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ABSTRACT: The malaria parasite pigment, hemozoin, is a crystal of ferriprotoporphyrin IX (FP-Fe(III)), a
product of hemoglobin digestion. Hemozoin formation is essential for FP-Fe(Ill) detoxification in the
parasite; it is the main target of quinoline antimalarials and can modulate immune and inflammation
responses. To gain further insight into the likely mechanisms of crystal formation and hemozoin reactivity, we
have reanalyzed the crystal structure data for -hematin and solved the crystal structure of Plasmodium
falciparum hemozoin. The analysis reveals that the structures are very similar and highlights two previously
unexplored modes of FP-Fe(III) self-association involving m—x interactions that may initiate crystal
formation and help to stabilize the extended structure. Hemozoin can be considered to be a crystal composed
of m—m dimers stabilized by iron—carboxylate linkages. As a result, it is predicted that two surfaces of the
crystal would consist of m—x dimers with Fe(III) partly exposed to solvent and capable of undergoing redox
reactions. Accordingly, we demonstrate that the crystal possesses both general peroxidase activity and the

ability to cause lipid oxidation.

Plasmodium falciparum is the causative agent of the most
severe form of malaria in humans. As part of its complex life
cycle, the parasite invades, grows, and multiplies within the red
blood cells (RBCs) of its host. The parasite engulfs packets of
hemoglobin from the host cell cytoplasm using a cytostome and
transports the hemoglobin to an acidic digestive vacuole (/, 2). In
this acidic environment the hemoglobin is digested by the action
of a series of proteases (3, 4), and the prosthetic group, heme
(ferroprotoporphyrin IX, FP-Fe(Il)'), is oxidized to hematin
(ferriprotoporphyrin IX, FP-Fe(IlI)) before undergoing a pro-
cess of biocrystalization to form the malaria pigment, hemozoin.

FP-Fe(Ill) is a toxic molecule that can catalyze oxidative
damage to lipids and proteins (5—7). The generation of hemozoin
enables the parasite to sequester the FP-Fe(III) into a less toxic
form. Nonetheless, hemoglobin degradation and hemozoin pro-
duction represent a critical vulnerability of the malaria parasite
that is targeted by a number of antimalarial drug classes (§—11).
For example, quinoline antimalarials, such as chloroquine,
inhibit hemozoin formation by binding to free FP-Fe(IlI) or to
the hemozoin crystal (/2). The resulting accumulation of FP-
Fe(III) is thought to eventually overwhelm the parasite’s anti-
oxidant defense mechanisms.
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Various spectroscopic techniques have been used to character-
ize hemozoin (/3—17). It appears to be chemically and spectro-
scopically identical to f-hematin, which is formed by heating
FP-Fe(III) in concentrated acetic acid at 60 °C (13, 18—20) or at
physiological temperatures if a suitable lipid—water interface is
provided (27). The structure of 5-hematin has been studied using
X-ray powder diffraction (22). These studies revealed a repeating
array of FP-Fe(IIl) dimers with the ferric iron of each mono-
mer ligated to the propionate group of its partner. These iron—
carboxylate interactions are assumed to ablate the redox activity
of FP-Fe(IIT) molecules within the crystal. The structural studies
also revealed hydrogen-bonding interactions, involving the re-
maining propionate side chains, which link the dimers into a two-
dimensional matrix. The interactions that stabilize the crystal in
the third dimension have been less well described.

The structure of hemozoin has not been solved de novo, but the
powder diffraction patterns of preparations of hemozoin from
P. falciparum are known to be similar to those of f-hematin (14, 22).
By contrast, an extended X-ray absorption fine structure (EXAFS)
analysis of the K-edge of Fe in hemozoin and S-hematin (23)
revealed a large uncertainty in the position of the oxygen atoms
and a large value of the Debye—Waller factor in hemozoin
compared with -hematin, which is indicative of disordering as
well as low occupancy for thisatom. These authors suggested that
fewer oxygen—Fe bonds are formed in hemozoin and that the
crystal packing is, as a consequence, less ordered.

