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ABSTRACT. The polymerization of hemoglobin-derived ferric-protoporphyrin IX [Fe(ll)PPIX] to inert
hemozoin (malaria pigment) is a crucial and unique process for intraerythrocytic plasmodia to prevent
heme toxicity and thus a good target for new antimalarials. Quinoline drugs, i.e., chloroquine, and non-
iron porphyrins have been shown to block polymerization by forming electronic interactions with

heme monomers. Here, we report the identification of ferrous-protoporphyrin IX [Fe(ll)PPIX] as a novel
endogenous anti-malarial. Fe(Il)PPIX molecules, released from the proteolysis of hemoglobin, are first
oxidized and then polymerized to hemozoin. We obtained Fe(ll)PPIX on preparative scale by
electrochemical reduction of Fe(lll)PPIX, and the reaction was monitored by cyclic voltammetry.
Polymerization assays at acidic pH were conducted with the resulting Fe(ll)PPIX using a spectrophotometric
microassay of heme polymerization adapted to anaerobic conditions and the products characterized by
infrared spectroscopy. Fe(ll)PPIX (a) did not polymerize and (b) produced a dose-dependent inhibition
of Fe(llI)PPIX polymerization (IGo = 0.4 molar equiv). Moreover, Fe(ll)PPIX produced by chemical
reduction with thiol-containing compounds gave similar results: a dose-dependent inhibition of heme
polymerization was observed using eithecysteine N-acetylcysteine, opL-homocysteine, but not with
L-cystine. Cyclic voltammetry confirmed that the inhibition of heme polymerization was due to the
Fe(I)PPIX molecules generated by the thiol-mediated reduction of Fe(ll)PPIX. These results point to
Fe(I)PPIX as a potential endogenous antimalarial and to Fe(lll)PPIX reduction as a potential new
pharmacological target.

Plasmodiadigest hemoglobin during their intraerythrocytic  that, in the presence of molecular oxygen in the parasite food
life cycle in a specialized organelle (the digestive or food vacuole, Fe(ll)PPIX is oxidized to form Fe(lll)PPIX fol-
vacuole, analogous to phagolysosomes of mammalian cells)lowing a Fentor-Haber-Weiss-type reaction: at that time,
through the combined action of at least two aspartic a cascade of events begins, on one hand, to scavenge the
proteinases (plasmepsins | and Il) and one cysteine proteinaseeactive oxygen species produced and, on the other hand, to
(falcipain) (1—3). Four molecules of heme [ferrous-proto- polymerize Fe(ll)PPIX tg8-hematin (hemozoin or malaria
porphyrin IX, Fe(I)PPIX]; the prosthetic group of hemo-  pigment)(3—5). The polymer forms via the coordination of
globin, are released from each molecule of hemoglobin whenthe central iron atom of one molecule to one carboxyl of
digested by the malaria parasite. It is commonly accepted the adjacent molecul®). Whether the reaction in the parasite
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to form 7—x interaction with hematin could inhibit the cell for a few minutes, and the solution was analyzed under
polymerization tof-hematin. This hypothesis has been the same conditions reported above.
confirmed by a previous observation of ours that porphyrins  In Vitro Hematin Polymerization3-Hematin was synthe-
lacking a metal center not only cannot polymerize but also sized in accordance with the procedure reported by Egan et
inhibit heme polymerizatiorf12). al. (10) with slight modifications. Briefly, a solution of 5
Based on these observations, we set out to assess the rol®M hematin (ferriprotoporphyrin IX hydroxide) was pre-
of the oxidative status of the central iron of the heme pared as described above. Then a solution containing 0.3
molecule in the polymerization process. (i) Fe(ll)PPIX is the mL of 1 M HCI plus 1.74 mL of 12.9 M sodium acetate
moiety released in the food vacuole during hemoglobin (pH 5.0), prewarmed at 60C, was added. After 60 min
digestion; (ii) its electronic structure supports the formation incubation at 60°C, the reaction mixture was filtered over
of 7—m interactions; (iii) the reduced state of iron does not a type HA Millipore filter (0.45«m) and washed extensively
support the formation of the irercarboxylate bonds between  Wwith distilled water. The solid precipitate was then dried over
heme subunits to fornd-hematin. phosphorus pentoxide under vacuum overnight and finally
To assess the effects of Fe(Il)PPIX on hematin polymer- characterizeq by Fourier transform infrared (FT-IR) spec-
ization, Fe(I)PPIX had to be prepared from Fe(lll)PPIX in troscopy using a Jasco FT-IR spectrometer. The -iron
sufficient amounts under controlled conditions. First, elec- carboxylate bonds present in the synthetic polymer were
trochemical reduction was used to characterize the reactionvisualized by FT-IR spectroscopy as two characteristic bands
products in the absence of chemical interference with the at 1662 and 1209 cm. o
polymerization assay. Subsequently, reducing agents (elec- Microassay for Hematin Polymerizatiofio evaluate the
tron donors), shown to inhibit hematin polymerizati®), heme inhibitory activity of Fe(ll)PPIX and of reducing
were employed: thiol-containing molecules were selected 2gents, we used the spectrophotometric microassay of heme
on the basis of either their pharmacological or their physi- Polymerization recently developed in our 1§b8). Slight

