from insufficient dietary intake, but can also
result, amongst diverse etiologies, from chronic blood loss, diversion of iron
to the fetus in pregnancy or intravascular hemolysis with hemoglobinuria.
Iron depletion is first evidenced with low to absent tissue ferritin storage,
with intact plasma iron and blood hemoglobin levels. Clinical iron deficiency
gradually progresses from low (20% of normal) plasma iron and transfer-
rin saturation without anemia before progressing to low hemoglobin levels
manifested by a hypochromic, microcytic anemia. The normal 120-day ery-
throcyte life span is decreased by 10%–20%. Cellular and erythrocyte ferritin
decreases, while soluble and surface transferrin receptors increase along with
erythrocyte zinc protoporphyrin IX (ZnPPIX). Serum erythropoietin is ele-
vated in pure iron deficiency anemia (Fairbanks and Beutler 1995a).

Anemia of chronic disease caused by infection, inflammation or cancer
is a systemic response that is hypothesized to limit bioavailable iron from
pathogenic microbes or tumors in general (Gera and Sachdev 2002). Total
body iron is normal, with high ferritin stores, but plasma iron is 20% of nor-
mal and dietary absorption decreases. Erythrocyte life span is also reduced
by 20%. Most studies show ineffective erythropoiesis with a blunted pro-
duction and response to erythropoietin. However, exogenous recombinant
erythropoietin increases erythrocyte production in many chronic inflamma-
tory diseases (Spivak 2002).

2
Perturbations of Human Iron Metabolism by Malaria

Malaria infection and disease impacts iron metabolism in many diverse ways
(see the chapter by D. Roberts et al., this volume). Malaria infection geo-
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graphically coincides with iron deficiency anemia. As a chronic infectious
disease, malaria further decreases iron uptake from the intestine, contributes
to ineffective erythropoeisis and sequesters bioavailable iron in ferritin stores
(Spivak 2002). Lysis of infected erythrocytes may increase urinary losses of
hemoglobin iron. The increased destruction of both infected and uninfected
erythrocytes increases demand for bone marrow production. Asymptomatic
malaria in semi-immune individuals is represented with parasitemias of ap-
proximately 1,000 parasites/µl or 0.025% infected erythrocytes. This fraction
would represent 2.5% of daily erythrocytes destroyed. Symptomatic infec-
tions with 400,000 parasites/µl or 10% of erythrocytes infected represents
a stress on the reticuloendothelial macrophages of 10 times the normal rate of
destruction of erythrocytes. During maturation in the erythrocyte, the P. fal-
ciparum parasite sequesters 50%–65% of erythrocyte heme into an insoluble
hemozoin crystal (Egan et al. 2002; Francis et al. 1997). Hemozoin is resistant
to heme oxygenase degradation and accumulates in macrophages, monocytes
and polymorphonuclear neutrophils (Schwarzer et al. 1999b). Essentially the
P. falciparum parasite removes half of bioavailable heme presented to retic-
uloendothelial cells because macrophages are unable to degrade hemozoin
heme to release iron. From a different perspective, a single erythrocyte has
approximately 90–100 fg of iron with 50 fg present in hemozoin crystals at
mature schizont stages, therefore 100 billion parasites contain 5 mg of iron
in hemozoin (Egan et al. 2002). A single liter of whole blood contains 3–4
trillion erythrocytes. Therefore, a 2%–3% parasitemia represents 100 billion
parasites in a liter (100,000/µl) or 5 mg of iron in hemozoin. Total blood vol-
ume for children is approximately 65–75 ml/kg lean body weight (Haddad et
al. 2001). A 14-kg child then would have a liter of blood from which a 2%–3%
parasitemia would remove 5 mg of iron in the form of hemozoin from the
human iron metabolism cycle every 2 days. A 70-kg adult with 5 l of blood
and a 2%–3% parasitemia, then has 30 mg of iron removed from bioavailable
pools every 2 days. Hemozoin does not stimulate heme oxygenase production
in macrophages/monocytes in vitro (Schwarzer et al. 1999a) and can persist
for months (Levesque et al. 1999; Taliaferro and Mulligan 1937). Hemozoin
has been shown to have specific inhibitory effects on macrophages and mono-
cytes and also may directly inhibit hemoprogenitor cells in the marrow (Arese
and Schwarzer 1997; Schwarzer et al. 1992). In summary, the malaria parasite
causes anemia acutely by a destruction of both infected and uninfected ery-
throcytes, by a negative impact on erythropoiesis, by inducing an anemia of
chronic diseases state and by sequestering away tens of milligrams of iron into
nonbioavailable hemozoin which can persist for months before degradation
to release iron.

The proportions of anemic individuals with malaria attributable anemia
(Menendez et al. 1997) versus low dietary intake (Tatala et al. 1998) or losses
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from intestinal helminths are often difficult to establish on a public health
community level (Brooker et al. 1999; Leenstra et al. 2004; Nyakeriga et al.
2004; Stoltzfus et al. 2000). Both iron replenishment alone or malaria chemo-
prophylaxis or treatment increase hemoglobin levels by 1–2 g/dl (Massaga et
al. 2003; Menendez et al. 2004). Often, however, with a high proportion of
malaria attributable anemia in a population, iron repletion has little to no
effect on hemoglobin levels (Desai et al. 2004; Stoltzfus et al. 2004). However,
iron supplementation and malaria chemotherapy both increase hemoglobin
values in a synergistic manner (Desai et al. 2003; Ekvall et al. 2000; Verhoef
et al. 2002) although some studies still show minimal effect of combination
therapy (Menendez et al. 2004).

