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The antimalarial activities of some antifungal azole agents (ketoconazole, miconazole,
and clotrimazole) have been known for several years, however, their antimalarial mech-
anism remains equivocal. Our recent study showed that clotrimazole has a relative high
affinity for heme, inhibits reduced glutathione-dependent heme catabolism, and
enhances heme-induced hemolysis. In the present study, we have found that clotrima-
zole can remove heme from histidine rich peptide-heme complex, which initiates heme-
polymerization in malaria. In addition, we show that two other azoles (ketoconazole and
miconazole) behave similarly to clotrimazole in binding to heme: they bind to heme with
similar affinities, remove heme from the histidine rich peptide-heme complex and from
the reduced glutathione-heme complex to form stable heme-azole complexes with two
nitrogenous ligands derived from the imidazole moieties of two azole molecules. We
have also revealed that clotrimazole and miconazole have stronger promoting activities
for heme-induced hemolysis than ketoconazole, implying that the stronger antimalarial
activities of clotrimazole and miconazole might arise from their stronger ability to pro-
mote heme-induced hemolysis of clotrimazole and clotrimazole than that of ketocona-
zole. These results also suggest that ketoconazole and miconazole, like clotrimazole,
might possess an antimalarial mechanism relating to their inhibition of heme polymer-
ization and the degradation of reduced glutathione-dependent heme.
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Malaria is one of the most common diseases in tropic coun-
tries. Each year, there are 300 million new malarial infec-
tions along with millions of deaths all over the world. The
control and treatment of malaria are difficult due to several
factors including the resistance of mosquitoes to insecti-
cides and the resistance of parasites to antimalarial drugs
(1). Thus, there is an urgent need for new effective antima-
larials to cure malarial patients.

Since malaria degrades hemoglobin as a major source of
amino acids during its intra-erythrocytic stage, free heme
is released inside the malarial compartment. The released
heme, which is extremely hazardous to the cell membrane,
changes the homeostasis of the malarial cell, binds to some
malarial enzymes and inhibits their activities causing
malaria death (2-5). To protect itself, the malaria parasite
develops several possible protective mechanisms to detoxify
free heme released during hemoglobin catabolism. Some of

1 To whom correspondence should be addressed. Tel: +81-75-724-
7553, Fax: +81-75-724-7532, E-mail: kame@ipc.kit.ac.jp
Abbreviations: CLT, clotrimazole; DMSO, dimethyl sulfoxide; EDT,
1,2-ethanedithiol; ESR, electron spin resonance; Fmoc, 9-fluorenyl-
methyloxycarbonyl; GSH, reduced glutathione; HEPES, 2-[4-(2-hy-
droxyethyl)-l-piperazinyl]ethanesulfonic acid; HOBt, 1-hydroxyben-
zotriazole; Keto, ketoconazole; Mico, miconazole; PfHRP2, Plasmo-
dium falciparum histidine rich protein 2; t-Bu, tert-butyl; TBS, Tris
buffer saline (20 mM Tris-HCl, pH 7.4, containing 0.9 % NaCl);
TFA, trifluoroacetic acid; Trt, trytyl. We defined ferric protoporphy-
rin DC as heme or protoheme, and ferric mesoprotoporphyrin K as
mesoheme.

© 2002 by The Japanese Biochemical Society.

the free heme (30-50%) is subsequently polymerized to
non-toxic hemozoin in the food vacuole through the forma-
tion of a complex with Plasmodium falciparum histidine-
rich protein 2 (PfHRP2), which is made up repeats of three
amino acids: histidine (34%), alanine (37%), and aspartic
acid (10%) (6, 7). The remaining non-polymerized free heme
passes through the membrane of food vacuoles and reaches
the cytosol of the parasite (8-11). In the cytosol, reduced
glutathione (GSH) binds to heme via its thiol and degrades
heme (12, 13). In binding to heme, GSH competes with the
membrane (14) since hydrophobic compounds such as heme
have an affinity for the membrane. However, millimolar
GSH in the malarial cytoplasm (15, 16) is enough to bind
heme despite the low affinity (KD = 2.8 x 10"3 M). This indi-
cates that GSH could protect malaria from toxic heme
released from hemoglobin. In spite of the existence of these
protective mechanisms, free heme is still found in malaria-
infected red blood cellSj parasite compartments, parasite
food vacuoles (17) and associated with cell membranes (8,
14, 18). However, due to the balance between the release of
free heme from hemoglobin and the detoxification of heme
by malaria, the concentrations of free heme in malaria par-
asites and red blood cells are so low that malaria can multi-
ply. Thus, this need to keep the concentration of free heme
low, which is both unique to the parasite and vital to its
survival, is an ideal target for developing an antimalarial
drug.