ological antioxidant properties. technical modifications were introduced to adapt the micro-
assay to anaerobic conditions: a small polyethylene atmos-
EXPERIMENTAL PROCEDURES bag, with two inlet accesses per side, sealed and inflated

. ) with inert gas was utilized. The experiments were conducted

All the chemical reagents used in our assays, unlessynder continuous nitrogen flux. One hundred microliter
specified, were obtained from Sigma/Aldrich, Milan, Italy. sejutions of Fe(ll)/Fe(lll)PPIX in different ratios were

Reduction of Fe(lll)PPIX and Cyclic Voltammetry. (A) distributed in quadruplicate in 96-well U-bottom microplates
Electrochemical Reductior solution of Fe(ll)PPIX was (0.5 umol of total porphyrin/well) (Costar 3799). Hematin
prepared by dissolving hemin [Fe(lll)protoporphyrin IX was precipitated by the addition of 0.8 mmol of acetic acid
chloride] in a small volume of KOH and diluting to 5 mM  (50uL) and the plates were incubated for 24 h under nitrogen
concentration with a solution of potassium bicarbonate (5 at room temperature. At the end of the incubation, the plates
mM) in deionized distilled water. This solution was degassed were taken out of the atmosbag and centrifuged at §300
with several cycles of pumping under ldnd immediately  for 15 min, and the soluble fraction (fraction= unpre-
used in the preparative electrolysis or in the microassay for cipitated haematin) of unreacted material was collected. The
heme polymerization(18). The solution of hemin was remaining pellets were resuspended with 2000f DMSO
electrolyzed in a preparative cell divided by a membrane. to remove unpolymerized hematin. Plates were then centri-
The anodic compartment contained a solutiéri d KCI fuged again at 33@dfor 15 min. The DMSO-soluble fraction
and the cathodic compartment 50 mL of 5 mM solution of (fraction Il = unpolymerized hematin) was collected, and
hematin. The working electrode was a Pt plate (250 the pellets, consisting of a pure precipitatgdiematin, were
mm). The solution was maintained under nitrogen with dissolved in 0.1 M NaOH (fraction Ill= solubilized
stirring at a constant potential 6f0.55 to —0.6 V, using B-hematin). A 150uL aliquot of each fraction ¢I1—III)
the Amel 5000 electrochemical apparatus equipped with awas transferred to a new plate, and serial 4-fold dilutions in
micro Pt electrode integrated in the preparative cell, thus 0.1 M NaOH were made. The amount of hematin was
allowing in situ cyclic voltammetric measurements. The determined by measuring the absorbance at 405 nm using a
analytical voltammograms were consistent with previous microtiter plate reader (Molecular Devices). A standard curve
reports(19—21). of hematin dissolved in 0.1 M NaOH was used to calculate