A lingering debate in the malaria and nutrition community concerns com-
munity dietary iron supplementation, which may increase malaria disease in
malaria endemic areas. Iron replenishment which improves anemia has both
positive growth, development and cognitive benefits. However, early studies
noted an increase in malaria disease especially with injection iron, but also
with oral supplementation (Murray et al. 1975; Oppenheimer 2001). Other
more recent studies mainly with oral replacement have not shown exacerba-
tion of malaria disease (Berger et al. 2000; Mebrahtu et al. 2004; Menendez
et al. 1997, 2004). A meta-analysis study did not show an increase in malaria
disease from iron supplementation (Gera and Sachdev 2002). A hypothesis
that seeks to balance the conflicting studies is that only the most severely
anemic children with hemoglobin concentrations below 6–7 g/dl (less than
10%–20% of children in most malaria anemia study populations) are at risk
for exacerbation of malaria disease with iron supplementation. The more
rapid injection supplementation rather than the slower absorption by oral
dosing increases the risk.

An hypothesized molecular mechanism that accounts for possible exa-
cerbation of malaria disease with rapid iron supplementation involves high
levels of ZnPPIX (Iyer et al. 2003). When bioavailable iron is low the human
mitochondrial ferrochelatase inserts zinc instead of iron into protoporphyrin
IX. Normal erythrocytes have concentration of ZnPPIX of 0.5 µM (25µmol
ZnPPIX:1 mol heme). This can elevate to 5 µM (250 µmol ZnPPIX:1 mol heme)
in severe iron deficiency anemia. Moderate iron deficiency anemia or anemia
of chronic disease do not elevate ZnPPIX to these levels (Hastka et al. 1993;
Lamola and Yamane 1974). ZnPPIX resides in the heme pocket of hemoglobin
and can inhibit hemozoin extension in vitro with an IC50 of 5 µM (Iyer et al.
2003). Individuals with severe anemia have subpopulations of erythrocytes
with greater elevations of ZnPPIX which are inhospitable to malaria infection
alongside erythrocytes with slightly lower ZnPPIX levels that are able to
support infection. Rapid iron repletion stimulates production of erythrocytes
with lower levels of ZnPPIX and malaria disease is possibly exacerbated in
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a few weeks with the replacement by a cohort of new erythrocytes capable of
supporting high parasitemias.

3
Plasmodium Iron Metabolism

The intraerythrocytic P. falciparum parasite encounters two important issues
that relate to iron. The first is how to handle the excess heme iron produced
from hemoglobin catabolism and the second is how to acquire the iron nec-
essary for cellular metabolism.

In absolute amounts more than 95% of Plasmodium metal biochemistry
involves the sequestration of reactive, toxic heme in an acidic, oxygen-rich
vacuole into an inert heme crystal called hemozoin that removes the heme
iron moiety from solution chemistry (Egan et al. 2002; Francis et al. 1997).
The appearance of microscopic birefringent hemozoin marks the Plasmodium
transition from ring stage to trophozoite stage seen in Fig 2. Microscopically,
schizont stage is the appearance of more than one nucleus. Gametocytes,
ookinetes and even oocysts retain the hemozoin crystals, while sporozoites,
liver stages and merozoites lack hemozoin. The intraerythrocytic parasite
ingests 60%–80% of the host’s 5 mM hemoglobin both as a source of amino
acids and possibly to provide room for the parasite (Egan et al. 2002; Lew et
al. 2003; Zhang et al. 1999). Interestingly, the P. falciparum parasite ingests
10 times the amount of hemoglobin protein than it retains for amino acid
building blocks (Krugliak et al. 2002). Plasmodium aspartic and cysteine
proteases efficiently degrade ingested hemoglobin releasing approximately
1 fmol of heme in a 2 fl volume of the acidic digestive vacuole. Conceptually,
this approximates to almost 0.4 M heme in an oxygen-rich acidic environment
capable of generating oxygen radicals by the Fenton reaction (Francis et al.
1997). The parasite lacks heme oxygenase activity or iron storage proteins

Fig.2 Progressivemagnificationofhemozoin.Giemsa stain (×100)of ring, trophozoite
and schizont stage intraerythrocytic P. falciparum with electron microscopy of crystals
(scale bar, 200 nm) and model of hydrogen bonding of two heme crystal dimers
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like ferritin. Indeed, the parasite has to synthesize its own heme rather than
scavenge from the erythrocyte (Surolia and Padmanaban 1992).

Within the intraerythrocytic cycle, a single parasite undergoes rapid pro-
liferation, multiplying 8–32-fold within 48 h. In a few weeks time, billions of
infected erythrocytes result. This rapid replication of DNA requires iron for
the ribonucleotide reductase for nucleotide synthesis (Mabeza et al. 1999).
Despite thriving in a host cell with 20 mM concentrations of heme iron, the
parasite is killed by low concentrations of iron chelators indicating that the
amount of bioavailable iron is limited and crucial for parasite growth and
survival (Mabeza et al. 1999; Raventos-Suarez et al. 1982).