It is currently not well understood how hemozoin forma-
tion occurs in vivo. Early studies indicated involvement of a pro-
tein catalyst (24), but it is now generally agreed that hemozoin
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formation is a spontaneous process that is catalyzed by the lipid
environment (25—27). It has been assumed that the dimeric iron—
propionate unit of -hematin is the nucleating species in hemo-
zoin formation (28). Such dimeric intermediates have not, how-
ever, been observed in solution, and acetate is known to be a weak
coordinating ligand for FP-Fe(IlI) (29). Molecular dynamics
simulations in aqueous conditions support this conclusion but also
indicate that such linkages are favored in a nonpolar environ-
ment (27). More recently, it has been suggested that crystallization
may be initiated by the formation of a 7—zx stacked dimer that
subsequently converts to the f-hematin dimeric unit (28).

Hemozoin has been generally assumed to be an inert product
with no redox activity. However, a number of studies have indi-
cated that hemozoin has immunomodulatory activity both in vivo
and ex vivo when it is engulfed by macrophages and dendritic
cells (30—32). Some studies suggest that lipid and DNA con-
taminants associated with crude hemozoin are responsible for its
interactions with immune cells (33, 34); however, other studies
using purified hemozoin or synthetic f-hematin show that the
pure crystals are capable of producing similar effects (35).

In this work we have purified hemozoin from P. falciparum
and solved the crystal structure at a resolution of 2.4 A using
powder diffraction data. Our analysis of the structural units that
comprise the crystal allow us to propose a new model for the
formation of hemozoin involving 7—s dimers as the nucleation
unit, leading to the prediction that the surface of the crystal
contains accessible iron in the form of Fe(III) that can participate
in redox reactions. In support of this model, it is demonstrated
that highly purified hemozoin has a general peroxidase activity
and is capable of catalyzing lipid peroxidation. These findings
have implications for understanding the immunomodulatory
effects of hemozoin and its interaction with antimalarial drugs.

EXPERIMENTAL PROCEDURES

Hemozoin Preparation and Peroxidase Assays. Parasites
(3D7 strain) were continuously cultured using RBCs and pooled
serum obtained from the Red Cross Transfusion Service,
Melbourne, Australia (36). Hemozoin was prepared from Percoll-
enriched P. falciparum (3D7 strain) infected RBC, washed with
2% SDS and 6 M urea, incubated with proteinase K, and
thoroughly washed with water (37). Porcine hematin (FP-Fe(III);
Sigma) stocks were prepared in 50 mM NaOH. The concentra-
tion of FP-Fe(III) units in hematin and hemozoin preparations
was determined spectrophotometrically after dilution in 50 mM
NaOH using an extinction coefficient of 46.4 mM ™' ecm™" at
384 nm for monomeric FP-Fe(IlI) (38).

The peroxidase activity of FP-Fe(Ill) and hemozoin was
determined in the presence of 2.5 mM H,0, and 0.5 mM sub-
strate 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS;
Sigma) in 50 mM sodium acetate, pH 5.5. Samples were prepared
in triplicate in microplate wells and incubated at 37 °C with
constant shaking, and the absorbance was measured periodically
at 417 nm. The ability of FP-Fe(Ill) and hemozoin to promote
lipid peroxidation was measured using the fluorescently labeled
fatty acid 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-
diaza-s-indacene-3-undecanoic acid (BODIPY 581/591-FA,;
Invitrogen). Assays were performed in triplicate with 0.75 uM
BODIPY 581/591-FA in 100 mM sodium acetate buffer, pH 5.5,
containing 0.1% Triton X-100 (w/w). Samples were incubated at
37 °C with constant shaking and centrifuged at 15000g for 5 min
to sediment the hemozoin, and the supernatants were transferred
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to an opaque microplate. Red and green fluorescence was mon-
itored using excitation/emission wavelengths of 480/520 and
570/610 nm, respectively. Absorption and fluorescence measure-
ments were recorded using a SpectraMax M5 microplate reader
(Molecular Devices).

Hemozoin Structural Analysis. X-ray diffraction data
(XRD) of hemozoin were collected at the 3BM-1 Protein
Crystallography beamline at the Australian Synchrotron. The
sample was mounted on a cryoloop and frozen under liquid
nitrogen. A synchrotron radiation energy of 12.96 keV (4 =
0.956655 A) was selected using a primary, tunable, double-crystal
Si (111) beamline monochromator. The diffraction pattern was
detected using a charge-coupled device camera (CCD) containing
a 2048 x 2048 array of 102.4 um pixels placed 200 mm from the
sample. A set of 72 two-dimensional images with a 30 s exposure
time was collected and analyzed to create a radially averaged one-
dimensional diffraction pattern.