(B) Chemical ReductiarA solution of 40umol of hemin the amount of porphyrin present in each fraction.
dissolved in 10 mL of 0.1 M NaOH was prepared and kept  To evaluate the heme polymerization inhibitory activity
under nitrogen with stirring. Then, 4@mol of cysteine or (HPIA) of reducing agents, 100L of a 4 mM solution of
N-acetylcysteine (NAC) (Zambon Group, Milan, Italy) was hematin, dissolved in 0.1 M NaOH, was distributed in 96-
added in 5 mL of glacial acetic acid. The incubation was well U-bottom microplates (0.4mol/well) (Costar 3799).
prolonged fo 8 h at 37°C. Atthe end, 7 mL of 10 M NaOH  Different doses of compounds were then added to quadru-
was added to solubiliz8-hematin and the clear solution used plicate test wells. In control wells, 56 of water was used.
for the following steps. For analytical cyclic voltammetry, Hematin was precipitated by the addition of 0.8 mmol of
15 mL of EtOH anl 2 g of NaNO; were added to the above acetic acid (5Q:L) and the suspension was incubated for 24
solutions which were then analyzed in the electrochemical h at 37 °C. At the end of incubation, the plates were
undivided cell. Linear cyclic voltammetry was done with a processed as described above.
Pt electrode (calomel reference electrode) at a scan rate of The IGy was defined as the molar equivalent of test
40 mV/s from—300 to—50 mV. The chemical reoxidation = compound able to inhibit hematin polymerization by 50%
of Fe(I)PPIX was obtained with a stream of air through the (18).
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Ficure 1: Electrochemical reduction of 5 mM Fe(lll)PPIX in a
preparative electrolytic cell (potential from0.1 to—0.7 V/s; scan Inhibition of Hematin Polymerization by Fe(ll)PPIX.
:jaJﬁnOf (%(;Oargglgt)-t&yg'r'%‘g'iﬁ?ggg{grzigt(ge I?%g'agzge(ﬁi)ﬁ Fe(I)PPIX was used immediately after completion of the
the sﬂape’of voltammograms B and C a?/e due to thegfact that the€le€ctrochemical reduction in the standard acidic conditions
reaction was under stirring conditions. of polymerization of Fe(lll)PPIX(10, 18).To avoid reoxi-
Parasite Cultures and Drug Sensity Assays. P. falci- dati(_)n of Fe(II)PPIXZ the_entire polymerization r_eaction was
parum(chloroquine-resistant, W2 strain) was cultured using ca_rned out under strict nitrogen at_mo_sphere. Using the HPIA
group A" human erythrocytes at 5% hematocrit in RPMI- microassay, a dose-dependent |nh|b|_t|on of hematin poly-
1640 (HyClone, Cremlington, U.K.) supplemented with 10% merization was observgd \_N|th increasing amounts of Fe(ll)-
heat-inactivated human plasma, 32 mM NaHCZ5 mM PPIX added at the beginning of the reaction (Figure .2). The
Hepes, pH 7.4. Cultures were maintained at°87in an progressive decrease of the_ NaOH-s_qubIe fractifn (
atmosphere of 5% CO5% Oy, 90% No. Tests were carried hematln) was paralle_led by the increase in th_e_ DMSO-soluble
out on nonsynchronized cultures, diluted to 1% parasitemia]craCtlon (gn.polymenzed.hematm). No significant amounts
and 2% hematocrit, in a final volume of 2 mL in 24-well of un.p.reC|p|tated hem{;mn.were recovered. Upder the same
plates (Costar 3524) in duplicate. NAC and cysteine were conditions, no polymerization was observed with Fe(Il)PPIX
added in different doses ranging from 0.1 to 20 mM, and alon_e. The calculated ¥ for Fe(I)PPIX was 0.5 molar
chloroquine was used at a final concentration ggImL = equiv.
1.9 uM. After 48/72 h of incubation, thin blood films were The analysis of the reaction products by FT-IR showed
made from each well, stained with Giemsa, and the percent-the disappearance of the peaks characteristjé-loématin
age parasitemia was calculated by microscopic examination.(at 1662 and 1209 cm) at the Gy (Figure 3).
Heme Polymerization Inhibitory Actty of Thiol-Contain-
RESULTS ing Compounds.A dose-dependent inhibition of heme
Electrochemical Reduction of Fe(lll)PPIXe(ll) PPIX  Polymerization was obtained with different doses Lof
was obtained in pure form and large quantities, in the absencecysteine, N-acetylcysteine (NAC)pL-homocysteine, cys-
of oxygen, by complete electrochemical reduction of a t€amine, or 2-mercaptoethanol (2-ME) (Figure 4). In contrast,
solution of Fe(ll)PPIX. As shown in Figure,la 5 mM no inhibition was found with the corresponding oxidized
solution of hemin was reduced with a square wave-as ~ compound, such as cystine. Varying the concentrations of
V for 10 s and—0.55 V for 1 s topermit diffusion from the ~ hematin in the HPIA assay did not modify significantly the
electrode. Progress of electrolysis was monitored by cyclic molar ratios resulting in 50% inhibition of hematin poly-
voltammetry directly in the preparative electrolytic cell from Mmerization: NAC was one of the most effective compounds
—0.1to—0.7 V/s at scan rate of 200 mV/s. The reduction With ICscs of 0.16, 0.17, and 0.19 using 0.2, 0.4, and 0.8
peak was observed at0.5 V; the oxidation peak at0.3 V pmol of hematin/well, respectively.
indicates that the reaction is almost completely reversible To verify that the observed inhibition of hematin poly-
(Figure 1, voltammogram a). The difference between the merization with thiols was due to the reduction of Fe(lll)-
reduction and the oxidation peaks is due to partial electrode PPIX, the same solutions used for the HPIA were character-
inactivation as the reaction proceeds. Irregularities in the ized by analytic cyclic voltammetry. The results are shown
shape of the trace of the voltammogram in the preparative in Figure 5, panels A and B. In the absence of thiols, iron is
cells stem from the fact that the reaction was carried out completely oxidized [Fe(ll)PPIX] (Panel A, voltammogram
with stirring (Figure 1, voltammograms B and C). Al: no peak detected); when cysteine is added to the solution
In addition, the electrolysis was monitored over time by under nitrogen, an oxidation peak is detected (panel A,
sampling the solution in the preparative cell and testing it in voltammogram A3) at approximatety200 mV, demonstrat-
an analytical electrolytic cell. The results conformed with ing the generation of reduced iron; the oxidation peak current
those previously published by Zhang et @0). decreases when oxygen is added as Fe(ll)PPIX is oxidized
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Ficure 3: Infrared spectra of synthetjg-hematin obtained after
60 min incubation in 4.5 M acetate, pH 5, 8C (boldface line),
and of hematin polymerized in the presence of 0.5 equiv of Fe(ll)-
PPIX under nitrogen (thin line). The characteristic peaks of
p-hematin at 1662 and 1209 cfare marked with arrows.
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Ficure 4: Inhibition of Fe(ll)PPIX polymerization by different
molar ratios of thiol-containing compounds. The microassay of
heme polymerization inhibitory activity (HPIA) was done in acetic
acid for 24 h at 37C. Details are described under Experimental
Procedures and in ref8. The results are expressed as percent
inhibition of 5-hematin formation in the presence of reducing agents
compared to hematin alone-Cysteine Q) (0.72 + 0.22), N-
acetylcysteine @) (0.17 + 0.06), bL-homocysteine) (0.86 +
0.17), cysteaminel) (0.74+ 0.18), 2-mercaptoethanohj (0.20