3.1
Hemozoin Structure and Function

Even though the black malaria pigment or hemozoin was known to contain
heme as described by Carbone in 1891 (Carbone 1891), 100 years passed
before this molecule was demonstrated to be β-hematin, which spontaneously
forms in vitro if heme is incubated at high (>50°C) temperatures in acidic,
aqueous solutions (Fitch and Kanjananggulpan 1987; Slater et al. 1991). In
1991, Slater and Cerami reported, by different spectroscopic techniques, the
unique iron–oxygen bond coordinating the propionate carboxylate oxygen of
one heme to the central ferric molecule of another (Slater et al. 1991). They
later demonstrated that parasite lysates were capable of catalyzing hemozoin
formation in vitro (Slater and Cerami 1992). The initial model was that of
heme polymers (Slater 1992). Later powder diffraction data by Bohle’s group
demonstrated instead that the biocrystal consists of two hemes linked by
a reciprocal iron (Fe-1) head to carboxylate (O-31) tail (Pagola et al. 2000).
The two coordinate hemes made a triclinic unit cell, a=12.196 (2) A°, b=14.684
(2) A°, c=8.040 (1) A°, a=90.22 (1)8, b=96.80 (1)8, γ=97.92 (1)8; V=1416.0 (3)
A° 3; ρexp=1.45 (1) g/cm3; Z=2 (Pagola et al. 2000). As shown in Fig. 2 the head-
to-tail dimers crystallize by hydrogen bonding of the remaining carboxylate
groups into a lattice with a rectangular crystal morphology of size dimension
100 nm×100 nm×500 nm in the case of P. falciparum (Noland et al. 2003).
β-hematin formation is a chemical process governed by time and temperature
that absolutely requires an acidic pH in aqueous solutions (Egan 2002; Egan et
al. 1994b). Blauer has described intermediate transition states by FTIR called
B-hematin (Blauer and Akkawi 1997, 2000). Preformed heme crystals allow
for rapid extension at 37°C (Chong and Sullivan 2003). Kinetics of formation
is sigmoidal, characterized by a nucleation and then an extension process
(Chong and Sullivan 2003; Egan 2002; Egan et al. 2001). Single head-to-tail
dimers have not been isolated as they incorporate rapidly into the larger
aggregate structure.
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Presently no consensus exists about how hemozoin is made within the par-
asite. Diverse hypotheses with some supporting in vitro data include sponta-
neous initiation (Egan et al. 1994b), seeded from preformed crystals (Ridley
1996), enzymatic by a heme ‘polymerase or crystallase’ (Slater and Cerami
1992), initiation by lipids (Bendrat et al. 1995; Fitch et al. 1999; Hempelmann
and Egan 2002; Tripathi et al. 2002) or nucleation by parasite proteins (Choi et
al. 1999; Sullivan et al. 1996a). The Pf histidine-rich protein II (HRP II)–that
has 35% of its amino acids as histidine–is present in the digestive vacuole;
it can bind heme at acidic pH and is able to initiate in vitro heme crystal
formation inhibited by the quinolines (Sullivan et al. 1996a). However, the
laboratory progeny, 3B-D7 from parents HB3 and Dd2, lacks both HRP II and
HRP III and still makes hemozoin (Sullivan 2002b). While both P. reichnowi
and P. lophurae have a protein with HRP II primary structure homology, the
three mouse malaria’s sequenced and P. vivax and P. knowlesi, all lack a close
homolog of PfHRP II or III (Bahl et al. 2002). This indicates that PfHRP II
is sufficient in vitro, but not absolutely necessary in vivo, to initiate hemo-
zoin formation (Sullivan 2002a, 2002b). Tilley has also demonstrated that
only a small fraction (but still several µM) of PfHRP II reaches the digestive
vacuole (Papalexis et al. 2001).

Attention has recently focused on lipid initiation of heme crystal forma-
tion first described by Bendrat and Cerami, with further evidence of in vitro
formation by Fitch et al. 1999, and also by Hempelmann et al. 2003, Pandey et
al. 2003, and Tekwani (Tripathi et al. 2002). Unsaturated fatty acids and phos-
pholipids accelerate hemozoin formation possibly by increasing solubility of
heme in micelles. Likewise increasing dimethyl sulfoxide concentrations also
accelerate hemozoin formation. However, some lipid formulations such as
erythrocyte ghosts or the cholesterol-rich lipoproteins do not initiate hemo-
zoin formation as efficiently (Fitch et al. 2003). While the lipid bilayers may
contain a few unit head-to-tail crystal dimers, how the dimers are able to stack
into the larger regular array of hemozoin crystals outside of a membrane re-
mains unanswered.

3.2
Biochemical Formation In Vivo and In Vitro

Many different assays have been developed to compare the formation of
hemozoin and inhibition by drugs. The assays can be divided by: (1) use of
radioactivity (Dorn et al. 1995; Hawley et al. 1998; Slater and Cerami 1992)
versus direct absorbance measurement of purified heme crystal (Basilico
et al. 1998); (2) initiation by parasite lysates (Fitch and Chou 1996; Slater
and Cerami 1992), preformed crystals (Dorn et al. 1998a, 1998b; Sullivan
et al. 1996b), proteins (Sullivan et al. 1996a), or lipids (Bendrat et al. 1995;
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Kurosawa et al. 2000; Tripathi et al. 2004) or nothing (Basilico et al. 1998);
(3) purification by centrifugation or filter washes (Egan et al. 1994a) in mild
basic solutions based on heme crystal being insoluble and unincorporated
heme being soluble. The final product is quantified by dissolution of crystal
in strong basic solutions of pH 14. Table 1 compares the elements of the
published crystallization assays and the purification methods.