The structure of hemozoin was refined using the maximum
entropy-based pattern fitting approach (MPF) (39), which is an
iterative combination of the Rietveld refinement method and the
maximum entropy method (see Supporting Information). The
Rietveld refinement was performed using RIATAN-2000 (40),
and MEM analyses were performed using PRIMA (39). The split
pseudo-Voigt function of Toraya (1990) was used as a profile
function for the Rietveld refinement. The background was
represented by a composite function, involving an 11th-order
Legendre polynomial multiplied by a set of numerical values
obtained using the program PowderX (4/). Coefficients for the
analytical approximations to the atomic scattering factors for
Fe, O, N, and C were taken from ref 42 and anomalous scattering
factors from ref 43. The unit cell parameters of hemozoin were
determined using DICVOL (44) and were further refined by
RIETAN-2000. The atomic structure and electron density maps
were drawn using the 3D visualization system, VENUS (44). In
the MPF analysis, we used diffraction data with angular scatter-
ing occurring in the range from 3.025° to 22.695°, corresponding
to a resolution of 2.4 A. The atomic positions of f-hematin (22)
were used to provide an initial model for structure refinement.

RESULTS

Determination of the structure of hemozoin was performed by
first refining the fractional coordinates of Fe by the Rietveld
method, using rigid body constraints for all other atoms. The
MPF method was then applied to obtain the three-dimensional
electron density distribution of hemozoin. Fractional coordinates
of all atoms were finally refined using strong nonlinear restraints:
41 for interatomic distances and 52 for bond angles, respectively.
Table 1 lists the resulting lattice parameters and R factors. Figure
laillustrates calculated, observed, and difference patterns plotted
as functions of 26. The two-dimensional projection of the recon-
structed electron density distribution appears as Figure 1b, and
the refined crystal structure of hemozoin is shown as Figure Ic.

The resolution limit does not allow us to determine the posi-
tions of C and N atoms with high accuracy. The positions of the
Fe atoms, nevertheless, appear as peaks of high electron density
in Figure 1b, and the orientation of the FP-Fe(III) molecules is
readily determined. The resulting structure of hemozoin is very
similar, within the 2.4 A resolution limit, to that reported for
p-hematin (22). The FP-Fe(Ill) appears as a typical, pentaco-
ordinate structure with the iron atom protruding out of the plane
of the porphyrin ring. The two FP-Fe(III) units in the unit cell
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Table 1: Unit Cell Dimensions and R Factors for Hemozoin®

space group P1

VA 2

a(A) 12.187(2)
b (A) 14.692(2)
¢ (A) 8.030(1)
o (deg) 90.94(1)
p (deg) 96.99(1)
¥ (deg) 96.81(1)
Ryp (%) 6.18

Ry (%) 451

Ry (%) 1.28

Ry (%) 485

¥ = Ryp/Rg (goodness of fit) 1.27

“Figures in parentheses indicate approximate error in the final quoted
digit in each quantity.

stack parallel to the iron porphyrin ring with the characteristic
reciprocal iron—propionate linkages. Figure 1b also illustrates
the electron density distribution along the FP-Fe(III)—O—
FP-Fe(III) connection. The O—Fe bonding appears to be more
disordered within the crystal lattice of hemozoin, an observation
that is in agreement with results of a previous EXAFS study (23).

Figure 2 shows the electron density maps of the hemozoin
crystal along three different axes. The hemozoin crystal may be
regarded as consisting of a series of sheets with a thickness of
~11.0 A. The surfaces between the sheets are relatively flat, but
there is some complementarity. The noncoordinating carboxylic
acid groups from each hemozoin unit in the unit cell dimer
(indicated in black in Figure 2, lower panel) form reciprocal
hydrogen bonds with the corresponding groups from adjacent
sheets, effectively cross-linking the sheet network. Significant FP-
Fe(II)—FP-Fe(III) interactions involving the metalloporphyrin
moiety occur only within a sheet.