+ 0.01), L-cystine @). Note that the error bars fall within the
boundaries of the symbols. Thesl€ (in parenteses) were calculated
as the molar equivalent of test compound able to inhibit hematin
polymerization by 50%{18).

(panel A, voltammogram A4). Similar results were obtained
using NAC (Figure 5, panel B).

Different doses of NAC or cysteine were tested for their
ability to inhibit the growth ofP. falciparum(W2 strain) in
vitro at 48 and 72 h. Both compounds were toxic for the
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FiIGURe 5: Cyclic voltammograms of Fe(lll)PPIi4 M acetate
buffer in the presence of cysteine (A) Nracetylcysteine (B). (A)
Line Al, hematin completely oxidized; line A2, cysteine alone;
line A3, hematint cysteine; the oxidation peak of hematini50
mV) is due to the presence of Fe(ll)PPIX; line A4, as in A3 after
inflow of air. (B) Line B1, hematint NAC, the oxidation peak of
hematin (200 mV) is due to the presence of Fe(ll)PPIX; line B2,
NAC alone; line B3, as in B1 after inflow of air.

parasites in a dose- and time-dependent manner. At 48 h,
10 mM NAC or cysteine inhibited parasite growth by more
than 50% (NAC= 59.7+ 3.1%; cysteine= 58.8+ 3.6%);

at 72 h, the toxicity increased to 89499 4.1% and 81. 74
4.5% with 10 mM NAC or cysteine, respectively.