The assays range essentially from precipitation assays with millimolar
heme at an acidic pH, to substrate binding assays with excess preformed
heme crystal template. Only 3–5 µM heme is soluble at the pH less than 6 that
is absolutely required for crystallization. Measurable product does not form at
this low concentration, so 50 µM heme is the lowest concentration for routine
assays even though most of the heme is precipitated. A nonradioactive, crystal
extension assay with no centrifugation or filter washes was developed (Chong
and Sullivan 2003). The basis of this assay lies in the difference in solubility
and difference in visible absorption of free versus crystalline heme. Free heme
is soluble in weak base, and has a very high molar extinction coefficient of
100,000 M/cm at 400 nm, whereas under these conditions heme crystal is
insoluble and is spectroscopically invisible at the low concentrations used. In
this assay, first, the absorption at 405 nm is measured of free heme mixed
with β-hematin dissolved in a weak base and then the absorption is measured
again after heme is decrystallized by concentrated NaOH. The difference in
the two absorptions is then used to calculate the amount of heme crystal. The
heme crystal extension reaction is kinetically and morphologically identical
whether initiated with parasite-derived hemozoin or chemically synthesized
β-hematin (Chong and Sullivan 2003). By using this more rapid assay the
effects of pH, substrate and preformed crystal on the reaction kinetics were
studied.

Presently all in vitro synthesis reactions have approximated but not dupli-
cated the morphology of heme crystals isolated from the parasites in Fig. 3A.
Duplication of the anhydrous anaerobic synthesis by Bohle to obtain larger
crystals of dimension 200 nm×200 nm×500 nm (Bohle and Helms 1993) shows
that these crystals in Fig. 3B most closely resemble P. falciparum hemozoin. An
investigation into the effect of pH and the resultant morphology of initiation
of heme crystallization by mono-oleoylglycerol, oleic acid, palmitoleic acid,
low density liproprotein and high density lipoprotein, phosphatidylcholine
and purified erythrocyte ghosts showed initiation of heme crystallization for
all except the erythrocyte ghosts and high density lipoprotein. The lipids
that initiated heme crystallization performed near equivalent to a hemozoin
seeded reaction at pH 4 and 4.8. At pH 5.6, the lipids did not initiate heme crys-
tallization, whereas the hemozoin seeded reaction was still at 100%. In Fig. 3C
and D, field emission in-lens scanning electron microscopy examination of the
in vitro incorporation on lipid formulations had long tapered edges consis-
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Fig.3A–H Hemozoin from P. falciparum is similar to anhydrous base abstraction prod-
uct, but contrasts with lipid initiated or HRP initiated heme crystals. A P. falciparum
hemozoin. B β-Hematin produced from anhydrous base abstraction by the Bohle syn-
thesis. Purified heme crystal product initiated by: C 50 µM mono-oleoylglycerol; D
50 µM palmitoleic acid; E VEPL + hemoglobin; F VEPL + 50 µM heme; G VEPL + HRP
II + 50 µM heme; H HRP II and 50 µM heme. Scale bar, 200 nm for A–D and 1 µM for
E–H

tent with rapid growth distinct from the apparently more controlled growth
in parasites. Buller has modeled the rapid incorporation at ‘growth faces’
(Buller et al. 2002). Oxidized Fe3+ heme is a requirement for heme crystal for-
mation. Strictly reduced conditions that have been demonstrated in aqueous
conditions have not resulted in heme crystal formation (Monti et al. 1999).
Protease treatment of acidified hemoglobin does not result in heme crystal
formation.

A preparation of digestive vacuole enriched parasite lysates (VEPL) also
known as ‘crude vacuoles’ (Goldberg et al. 1990) was used to initiate heme
crystal incorporation in the standard acetate buffer pH 5.0. Field emission
in-lens scanning electron microscopy showed closest resemblance to P. falci-
parum hemozoin with addition of only hemoglobin to the VEPL template in
Fig. 3E, although new crystal incorporation was only 1.2 nmol. VEPL incu-
bated with 50 µM heme (Fig. 3F), 1 µM recombinant HRP II and 50 µM heme
(Fig. 3G), or just 1 µM recombinant HRP II and 50 µM heme and no VEPL
(Fig. 3H) all showed a nonrectangular, almost amorphous addition of heme
crystal dimers. The new synthesis of heme crystals was 7, 12 and 14 nmol,
respectively, for the latter three conditions.
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3.3
Heme Crystal Inhibition

Much of the interest in heme crystal formation derives from the extensive
data showing many antimalarials like the quinolines, phenanthrenes and hy-
droxyxanthones inhibit β-hematin formation. Extensive work has been done
on the heme binding interaction by the quinoline class of drugs (Egan et al.
1997; Fitch and Kanjananggulpan 1987; Leed et al. 2002; Moreau et al. 1985).
Other drugs that bind heme have also been explored as antimalarials (Huy
et al. 2002; Kalkanidis et al. 2002; Kristiansen and Jepsen 1985; Vennerstrom
et al. 2000). Importantly, not all drugs that bind heme also inhibit hemozoin
formation (Slater 1993). Heme binding affinity does not correlate with inhibi-
tion of heme crystallization in vitro (Egan et al. 2000). Not all drugs that bind
heme and also inhibit hemozoin formation accumulate in the acidic digestive
vacuole compartment to inhibit the parasite. Work has also been done that
implicates the addition of basic side chains to heme binding drugs, such as
the phenothiazines, to improve digestive vacuole localization and parasite
inhibition (Kalkanidis et al. 2002).