In order to identify the distinct FP-Fe(III)—FP-Fe(IIl) inter-
actions that occur in the hemozoin crystal, we first analyzed the
configuration of the Fe atoms within an individual sheet. The Fe
atoms form two-dimensional layers (sheets) separated by a unit
cell translation along the [100] direction, corresponding to a
graphite-like configuration. The hexagonal outline model super-
imposed in Figure 3a indicates that each Fe atom within a sheet is
surrounded by six other Fe atoms lying within a distance of less
than 10 A (Figure 3b,c). Two of the FP-Fe(III) units, Fey—Fe;
and Feq—Feq, which are indicated by asterisks in Figure 3a, are
not involved in direct interactions within the central FP-Fe(I1I)
unit. The structural relationship between the remaining four
FP-Fe(III) units and the central FP-Fe(III) unit is illustrated in
Figure 4a. Table 2 shows the critical coordination parameters for
the FP-Fe(I1I)—FP-Fe(III) contacts in hemozoin. Three distinct
types of FP-Fe(I1I)—FP-Fe(Ill) interactions can be identified, as
detailed below.

One of the FP-Fe(IIl) interactions involves the two FP-Fe(III)
units in the unit cell. This “B-hematin dimer”, Fe,—Fes, has
previously been described in detail (9). We prefer to call it the
metal—propionate (u—Pr) dimer to emphasize the importance of
the iron—propionate linkage in stabilizing the dimer. The sym-
metrical transformation from the central FP-Fe(III) unit {x, y, z}
to its dimer partner is {1 + X, 1 + 73, 1 + Z}. The dimer displays
inversion symmetry through the center of the unit cell. The two
porphyrin rings are orientated with their coordinated faces
opposed. The key interaction between the two FP-Fe(III) units
is the reciprocal Fe—O linkage involving the iron and carboxylate
groups. Of the three FP-Fe(I1I)—FP-Fe(IIl) interactions occur-
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FIGURE 1: Determination of hemozoin structure from powder XRD
data. (a) Powder XRD pattern from GSAS. The observed (crosses)
and calculated (solid line) profiles are shown. The difference curve is
shown below. Short vertical lines (green) below the profiles indicate
peak positions of possible reflections. (b) Electron density (F,) map of
FP-Fe(IlI) (1o level). (c) One unit cell of the crystal structure showing
two molecules of FP-Fe(I1I).

ring in the crystal, this one exhibits significantly longer Fe—Fe
distances between the two units (Figure 3b) with little spatial
overlap between the porphyrin rings (Figure 4b). This suggests
that van der Waal interactions and w—x bonding do not
contribute significantly to the stability of this dimer.

A second, shorter FP-Fe(IIT)—FP-Fe(III) interaction can be
described involving a FP-Fe(III) pair, which we designate as the
a—m dimer (Feq—Fe,). In this dimer, the symmetrical transfor-
mation from the central FP-Fe(IIl) unit to its dimer partner is
{1 +X,7,2+ Z}. The second monomer is generated by the sym-
metry operations so that the two porphyrin rings are arranged
with their noncoordinated faces mutually opposed. The Fe—Fe
distances are shorter in this case (Figure 3b), and there is con-
siderable spatial overlap of the two porphyrin rings involving
both the porphyrin moieties and the vinyl groups, allowing &
interactions between the units of the dimer (Figure 4c).

In a third FP-Fe(I1I)—FP-Fe(III) interaction, each FP-Fe(III)
molecule contributes its vinyl and propionate ends to interactions
with two different FP-Fe(III) molecules to form extended chains
in a polymeric (P-type) interaction (Fey—Fe; and Fe,—Fey). The
symmetrical transformations from the central FP-Fe(IIT) unit to
the two neighboring units are {x, y, | + z} and {x, y, =1 + z},
respectively. In this case the metalloporphyrins have the same
orientation but are translated along the (001) direction so that
they are offset from each other. This association involves contacts
between the noncoordinated face of the propionate end of one
molecule and the coordinated face and vinyl region of the second
molecule. The Fe—Fe distances are similar to those of the 7—x
dimer (Figure 3b). There is no overlap between the porphyrin
nuclei of the two FP-Fe(Ill) units although there is overlap
between the vinyl group of one unit and the porphyrin group of
the second unit contributing some s7— interactions (Figure 4d.e).
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FIGURE 2: The hemozoin crystal is comprised of a series of sheets. The electron density map and crystal structure of hemozoin are shown along
three different axes with 90° rotations of the crystal. Sheets of the crystal are colored blue, gold, and pink. The iron is represented as a red sphere,
and the propionate oxygens are represented as dark blue balls in the wire-frame representations. One u—Pr dimeric unit within the central sheet in
each representation is colored black to illustrate its ability to form hydrogen bonds with sheets on either side. Each sheet can be considered to be
made up of a series of u—Pr dimers held together by 7— interactions or as a series of 77— dimers connected via u—Pr linkages.
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FIGURE 3: The geometrical configuration of Fe atoms within a sheet
of the hemozoin crystal. (a) (100) projection of the normalized
electron density of hemozoin showing that each Fe atom is sur-
rounded by six Fe atoms in a distorted hexagonal configuration. The
Fey—Fe; distances and Fe,—Fe,—Fe; angles are shown in (b) and (c),
respectively.