Previous studies have demonstrated that antifungal
azoles, ketoconazole (Keto), miconazole (Mico), and clotrim-
azole (CLT), effectively and rapidly inhibit the growth of
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chloroquine-resistant strains off! falciparum in vitro (19-
23). As shown in Fig. 1, the three azoles share the struc-
tural feature of possessing an imidazole group.

The effect of CUT on calcium ion flux has been proposed
as the primary mechanism of the antimalarial activity of
CLT (23-26). We have recently shown that CLT has a high
binding affinity for ferric heme to form a heme-CLT com-
plex assuming the ferric low-spin state (S = 1/2) with two
nitrogenous ligands derived from the imidazole moieties of
two CLT molecules (13). The formation of the heme-CLT
complex disturbs heme degradation by GSH, and the com-
plex damages the cell membrane more seriously than free
heme does (13). Therefore, another antimalarial mecha-
nism of CLT might be the disruption of the protective sys-
tem of malaria against free heme. In this work, we studied
further the effect of Keto and Mico as well as CLT on
PfHRP2-dependent heme catabolism using a peptide based
on the repetitive sequence of PfHRP2 (Ala-His-His-Ala-His-
His-Ala-Ala-Asp) and found that all three azoles can
remove heme from the histidine-rich peptide-heme com-
plex. We have also revealed that CLT and Mico have stron-
ger promoting activities of heme-induced hemolysis than
Keto. In addition, using optical absorption and ESR spec-
troscopy, we studied the binding affinities of Keto and Mico
to heme and their inhibitory activities against GSH-depen-
dent heme catabolism.

MATERIALS AND METHODS

Materials—GSH, CLT, Mico, and hemin (heme) were
purchased from Sigma. Human blood was from healthy vol-
unteers. Dimethyl sulfoxide (DMSO) was from Wako,
Tokyo. Fmoc-amino acids were obtained from Peptide Insti-
tute (Osaka). Mesoheme was from Porphyrin Products
(USA) and Keto was from ICN Biomedicals (USA). All
other chemicals were of the highest available grade.

Peptide Synthesis—The model peptide R27 was synthe-

COCH3

Ketoconazole (Keto)

Clotrimazole (CLT) Miconazole (Mico)

Fig. 1. Chemical structures of azoles.

sized according to the repetitive amino acid sequence of
PfHRP2 as follows: Ala-His-His-Ala-His-His-Ala-Ala-Asp-
Ala-His-His-Ala-His-His-Ala-Ala-Asp-Ala-His-His-Ala-His-
His-Ala-Ala-Asp (Three repetitive units of Ala-His-His-Ala-
His-His-Ala-Ala-Asp).

The peptide was synthesized by a solid-phase procedure
using TGS-PHB-Asp(t-Bu)-resin and Fmoc-amino acids on
an automatic peptide synthesizer (model PSSM-8, Shi-
madzu, Kyoto). All deblocking, rinsing, and coupling steps
were carried out according to the manufacturer's manual.
Temporary protection of the side chains of His and Asp was
accomplished with Trt and t-Bu groups, respectively. Cou-
plings were performed with HOBt active esters. After syn-
thesis, the peptide was cleaved from the resin with 94%
TFA containing 5% anisole and 1% EDT at room tempera-
ture for 2 h. The peptide was recovered as a precipitate
with diethyl ether.

The synthesized peptide was purified by reverse phase
chromatography using an Inertsil ODS-3 (4.6 x 250 mm,
GL Science) column on a high performance liquid chro-
matograph (HPLC). The column was equilibrated with
0.1% TFA and eluted with an 80-min linear gradient from 0
to 80% acetonitrile containing 0.1% TFA. The flow rate was
1 ml/min and the eluate was monitored by the absorbance
at 230 nm. The peptide was obtained as a single peak by
repetitive chromatographies under the same conditions de-
scribed above.