Two mechanisms of β-hematin inhibition and an additional hybrid have
been hypothesized. One is that the drug binds heme, sequestering away sub-
strate from incorporation into the head-to-tail dimer or larger crystal (Fitch
1998; Leed et al. 2002; see also the chapter by Bray et al., this volume). An-
other is that drug binds directly to a growing face to prevent heme crystal
dimer addition (Buller et al. 2002). The third, a hybrid, is that a drug–heme
complex incorporates at the growing face to inhibit crystal growth (Chong
and Sullivan 2003; Iyer et al. 2003; Sullivan et al. 1996b). Radiolabled chloro-
quine or quinidine copurify with hemozoin and in vitro bind measurably to
growing heme crystals only with the addition of heme (Sullivan et al. 1996b,
1998). Examination of the kinetics of heme crystallization in the presence
of quinoline antimalarials revealed that inhibition of heme crystallization by
chloroquine and quinidine is reversible, and suggests previous studies that
measured heme crystal formation at a fixed timepoint may underestimate the
extent of inhibition. To distinguish between the inhibition mechanisms, the
amount of heme substrate or heme crystal was increased to try to overcome
drug inhibition. Addition of increasing amounts of heme substrate has no ef-
fect on the extent of chloroquine or quinidine inhibition, suggesting that these
drugs do not act by sequestering free heme. Addition of increasing amount of
heme crystal, however, reverses inhibition by these drugs, suggesting that the
quinoline–heme complex somehow caps finite extension sites on the crystal
(Chong and Sullivan 2003). This evidence suggests that a drug–heme com-
plex binds at a growing face to inhibit crystal extension. Despite these and
other findings, a consensus has not yet been reached on the mechanism of
inhibition of heme crystallization.
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A rational design strategy is hindered at present because of lack of knowl-
edge concerning true inhibitory interaction,whether with heme,drugbinding
to the growing face of a crystal, drug–heme complex binding at the growing
face, or competition with protein and/or lipid complex for initiation (Egan
2004). Molecular docking has been attempted to model interactions with
hematin, and this had good agreement with NMR studies; this technique
should be able to generate novel structures (Leed et al. 2002). Essential to this
approach, but lacking at present, is the prediction of both heme binding and
β-hematin inhibition. A manual docking strategy has been used to attempt to
model drug alone to the well-defined structure of the β-hematin growing face
(Buller et al. 2002). Egan has tried molecular mechanics and dynamics cal-
culations to model quinoline interaction with a simplified porphyrin lacking
substituents (Marques et al. 1996). The initial attempt did not correlate with
structure–activity relationships or NMR evidence (Leed et al. 2002; O’Neill et
al. 1997).

3.4
Plasmodium Iron Sources and Pathways

The Plasmodium parasite requires iron for DNA synthesis, glycolysis, pyrimi-
dine synthesis, heme synthesis and electron transport. Debate continues on
the critical source of iron for the intraerythrocytic parasite. An important
paradox regarding iron is that millimolar desferrioxamine (DFO), an iron
chelator, is cytostatic for mammalian cells and bacteria, while a 60-fold lower
concentration of 15 µM DFO is cytocidal for P. falciparum despite the avail-
ability of 20 mM heme iron in hemoglobin (Mabeza et al. 1999). Postulated
available sources susceptible to chelation include: (1) extracellular iron from
transferrin or free iron in the media; (2) intracellular iron bound to low
molecular weight proteins, heme iron or erythrocyte ferritin iron.

Despite early reports of transferrin mediated iron uptake (Haldar et al.
1986; Rodriguez and Jungery 1986), the bulk of experimental evidence ex-
cludes a requirement by parasites for extracellular iron. An important phys-
iological study showed Plasmodium culture medium, which was depleted
of transferrin by 500–1000-fold, supported Plasmodium growth well, while
inhibiting fibroblasts dependent on transferrin uptake (Sanchez-Lopez and
Haldar 1992). Free iron in Plasmodium culture medium has been determined
to range from 1 to 10 µM. Dialysis removal of free iron to below 1 µM had
no effect on parasite growth (Peto and Thompson 1986). Extracellular im-
permeable dextran-DFO also did not inhibit growth in culture (Scott et al.
1990). Intracellular low molecular weight proteins bind iron, but when DFO
conjugates were loaded into resealed erythrocyte ghosts replication was not
inhibited (Loyevsky et al. 1993; Scott et al. 1990). Egan has measured equal
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amounts of total iron in uninfected and infected erythrocytes (Egan et al.
2002). In another study iron levels in the infected erythrocyte as measured by
X-ray fluorimetry remained constant while zinc levels increased two- to three-
fold (Ginsburg et al. 1986). These constant iron levels suggest minimum im-
port of extracellular iron. However with 20 mM iron levels the import of a few
hundred micromolar equivalents or 1%–2% of total iron (more than enough
to sustain the protozoan) may be within the standard error of measurement.

Lovesky has identified an intraerythrocytic labile pool of bioavailable iron
with the fluorophore calcein (Loyevsky et al. 1999a). In the infected erythro-
cyte most of the labile pool of iron is in the parasite. In addition, uninfected
erythrocytes had a greater total amount of labile iron than infected erythro-
cytes. Pollack has noted that a significant proportion of labile iron is bound to
ATP in normal erythrocytes (Weaver et al. 1993; Zhan et al. 1990). This iron
pool could be released with acidification, iron chelation and consumption of
ATP by oxidative stress (Atamna and Ginsburg 1995; Gabay and Ginsburg
1993; Hershko and Peto 1988).