This analysis suggests that hemozoin could be regarded as a
crystal of w— dimers rather than of y—Pr dimers, in which case
the crystal would support faces with iron at least partly exposed
to the solvent that could participate in redox reactions. We
examined the relative ability of FP-Fe(I1I) and freshly prepared,
extensively washed hemozoin to act as general peroxidases using
a colorimetric substrate. ABTS progressively reduces the oxi-
dized hematin formed in the presence of hydrogen peroxide by
one-electron reduction. The colored ABTS oxidation product
can be followed spectrophotometrically. The analysis was per-
formed at pH 5.5 to mimic the acidic conditions of the digestive
vacuole. In the absence of hydrogen peroxide no oxidation of
ABTS was observed with or without FP-Fe(III) or hemozoin
over the time period examined (data not shown). Addition of
hydrogen peroxide to ABTS caused a small level of ABTS
oxidation (Figure 5a). This was significantly increased by the
addition of submicromolar concentrations of FP-Fe(II) and was
linear over the 4 h period of measurement (Figure 4a). Similar
activity was observed when hemozoin was present at a concen-
tration of 25 uM FP-Fe(Ill) units. This demonstrates that
hemozoin possesses peroxidase activity although the level of acti-
vity per FP-Fe(III) unit is much lower than for free FP-Fe(III)
(approximately 1.5%).

We also compared the ability of hemozoin and FP-Fe(III) to
promote oxidation of the fluorescent lipid BODIPY 581/591-FA.
The fluorescence emission maximum of the lipid probe is altered
upon oxidation from red to green, permitting oxidation to be
followed in a ratiometric analysis (45, 46). Little or no oxidation of
the fluorescent lipid occurs in the presence of the oxidizing agent
tert-butyl hydroperoxide unless a redox catalyst is added (45)
(Figure 5b). Upon addition of FP-Fe(IIl) or hemozoin a time-
dependent increase in green emission and a decrease in red fluore-
scence are observed (Figure 5b). Hemozoin catalyzes the oxidation
of BODIPY 581/591-FA with an efficiency per FP-Fe(IIl) unit
that is approximately 1.5% of that of free FP-Fe(II).
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FIGURE 4: Metalloporphyrin interactions in the hemozoin crystal.
(a) Each individual FP-Fe(III) unit (gray) is involved in a range of
metalloporphyrin interactions with the surrounding FP-Fe(I1I) units.
These involve u—Pr (b, gray to pink), 7— (c, gray to green), and
P-type (d and e, gray to blue) interactions. Each of these interactions
is shown as wire-frame and space-filling representations. Note that
the P-type interaction is asymmetric and is shown in two views. The
iron is represented as a red sphere, and the propionate oxygens are
represented as dark blue spheres.

DISCUSSION

We have employed a combination of the Rietveld refinement
method and the maximum entropy method to refine the structure
of hemozoin. This approach includes an iterative step of maxi-
mum entropy enhancement of the electron density. This helps to
reduce any bias imparted on the solution by the choice of the
initial structure, while resolving overlapping X-ray reflections
through the refinement of an underlying structure model. This
approach has been shown previously to give improved fit to one-
dimensional diffraction data (39, 47).