DISCUSSION

This is the first report of Fe(ll)PPIX obtained at preparative
scale by electrolysis in the quantities and purity needed for
the HPIA; the resulting analytical voltammograms are
consistent with prior report®0, 21).The analytical condi-
tions of hematin electrolysi€0, 21)were adapted to the
preparative cell: a larger platinum electrode allowed us to
obtain larger quantities of reduced product under stirring
conditions. The reaction was conducted under constant
temperature and strict nitrogen atmosphere to avoid reoxi-
dation of Fe(Il)PPIX. Initially, electrochemical reduction was
preferred over reducing agents to avoid chemical interference
with the polymerization reaction.

Consistent with the properties of reduced iramhich does
not allow the formation of the carboxylate bond needed to
obtainf-hematin(6, 10)—Fe(ll)PPIX did not polymerize in
the HPIA assay in anaerobic conditions. Such findings also
exclude the possibility that an internal dismutation involving
ferrous iron and one vinyl group of the porphyrin could
occur: this would result in the formation of Fe(lll)PPIX and
subsequent polymerization.

Fe(IDPPIX is as effective an inhibitor of Fe(ll)PPIX
polymerization as non-iron porphyrins (namely hematopor-
phyrin) and is more potent than chloroquine as measured
by molar equivalent§12). We propose that both (i) coplanar
electronicr—o interactions between Fe(ll)PPIX and Fe(lll)-
PPIX—as in the case of quinoline antimalariél®) and non-
iron porphyring(12)—and (ii) hydroxo bridge bonds between
one molecule of Fe(ll)PPIX and the axial hydroxylic group
of two molecules of Fe(lll)PPIX contribute to the stability
of the complex (Figure 6). Hydroxo bridges form because
Fe(I)PPIX can bind two molecules of,B in axial position
at low pH (22, 23). The role of hydroxo bridge bonds
involving the hydroxyl group in the benzylic position is
postulated for hematoporphyr{fi2) and is demonstrated by
Mossbauer spectroscopy for quinoline-containing compounds
(16, 24).
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P — hemoglobin-derived iron; (b) as reducing agents, by reducing
b O pl__ Fe(lll) to Fe(l)PPIX, they inhibit the detoxification of
D o [ " hematin and increase the generation of hydroxyl radicals and
I, O\(g(\“_fe n hydrogen peroxide with consequent lipid peroxidatidn
—fe—, O\(¥—Telll-—; 31, 32).
o H © 0—»».% Current research in our laboratory focuses on reducing

compounds that will be more appropriate and effective
antimalarials: compounds that, unlike thiols, are not oxygen

) _ scavengers and are not susceptible to iron-catalyzed oxidation
FIGURE 6: Schematic representation of the proposed structure of

the Fe(ll)/Fe(llPPIX complex (right) and ¢i-hematin(6) (left). OfIthe f“”f“‘?”a' %‘[0“95' hibition of h vmerizat
In the complex, one molecule of Fe(Il)PPIX forms (a) coplanar 1N conclusion, effective inhibition of heme polymerization

7—x interactions and (b) hydroxo bridge bonds with the axial can be achieved by simply modifying the oxidative status
hydroxylic groups of two molecules of Fe(ll)PPIX. The boldface of porphyrin iron. Small amounts of Fe(Il)PPIX are necessary
lines indicate the tetrapyrrole ring of the porphyrins. for the activation of the peroxide bridge of artemisinin-type
. ] . molecules(33, 34). Fe(ll) is also involved in the lipid
The results obtained with Fe(ll)PPIX point to a funda- peroxidation process via interaction with vinyl groups to form
mental requirement for malaria parasites to survive: the needepoxides(gg,)_Therefore’ we should expect that compounds
for _C(_)r_nplete OX|dat!0n of Fe(II)PP_IXto Fe(llHPPIX to avoid  gple to reduce Fe (1) to Fe(ll) could synergize with
inhibition of hematin polymerization. ~arthemisinin-related compounds by generating enough Fe(ll)-
If this is true, one would expect the process to be inhibited pp|X necessary for the activation of artemisinin and for the
by reducing agents as well. This appeared to be the casénhibition of heme polymerization.
with several thiol-containing compounds that proved able  Fyrther applications of such compounds alone as well as

to inhibit hematin polymerization in a dose-dependent in a combined therapy together with artemisinin derivatives
manner. Similar observations were recently repof®drhat are envisaged.

Fe(I)PPIX is generated was confirmed by cyclic voltam-
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