If even less than 1% of the 20 mM heme iron in hemoglobin were available,
the parasite’s iron requirements would be satisfied (Gabay and Ginsburg 1993;
Gabay et al. 1994). The amount of heme that is uncoupled from crystallization,
thus available for other metabolic needs is not known. Tilley has postulated
hydrogen peroxide degradation of heme to release iron in the acidic digestive
vacuole. Measurement of heme and iron in infected erythrocytes indicate that
iron remains constant while total heme is decreased by 70% (Papalexis et al.
2001). At pH 7.0 reduced glutathione has also been demonstrated to catabolize
heme, thereby releasing iron (Ginsburg et al. 1998). Ginsburg has proposed
the transport of digestive vacuole heme to the parasite cytosol, where reduced
glutathione releases iron by heme catabolism (Ginsburg and Krugliak 1999).
Experiments demonstrated a loss of approximately half of the heme content.
Chloroquine also interfereswith hemedegradationby glutathione (Faminand
Ginsburg 2003; Famin et al. 1999). Elevated levels of reduced glutathione in
mouse reticulocytes have also correlated with chloroquine resistance (Deharo
et al. 2003). However, Egan in a separate set of experiments has demonstrated
minimal loss of heme iron (Egan et al. 2002). Using subcellular fractionation
and iron determinations, both infected and uninfected erythrocytes have the
same amount of iron. Digestive vacuoles contained 90% of parasite iron in the
form of heme with a minimal amount in parasite cytosol. This was confirmed
by electron spectroscopic imaging of transmission electron microscopy.

Another potential source of iron is erythrocytic ferritin. Mature erythro-
cytes have 0.7 nM residual ferritin left over from heme synthesis by the retic-
ulocyte (Gabay and Ginsburg 1993; Gabay et al. 1994). Ferritin accommodates
up to 4,500 iron molecules (Mann et al. 1986). Erythrocytic ferritin could track
to the digestive vacuole along with hemoglobin. Vacuolar proteases may de-
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Fig. 4 Plasmodium heme and iron pathways. Hemoglobin (HGB), erythrocyte ferritin
(rbc ferritin) and Pf are phagocytosed by the cytosome (C) and transported to the
acidic digestive vacuole (DV) where proteases cleave hemoglobin, releasing toxic heme
that is crystallized. Iron could enter the trophozoite (TROPH) from the erythrocyte
(RBC) cytosol or originate from the DV from ferritin or heme. Quinolines (Q) enter
the DV to cap crystallization

grade ferritin to release iron. Presently the data suggest that bioavailable iron
is transported directly across the parasite plasma membrane rather than via
the digestive vacuole or deriving from heme. Figure 4 depicts some of the
postulated heme and iron pathways.

P. falciparum lacks a ferroportin, ferritin, metallothione, ferroxamine-
based transport systems, or ferredoxinorbacterial iron siderophore orthologs
in the sequence database (Rasoloson et al. 2004). Loyevsky has charatereized
a Plasmodium iron regulatory protein (gb AJ012289; PF13_0229) demonstrat-
ing that it can bind mammalian IREs and also P. falciparum IREs which are
different from the mammalian consensus sequence (Loyevsky et al. 2001,
2003). A DMT-1 ortholog (PFE1185w) localized to the plasma membrane
and has not yet been expressed for functional characterization (D.J. Sullivan,
unpublished results).

3.5
Heme Synthesis in Two Organelles

Plasmodium requires heme for heme dependent protein synthesis (Surolia
and Padmanaban 1992) and as prosthetic group in parasitic cytochromes
(Fry and Beesley 1991). Succinylacetone, a specific inhibitor of heme biosyn-
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thesis, inhibited the in vitro growth of parasite with an IC50 of 2 µM (Surolia
and Padmanaban 1992; Wilson et al. 1996). These observations suggest that
heme biosynthesis is vital for the parasite and represents an attractive target
for therapeutic intervention. Whole genome sequence shows the presence
of the complete heme biosynthesis pathway in P. falciparum (except uro-
porphyrinogen III synthase whose orthologs are most disparate at primary
sequence level than are other heme biosynthetic enzymes (Panek and O’Brian
2002)). Microarray analysis has shown expression of all the genes of the heme
biosynthesis pathway throughout the erythrocytic stage, with the maximum
level of expression during the metabolically most active trophozoite stage
(Bozdech et al. 2003). Ferrochelatase has been recently cloned and reported
to rescue the ferrochelatase null mutant of Escherichia coli, suggesting that
the parasite encodes active ferrochelatase (Sato and Wilson 2003).

Protein sequence analysis of different members of the pathway divides
them into two major classes: one that contains apicoplast targeting signals—
ALAD, PBG deaminase and uroporphyrinogen decarboxylase;and a second
group that lacks theapicoplast targeting signals—ALAS, coproporphyrinogen
oxidase, protoporphyringen oxidase and ferrochelatase—which presumably
are located in the mitochondria. Detailed localization studies of different en-
zymes of heme biosynthesis pathway is ongoing. These observations suggest
that heme biosynthesis involves at least two compartments—plastids and
mitochondria. The close proximity of both organelles within Plasmodium
suggests cooperation of heme biosynthesis. The transport of intermediates to
and from both the organelles would be of interest and may provide another
area of therapeutic intervention.

