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Malaria, whose most severe form is caused by a protozoan
parasite,Plasmodium falciparun{Pf), remains the world’s most W
prevalent vector-borne disease. The spread of chloroquine-resistant ‘J\//—
strains (CQR) ofPf and the absence of a suitable replacement for
this once effective antimalarial created an urgent need to understand 0 200 400 600 800
the biochemistry behind the drug’s actibithe intraerythrocytic A_—,/\/J‘
growth stage oPfinvolves hemoglobin proteolysis as the primary w_/\/,,ﬁ
nutrient source with the concomitant release of free heme. The CJ\/”;
liberated heme is detoxified by the parasite into an inert crystalline . . . . .
material, called malarial pigment, or hemozéfAccording to the 800 1&‘;‘;““ a0 ) 1400 1600
recent hypothesis, Ch_loroqume in_hibits heme aggregation in ring Figure 1. The low-field (highger) turning point in the EPR spectra of
or early-stage malaria trophozoitest has been shown that hemozoin (blue) and-hematin (black) at 34 (top) and 94 GHz (bottom) at
hemozoin is chemicall$? spectroscopically? and crystallographi- 10 K. The red traces are powder-pattern simulations using the following
cally® identical and isostructural to its synthetic phggdyematin. spin Hamiltonian parametergD| = 5.80 cnt?, |E| = 0.20 cnt?, g =
The magnetic susceptibility measurements antssbauer spec-  1-90 (top) andD| = 5.85 e, |E| = 0.075 cnt?, g = 1.95 (bottom).
troscopy onf-hematin suggested the presence of a single high-
spin (S = %) iron environment of largely axial symmetry in its
bulk phaseé:” Recently, the crystal structure g-hematin was
solved by X-ray powder diffractiohThe structure is surprising in
that rather than being a coordination polymer, as widely held
before?3it is a chain of dimers formed by the e-protoporphy-
rin—IX molecules through reciprocal irefcarboxylate bonds to
one of the propionic side chains of each porphyrin. The dimers
then build chains linked by hydrogen bonds in the cry%tal.
Despite the congruous nature of much of the spectroscopic data
for the natural and synthetic phases, there is still considerable
ambiguity in interpretation of the Electron Paramagnetic Resonance
(EPR) results concerning the characterization of their local Fe
environment”%12 For example, previous work performed at
conventional X-band (9.5 GHz) frequency suggested a rhombic
symmetry of the zero-field splitting (zfs) tensor, which was not in N/Fe\
agreement with Mssbauer resultsin this report, we present the
definite conclusions of the spin state and properties of the ground H
state of hemozoin ang-hematin, using the power of multi- . . .
frequency high-field EPR (HFEPR) to simplify and fully interpret EPR spectra of hemozoin were acquired at cryogenic tempera-
spectra of the ferric ion. At the same time, we will use the HFEPR Urés on two Bruker Elexsys spectrometers equipped withi.TE
data to find correlations between structure and magnetic properties€S0nators: Q-band (34 GHz) at the EPFL, and W-band (94 GHz)
of both natural and synthetic malarial pigments. at the NHMFL.ﬁ-Hematm_was |nve_st|_gated in a wide range of
Malarial pigment (hemozoin) was isolated from a K-1 chloro- frequencies (27500 GHz) in transmission-type single-pass spec-

quine-resistant strain éflasmodium falciparumThe pigmentwas ~ trometers at the NHMFE? At each frequency, thg-hematin
isolated from late-stage trophozoites following nonproteolytic SPECtrum consists of a strong turning point at high effeagive~
methods4 Homogeneous single-phase microcrystalline powders of 4-3-5-5, depending on frequency, and a weak turning poigtiat
syntheticf-hematin were prepared by anhydrous dehydrohaloge- — 2: At low frequencies (2794 GHz), the highger absorption
nation of hemiris The structure of a building block of the malarial i€ is partly split into two components (Figure 1). In this frequency

pigment, (F& —protoporphyrin-1X) » dimer, 1, has a five-coordinate range, the spectra of hemozoin are nearly identical to those of
p-hematin. At higher frequencies, the splitting disappears, and a

high-spin F#', S= 5/,, which is located 0.47 A out of the plane of
the porphyrin and forms a relative short bond, 1.889 A, with one
of the oxygens of the protoporphyriiX propionic acid substit-
uents!® The distance between the two Fe ions within the dimer is
9.05(1) A, with a mean porphyrin plane separation of 4.44 A. Due
to their offsets, the nearest atoms in the porphyrin rings are separated
by 5.00(1) A, but the nearest iron neighbors are in adjacent unit
cells where the FeFe separations are 7.86(1), 8.04(1), and
8.07(1) A.
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0w euency(ehy troscopy as 7.5 crt.1® As for the small but measurable rhombic
! ’ g ! ' parameterE, its presence was detected both in Fe(DmeP®-
o / (N3)!8 and in the above-mentioned complex with an axial acetate
group® and apparently depends on the symmetry of the ligand
itself. The propionate linker between the two porphyrins in
p-hematin may be conducive to producing such a small rhombic
] / distortion. An explanation of the effect of averaging of thealue
e with increasing EPR frequency remains outside the scope of the
Energy (cm'") present work, but we mention here the analogy with averaging the
Figure 2. Resonance field versus quantum energy (or frequency) depen- dipolar broadening of EPR resonances in solids with increasing
dence of turning points in the powdered samplg-dfematin. Experimental observation frequency in the intermediate exchange rediffieis

points are marked by squares. Below 100 GHz, the average position of the ; . .
partly split low-field resonance was taken. Lines were simulated using best- analogy seems to be particularly attractive since the averaged

fitted spin Hamiltonian parameters as in text. Blue lines, parallel turning Perpendicular turning point at high frequencies actually gets
points; red lines, perpendicular turning points. For clarity, only those narrower with increasing frequency and field in the solid, unlike

transition branches are plotted that are actually observed experimentally.the situation existing in a magnetically diluted system, such as
The broken line corresponds to the frequency (378.2 GHz) at which the myoglobin in frozen solutioAt

bottom trace in Figure S1 was recorded.
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