The molecular mass of the purified peptide was deter-
mined in a positive mode by a laser ionization TOF mass
spectrometer (Kratos Analytical, KOMPACT MALDI II,
Manchester, UK). The amino acid composition and peptide
concentration were determined using an amino acid ana-
lyzer (Hitachi, model L-8500A, Tokyo) after hydrolysis with
6 N HC1 at 110°C for 24 h in vacua The results of mass
spectrometry and amino acid analysis of the peptide were
identical to the expected results.

Hemin Preparation—A fresh stock heme solution was
prepared by dissolving hemin chloride in 20 mM NaOH,
then centrifuging for 10 min at 15,000 rpm to remove the
remaining hemin crystals. Heme concentrations were esti-
mated from the absorbance at 385 nm using E ^ = 58,400
in 100 mM NaOH (27), and adjusted to 1 mM by diluting
with 20 mM NaOH. This stock solution (1 mM) was kept in
the dark on ice and used within 24 h.

Absorption Spectra—All absorption spectra were record-
ed on a Hitachi U-3300 double beam spectrophotometer
(Tokyo) using 1.0-cm lightpath quartz cuvettes at 25°C. The
conditions of measurement are described in the figure leg-
ends.

Spectrometric Titration—Differential absorption spectra
were also measured on a Hitachi U-3300 double beam spec-
trophotometer as described in a previous report (13). Brief-
ly, the binding of azoles to heme was titrated by adding in-
creasing amounts of azoles into the sample cuvette contain-
ing 10 JJLM heme in 20 mM HEPES buffer (pH 7.4) contain-
ing 40% DMSO, and into the first reference cuvette con-
taining the same solution without heme. The second refer-
ence cuvette contained 10 (juM heme in 20 mM HEPES
buffer (pH 7.4) containing 40% DMSO but not contained
azoles. We confirmed that the pH of the solution did not
change when heme solution was added under these condi-
tions. In the present study, we used the increase in the
Soret band absorbance at 416 nm to monitor the formation
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of heme-Keto complexes, while the heme-Mico complex was
evaluated based on the Soret band absorbance at 424 nm.

The binding of azoles to heme may be represented by the
equilibrium as follows:

•H(D1 (1)

and the association affinity constant of the heme-azole com-
plex was determined from the Hill plot (28, 29):

(2)

Where D, azole; H, heme; H(D)n, heme-azole complex; KQ,
dissociation affinity constant of the heme-azole complex;
[D], azole concentration; Ao, the absorbance of heme in the
absence of added azole; A, the absorbance of the mixture of
heme and azole at an azole concentration of [D]; A_, the ab-
sorbance of the mixture of heme and azole when no further
absorption intensity increased indicating that all heme had
formed the complex with azoles.

ESR Measurement of Heme-Keto and Heme-Mico Com-
plexes—For ESR measurements, we used mesoheme in-
stead of heme (protoheme) because mesoheme is more sta-
ble at high concentration. Heme-Keto and heme-Mico com-
plexes (0.5 mM mesoheme and 2.5 mM azoles) were pre-
pared in DMSO. After incubation for 1 h at room tempera-
ture, the ESR spectra of the complexes were recorded by a
JES-TE 300 ESR Spectrometer (Tokyo) at 4.2 K with 100
kHz field modulation. The frequency counter in the spec-
trometer monitored the microwave frequency of each mea-
surement. The magnetic field strength was calibrated by
hyperfine splitting of Mn(II) ion (8.69 mT) doped in MgO
powder. Powdered lithium-tetracyano-quinodimethane rad-
ical (Ii-TCNQ, g = 2.0025) was used as the standard for g-
values. The ESR data were analyzed and calibrated using a
Winrad system (Radical Research, Tokyo). The typical con-
ditions for ESR measurement were as follows: microwave
power, 6.0 mW; modulation magnitude, 0.68 mT; sweep
range 30 mT to 500 mT; sweep time, 4 min; and time con-
stants, 0.1 s.