3.6
Iron Chelation Therapy

Iron chelation therapy inhibits erythrocytic Plasmodium parasites in vitro
and in vivo (Mabeza et al. 1999). Ultrastructural studies show a stage specific
effect on a trophozoite-to-schizont stage transition with an enlarged nucleus
rather than an enlarged digestive vacuole as seen with the quinolines (Atkin-
son et al. 1991). Iron chelation also inhibits mouse malaria development in
hepatocytes at appropriate concentrations (Loyevsky et al. 1999b). The mech-
anism of action with diverse groups of iron chelators can be grouped to either
withholding of iron or by formation of a toxic complex with iron (Mabeza et
al. 1999). Iron withholding has a direct effect on the ribonucleotide reductase
necessary for DNA synthesis and/or δ-aminolevulinate synthase for heme
synthesis. Because of minimal effects on host cells and concurrent develop-
ment of iron chelators as adjunctive cancer chemotherapy, several trials of
iron chelators have been performed for both severe malaria and uncompli-
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cated malaria. Intravenous deferioxamine B when added to quinoline therapy
shortened recovery from coma and increased the rate of parasite clearance
(Gordeuk et al. 1992). A later study showed an increase in mortality in cere-
bral malaria patients treated with deferioxamine B (Thuma et al. 1998). Other
oral agents have also been tried with no therapeutic success in uncompli-
cated malaria. Iron chelation may potentially influence immune modulation
of severe disease by interference with nitric oxide or cytokines (Mabeza et al.
1999). Iron chelation is antagonistic in vitro to artemisinin action (Eckstein-
Ludwig et al. 2003). The increasing use of artemisinin combination therapy,
then theoretically, precludes a role for adjunctive iron chelation therapy.

4
Hemozoin as a Biomarker of Malaria Infection

Clinical experience and light microscopic examination of blood films have
endured for the past century as the primary tools for diagnosing malaria
infection. However, a single low parasitemia or noninfected film can require
examination for more than 30 min. Examination under polarized light detects
birefringent hemozoin present in trophozoites of P. vivax, P. ovale, P. malariae
and P. knowlesi, but will miss the rings of P. falciparum (Lawrence and Ol-
son 1986). Theoretically, P. falciparum gametocytes should be detectable by
hemozoin under polarized light. Immunochromatographic platforms are able
to detect and speciate Plasmodium infections from a drop of blood in 10 min
(Moody 2002). PCR based methods provide the greatest sensitivity and speci-
ficity, however they are the more labor, reagent and instrument intensive of
the diagnostic techniques and are not adaptable to field work (Moody 2002).
Laser desorption mass spectrometry (LDMS) was recently demonstrated to be
an extremely rapid and sensitive tool for detecting hemozoin as a pan-species
biomarker of infection (Demirev et al. 2002; Scholl et al. 2004).

4.1
Laser Desorption Mass Spectrometry

MS is the measurement of the relative abundance and mass-to-charge ratio
(m/z) of ions generated from a sample in a vacuum. Mass spectrometric de-
tection can be profoundly sensitive and enable the detection of femtomole
amounts of heme under ideal conditions. LDMS samples (0.3–1 µL) are de-
posited on a metal plate and dried before introduction into the instrument.
Twenty to several hundred samples can be deposited on a single plate de-
pending on the instrument. The sample plate is held at a high (±3–20 kV)
potential relative to the exit of the ion source region. Laser desorption lacks
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addition of denaturing matrix solutions routinely used to achieve ionization
with the more common matrix assisted laser desorption ionization (MALDI)
(DeHoffman et al. 1996). In LDMS, a pulse (~3 nsec) of ultraviolet or infra
red wavelength laser light (~1–10 MW/cm2) illuminates a sample area on
the order of 100×50 µm resulting in its conversion to gas phase ions. These
ions are accelerated by the electric field in the source region until they exit
into the mass analyzer. In time of flight (TOF)-MS, the m/z of these ions
can be calculated by measuring the time required for ions to traverse a fixed
distance before striking the ion detector (Cotter 1997). A useful mass spec-
trum can be obtained from a single laser shot; however, 20–100 single-shot
spectra are usually acquired, filtered and averaged for presentation. The sam-
ple can be interrogated by rastering the laser over its surface and thereby
enable the acquisition of many spectra from fresh areas within a ~ 2-mm2

area. Spectra can be acquired from a fixed sample position until it is depleted
(Scholl et al. 2004).

By adjusting the laser intensity, ions produced by LD ionization can frag-
ment to yield daughter ions that are structurally characteristic of the parent
ion. The degree of fragmentation can be controlled by adjusting the laser
intensity. Fragment ions are useful in the interpretation of mass spectra to
determine chemical structure and increase specificity of analyte detection.
Following the interpretation of a mass spectrum, the molecular identities of
sample components can be determined, and in some circumstances, quantita-
tively measured. Bioinformatic approaches are being developed to automate
the interpretation of mass spectra and diminish the need for technical exper-
tise to exploit mass spectrometric detection strategies. The combined sensi-
tivity and specificity achievable using mass spectrometric detection makes it
an attractive choice for many biomedical applications including the detection
of malaria parasites in blood samples.