The analysis confirms that the structures of hemozoin and
p-hematin are very similar, as suggested previously (14, 22).
There is nevertheless a clear indication of heterogeneity in the
Fe—0 coordination in hemozoin. This leads to a greater disorder
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Table 2: Parameters for the FP-Fe(III)—FP-Fe(III) Contacts Observed in
Hemozoin

Fe—Fe displacement? (A)

porphyrin—porphyrin

FP-Fe(III) unit L A% distance (A)
u—Pr 8.33(9) 3.74(9) 4.42(9)
P-type 6.75(9) 4.57(9) 4.42(9)
- 6.75(9) 4.1909) 4.42(9)

“Relative displacement of iron atoms along the average plane (depicted
in Figure Ic) through the porphyrin nucleus (L) and perpendicular to this
plane (V).

in the crystal packing of hemozoin than in f-hematin, which may
reflect differences in the mechanisms that lead to crystal forma-
tion in these materials. The f-hematin crystals that were used for
XRD studies were formed by dehydrohalogenation of FP (22).
This process may produce a highly homogeneous product. By
contrast, hemozoin crystals are formed in a more heterogeneous
environment. Hemozoin formation is initiated in the early ring
stage of development in predigestive vacuoles (2, 48). These early
microcrystals may form in the absence of lipid catalysts given that
lipid bodies accumulate in later stage parasites (26). The pre-
digestive vacuoles fuse to form a mature digestive vacuole in the
trophozoite stage of parasite growth (2). The hemozoin crystals
increase in size during this stage of growth. The higher chemical
disorder of the hemozoin crystal may reflect imperfections intro-
duced during the different phases of the growth of the crystals.
Alternatively, imperfections in the packing of FP-Fe(III) dimers
at the hemozoin crystal surface could disrupt some of the u—Pr
interactions leading to a lower occupancy of the oxygen site in
hemozoin compared with synthetic f-hematin.

Previous structural studies of hemozoin and f-hematin have
assumed that they represent crystals of u—Pr dimers and have
considered 7— interactions only in the context of crystal pack-
ing. It has been assumed that the nucleating unit for the forma-
tion of hemozoin is a 4—Pr dimer. Our analysis of the structural
units in the hemozoin (from this work) and of 5-hematin (from a
published structure (22)) reveals, however, the presence of three
FP-Fe(Ill) self-association states. It is of interest to consider
which of these is more likely to provide the nucleating unit. The
u—Pr shows no overlap between the porphyrin rings and is
stabilized only by the iron—carboxylate linkage; this linkage
would be destabilized in an aqueous environment (29). In
contrast, the porphyrin moieties in the 7—s and P-type structural
units are more proximal and exhibit a much greater level of
overlap, which would provide enhanced stability in an aqueous
environment with solvated Fe atoms. Of these, the 7—m dimers
involve more substantive porphyrin ring overlap than the P-type
interaction, and the w—x dimers are suggested to be the pre-
dominant state of FP-Fe(III) in solution (49, 50).

Both 77— and P-type structural units are present in the crystal
structures of other metalloporphyrins (57). Scheidt and Lee have
classified the strength of 7— interactions in these crystals based
on the lateral and mean plane separations of the porphyrin units
and suggested that 7—u dimers are not simply a consequence of
crystal packing interactions. Similarly, aromatic ring pairs in
proteins are separated by a preferential distance of between
4.5 and 7 A (52). We propose, therefore, that hemozoin (and
p-hematin) is a crystal of 7—x dimers with P-type and u—Pr
interactions acting to stabilize the crystal structure. This depar-
ture from the currently accepted view of hemozoin as a crystal
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FIGURE 5: Redox activity of hemozoin. (a) Comparison of the peroxidase activity of FP-Fe(III) (at the indicated concentrations) and hemozoin
(25 uM FP-Fe(III) units) using 0.5 mM ABTS in 2.5 mM H,0; and 100 mM sodium acetate, pH 5.5, at 37 °C. (b) Comparison of the ability of
FP-Fe(III) (at the indicated concentrations) and hemozoin (20 uM FP-Fe(IIl) units) to oxidize the fluorescent lipid BODIPY 581/591-FA
(0.75 uM) in 100 mM sodium acetate buffer, pH 5.5, containing 0.1% Triton X-100 (w/w). Error bars correspond to the standard deviations of

measurements performed in triplicate.

FIGURE 6: Proposed model for the formation of hemozoin. w—x
dimers form columnar aggregates via P-type interactions. Individual
w—m dimeric units are represented by the same color in the central
columnar aggregate except for the initiating dimeric unit shown in
blue and black. The columnar aggregate can be extended by the
addition of more w—z dimers (isolated dimers in black) via P-type
interactions. The sheet can be extended in the second dimension by
the formation of u—Pr linkages with other 7—s dimers (or between
other columnar aggregates) represented by the isolated gray/black
dimers. The result is the formation of a sheet made up of columns of
m—s dimers held together by u—Pr linkages. Note that the Fe atoms
would be coordinated to hydroxide or water in an aqueous environment.

of u—Pr dimers has important implications for understanding its
formation and properties.