Effect of Keto, CLT, and Mico on the Heme-R27 Com-
plex—The heme-R27 complex (0.5 mM mesoheme and 0.5
mM R27) was prepared in 100 mM phosphate buffer con-
taining 2.86% DMSO (pH 7.4). After incubation for 1 h at
room temperature, the ESR spectrum of the complex was
recorded with the same ESR spectrometer under the condi-
tions described above. Then, 60 mM azoles in DMSO were
sequentially added into the solution containing the heme-
R27 complex to make a final azole concentration in the
range of 0.5-4 mM in 0.5 mM increments. The sample was
mixed and incubated for 15 min at room temperature. In
this experiment, the DMSO concentration ranged from
2.86-5%, since at this range of concentration, DMSO has
no influence on the ESR spectrum of the heme-R27 com-
plex. At the end of incubation, the spectrum was recorded
again at 4.2 K using the ESR spectrometer to observe the
effect of azoles on the heme-R27 complex.

Inhibition of GSH-Dependent Heme Degradation by Keto
and Mico—Heme degradation by GSH was monitored by
measuring the absorbance at 396 nm as described in our
previous study (13). Heme (3 \iM) and GSH (2 mM) were
mixed in HEPES buffer (200 mM, pH 7.4) in the presence
or absence of Keto (6 pJVT) or Mico (6 pM), and then the
absorbance at 396 nm was continuously recorded for 30

min at 37°C.
Azole Concentrations That Cause 50% Erythrocyte Hemo-

lysis (EC^) in the Presence of 5 ^M Heme—Blood from
healthy volunteers was heparinized (1 mg heparin/ml of
blood) to prevent clotting. The erythrocytes were separated
from the plasma by centrifugation at 1,500 xg for 3 min
and washed six times with TBS. Thereafter, the effects of
azoles on heme-dependent hemolysis were studied with
0.5% cell suspensions in TBS. Suspensions of 0.5 % erythro-
cytes (0.6 ml) were shaken at 140 cycles/min with 5 ^lM
heme in the presence of various concentrations of azoles.
After incubation at 37°C for 150 min, the sample was cen-
trifuged to remove the non-hemolyzed erythrocytes. The
amount of hemoglobin released from the hemolyzed eryth-
rocytes into the supernatant was determined from the ab-
sorbance at 578 nm (13). Then the hemoglobin content in
the non-hemolyzed erythrocytes collected as a pellet was
measured from the absorbance at 578 nm after lysis with
distilled water and centrifugation. The ratio of hemoglobin
content released from the hemolyzed erythrocytes to that of
total erythrocytes was expressed as a percentage and as-
sumed to represent the extent of hemolysis by 5 \xM heme.
The concentration of azoles that caused 50% erythrocyte
hemolysis (EC^) in the presence of 5 |xM heme was calcu-
lated on the basis of the semi-logarithmic concentration-
response curve using a GraphPad Prism (USA).

RESULTS

Absorption Spectra of Heme in Complex with Keto and
Mico—The absorption spectrum of heme (12 |xM) in phos-
phate buffer (pH 7.4) shows Soret band absorption at 342
and 385 nm, and Q band absorption at 493 and 613 nm,
representing the mixture of the monomer and the aggre-
gated form of heme with five coordinate structures (30-32)
with a weak axial ligand such as water, oxygen, or chloride
anion. By adding 40 ^LM Keto and Mico, the Soret bands
underwent a red-shift to 414 and 417 nm, respectively, and
Q band absorptions were evident at 534 and 562 nm for
both the heme-Keto and heme-Mico complexes as shown in
Fig. 2 and Table I. Neither azole shows absorption in the
range from 300 to 700 nm (data not shown). These ob-
served spectra indicate that both the heme-Keto and heme-
Mico complexes may assume a six coordinate structure.
Typical spectra of six coordinate structures indicate that
aggregated heme also dissociates into monomers and forms
complexes with Keto or Mico. In addition, other heme-bis-
imidazole complexes (33, 34), including the heme-CLT com-
plex described in our previous study (13), as summarized in
Table I, gave similar spectra, supporting the concept that
Keto and Mico have_ an affinity for the heme chromophore
and suggesting that imidazole groups in these drugs should
act as donors for the formation of heme-azole complexes.

Spectrophotometric Heme Titration with Keto and Mico—
The interactions of heme with Keto and Mico were further
studied using spectrophotometric titration experiments as
described in "MATERIALS AND METHODS." During the for-
mation of heme-azole complexes, the spectral changes were
accompanied by a lowering of the Soret molar absorption
and a shift of the Soret band maximum to a longer wave-
length (data not shown).