4.2
Hemozoin Detection

The LDMS analysis of purified hemozoin crystals using a N2 laser (337 nm)
yields the identical mass spectrum of heme alone demonstrating that heme
is desorbed from hemozoin crystal surfaces by laser illumination. Hemozoin
is thus able to act as its own matrix, absorbing the laser energy to yield the
intact parent ion of 616 m/z and characteristic structurally rich fingerprint
fragment ions from consecutive cleavages of the two propionic acid side
chains to yield structurally characteristic ions at m/z 571 (M-COOH), 557
(M-CH2COOH), 512 (M-CH2COOH-COOH) and 498 [M-(CH2COOH)2] seen
in Fig. 5A (Demirev et al. 2002; Scholl et al. 2004). The head-to-tail dimer
m/z ratio of 1,232 is not seen even if pure hemozoin is subjected to LDMS.
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Fig. 5 LDMS spectra of tenfold diluted whole blood from the mouse presented in
Fig. 1 and heme. (A) Day 1; (B) day 0, pre-infection; (C) day 1; (D) day 2 after
infection; (E) heme standard. The parent molecular heme cation radical (m/z 616)
fragments via consecutive cleavages of the two propionic acid side chains to yield
structurally characteristic ions at m/z 571 (M-COOH), 557 (M-CH2COOH), 512 (M-
CH2COOH-COOH) and 498 (M-(CH2COOH)2). Each spectrum represent the average
of 100 individual laser shot spectra acquired from the equivalent of <0.3 µl of whole
blood

Infected erythrocytes contain the bioanalyte hemozoin which has extremely
high local heme concentrations of 2.2 M within the crystal (Pagola et al. 2000).
A single laser energy shot is able to detect heme signal spectra consistent with
hemozoin.

LDMS, surprisingly, is able to distinguish hemozoin from hemoglobin.
Heme complexed with hemoglobin is also abundantly present at 20 mM
concentrations in infected and noninfected blood samples. Therefore,
hemoglobin was expected to preclude the specific LDMS detection of heme
in hemozoin crystals. However, heme bound to hemoglobin or other serum
proteins such as albumin or hemopexin is LDMS ‘silent’. Denaturation of
these proteins produces a heme positive signal from noninfected blood
samples. Thus standard sample preparation methods that denature molecules
using trifluoroacetic acid and organic solvents like acetonitrile cannot be
used to specifically detect hemozoin. However, MALDI could be used to
detect parasite species-specific proteins to complement LDMS hemozoin
detection methods.

LDMS was initially used to detect hemozoin in 0.5-µl samples containing
as few as 10 parasite equivalents/µl following centrifugal concentration and
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washing of hemozoin crystals from P. falciparum cultured in human blood.
The heme spectral intensity linearly correlated with the number of parasites
deposited (Demirev et al. 2002). Follow-up studies in a mouse malaria model
and infected human clinical samples demonstrated that the extensive sam-
ple cleanup of blood was not necessary (Scholl et al. 2004). In a mouse time
course study employing inoculating doses ranging from 102 to 106 parasites,
LDMS detected P. yoelli infections 3–5 days earlier than light microscopy or
a colorimetric hemozoin assay. Minimal sample preparation required only
10-fold dilution of whole blood samples followed by the analysis of 0.3 µl de-
posited on metal slides. LDMS analysis required less than approximately 1 min
per sample. Although the equivalent of <0.03 µl of blood was analyzed and
a four-log range of inoculating parasites used, the LDMS heme signal rapidly
saturated, precluding the more interesting correlation of the mass spectro-
metric signal intensity with parasitemia. However, data are now emerging that
demonstrate LDMS can be used to rapidly detect P. falciparum and P. vivax
in human clinical blood samples and that, at low parasitemia levels (<5%),
LDMS signal intensity correlates linearly with parasitemia (Nyunt et al. 2005
AJTMH in press). This has generated interest in developing LDMS for the high
throughput, semi-quantitative analysis of malaria infections. The detection of
P. falciparum infections by the LDMS detection of hemozoin crystals in blood
is remarkable because the majority of erythrocytes infected with hemozoin
laden trophozoites are sequestered from general circulation by attachment
to tissue capillaries. Both nonmicroscopically visible hemozoin in ring stages
and circulating leukocytes containing hemozoin crystals may contribute to
hemozoin signal by LDMS (Scholl et al. 2004).

The unique combination of hemoglobin physical chemistry, malaria bio-
chemistry and the operating principles of LDMS have unexpectedly enabled
its use, without the need for significant sample preparation, for the poten-
tially high throughput detection of malaria parasites. In addition to the high
throughput screening of blood samples for malaria, LDMS may find addi-
tional applications in the screening of candidate anti-malaria drugs. A great
deal of additional work is required to validate the use of LDMS for the detec-
tion of heme as a biomarker of malaria infection. In addition to the analytical
sensitivity and specificity limits of LDMS, the persistence of hemozoin in
chronically infected populations, the effect of thalassemias and sickle-cell
anemia, and other viral and parasitic infections need to be evaluated. In
any event, the greatest advantage in the potential use of LDMS for detecting
malaria infections may ultimately be in its use to triage samples for further
light microscopic examination.
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5
Perspectives

Aspects of human and Plasmodium iron metabolism interrelate with malaria
anemia and disease pathogenesis, mechanisms of malaria chemotherapy, di-
agnostic tests, human iron deficiency and eukaryotic iron biology. Unresolved
research questions include etiology of malaria anemia both in the different
physiologic setting of an iron-replete or an iron-depleted host. The exact
molecular intracellular assembly of heme crystals and the inhibition mech-
anism of the quinoline class remains. Acquisition, intracellular shuttle and
utilization of iron by Plasmodium in heme synthesis and other iron pathways
will diversify knowledge of eukaryotic iron metabolism. A new development
for Plasmodium hemozoin is a mass spectrometric diagnostic test.
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