A possible model for f-hematin/hemozoin crystal formation is
illustrated in Figure 6. The nucleating species may comprise
higher order associations of z—s dimers into extended columns
via P-type interactions. Such a species may represent the pre-
cipitated form of FP-Fe(IIl) which is favored under mildly
acidic conditions. Under the conditions of the digestive vacuole
(pH 5.5 (53)) the propionate groups will be partially neutralized
and w— dimer formation will be favored, allowing higher order
species to be formed (50). Extension of this oligomeric species

into the second dimension, resulting in sheet formation, could
occur through the formation of u—Pr linkages between the
columnar oligomers. Crystal growth in the third dimension
would then occur by association of the planar sheets, which are
stabilized by van der Waals and reciprocal hydrogen-bonding
interactions between the nonligated propionic acid groups on
adjacent sheets; this would lock the sheets in place to form the
regular crystal lattice of f-hematin/hemozoin.

A crystal of 7—m dimers constructed in the manner described
above would possess different surface properties compared to a
crystal composed of u—Pr dimers. In particular, 7—x dimers
would be exposed on two surfaces of the crystal, which could
influence the binding of antimalarial agents. For example, chloro-
quine and a number of other quinoline antimalarial drugs are
thought to suppress parasite growth by inhibiting the detoxifica-
tion of FP-Fe(III) (8, 24, 54, 55). This is believed to occur by m—n
cofacial stacking directly to free FP-Fe(Ill) (56) and/or to
hemozoin, thereby preventing further growth of the crystal (8).
The binding of chloroquine to hemozoin has been modeled assum-
ing that the u—Pr dimer forms part of the exposed surface (57).
However, the crystal surfaces will be different if 7— s dimers form
part of the exposed surface.

If hemozoin is a crystal comprised of 77—z dimers, it would be
anticipated that the crystal will contain Fe(III) atoms that are
at least partly exposed to solvent. These Fe(III) atoms may be
able to interact with ligands and participate in redox reactions
although steric effects may make them less reactive than free
FP-Fe(III). We have demonstrated that hemozoin exhibits both a
general peroxidase activity and the ability to catalyze lipid
oxidation. The efficiency is approximately 1.5% of the activity
of an equivalent amount of noncrystallized FP-Fe(III), which
corresponds roughly to the proportion of Fe(IlI) atoms located
close to the surface of a crystal with dimensions of 100 x 100 x
300—500 nm (58). Alternatively, the measured level of activity
may reflect dissociation of 7—s dimer units bound by relatively
weak P-type interactions at the crystal surface. Indeed, the
association/dissociation of these units may account for the
relatively small size of both f-hematin and hemozoin crystals.
In either case, the data indicate that hemozoin crystals are not
completely inert to redox reactions.

Our finding that hemozoin has redox activity is consistent with
previous studies showing that hemozoin can induce lipid peroxi-
dation (59, 60). The formation of lipid peroxidation products
could also explain the finding that hemozoin has immunomodu-
latory activity when it is engulfed by macrophages and dendritic
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cells (30—32). The present work provides insight as to how this
activity of hemozoin might arise.

The ability of hemozoin to participate in redox reactions has
positive and negative aspects for the malaria parasite. The addi-
tional peroxidase or catalase activity within the parasite digestive
vacuole may have useful antioxidant defense functions, particu-
larly in contributing to the detoxification of hydrogen peroxide
produced by heme oxidation during hemoglobin digestion. This
comes at the expense, however, of the ability to cause additional
oxidative damage to important protein and lipid substrates. Interest-
ingly, hemozoin in the digestive vacuole is surrounded by lipid
nanospheres that are postulated to facilitate hemozoin crystalliza-
tion (26, 61). The lipid components are poor in unsaturated lipids (67),
which may represent a strategy to limit hemozoin-induced oxidative
damage.

In summary, we have characterized the different FP-Fe(III)
interactions within hemozoin crystals. This work provides in-
sights into the nature of hemozoin formation and has implica-
tions for hemozoin processing by macrophages and for the action
of antimalarial drugs. An increased understanding of these
processes may lead to the development of antimalarial com-
pounds with increased activity against this important human
pathogen.
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