The observed spectral changes were analyzed by Hill
plots (28, 29) as described in our previous study (13) to de-
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termine the number of azole molecules bound to the heme
in aqueous DMSO. Since it has been reported that heme in
aqueous DMSO (40%) exists as a monomer up to a heme
concentration of 26.6 |JLM {35-37), we used a solution con-
taining 40% DMSO to analyze the binding mode of heme
and azoles. As shown in Fig. 3, the Hill plots of the binding
data of heme and the two azoles (Keto and Mico) indicate
that the slopes of the linear graphs are nearly 2. This sug-
gests that the formation of the heme-azole complex pro-
ceeds cooperatively at two non-identical binding sites.
Furthermore, the results of the Hill plots reveal that heme
binds to Keto and Mico with dissociation constants (Kj) of
2.8 x 10"8 M2 and 1.7 x 10"9 M2, respectively, as summarized
in Table II. The azole concentrations that are required for
half saturation (SCg,,) of 10 ^xM heme were also estimated
from the Hill plots as summarized in Table II.

ESR Spectra of Heme-Keto and Heme-Mico Complexes—
The electronic and coordination structures of the heme-
Keto and heme-Mico complexes were further investigated
by ESR. The observed ESR spectrum (Fig. 4a) of mesoheme
(0.5 mM) gave a typical line shape (g = 6 and g = 2.0) of a
ferric high-spin (S = 5/2) species, taking five coordination
geometry into account (38). A weak signal was always ob-
served at about g = 4.3, which may be due to non-heme iron
from decomposed heme (39) or due to impurities in the
sample tube and dewar assembly. When Keto or Mico (2.5

600 700

Wave length (nm)

Fig. 2. Absorption spectra of heme alone, and heme-Keto and
heme-Mico complexes. Absorption spectra were measured in 100
mM phosphate buffer, pH 7.4, after 5-min mixing of heme (12 p.M)
and azoles (40 JAM) when no further spectral changes were observed,
a, heme alone; b, heme-Keto complex; c, heme-Mico complex. Left y-
axis, Soret region; right y-axis, Q region.

mM) was mixed with mesoheme (0.5 mM), the ESR spectra
showed line shapes ascribed to ferric low-spin species with
g values of gx = 1.46, g2 = 2.26, and g3 = 2.97 for the heme-
Keto complex (Fig. 4b); and gl = 1.49, g2 = 2.26, and gs =
2.98 for the heme-Mico complex (Fig. 4c). The observed
ESR line widths of these heme-azole complexes were quite
similar to those recorded for heme-CLT and heme-imida-
zole complexes (13). In addition, the observed ^-values of
those complexes agreed well with each other (eg., proto-
heme-imidazole and proto heme-cytochrome 6-559 com-
plexes) (Table HI). This provides experimental evidence
that both heme-Keto and heme-Mico complexes assume a
ferric low-spin state (S = 1/2), with two nitrogenous ligands
derived from the imidazole groups of the two azole mole-

-5.5 -4.5
log [azole]

Fig. 3. Titration of the heme-azole interaction. Differential
spectral titration of azoles with 10 (JLM heme was performed as de-
scribed in "MATERIALS AND METHODS," and analyzed by Hill
plots. Circles with continuous line, heme-Keto association; triangles
with broken line, heme-Mico association.

TABLE II. The dissociation constants of azoles for heme, the
azole concentrations required for half saturation for bind-
ing with 10 JJLM heme (SC50), for the promotion of 60%
hemolysis in the presence of 5 p31 heme (EC50), and for half
inhibition of chloroquine-resistant P. falciparum growth
(IC50).

Azoles D

(W) (MM)*-*

Keto
Mico
CLT

2
1
2

.8x

.7x

.5x

10-*1

io-9>

io-*d

51.2 ± 4.0 15.0 ± 1.2 3C

41.9 ± 0.3 4.4 ± 0.7 1.5C

57.2 ± 12.0 3.9 ± 1.2 1°

T h i s study. bLess t h a n 3 % oxygen in t h e m e d i u m . cPfaller MA and
Krogs tad D J (21). d H u y et al. (13). -Sal iba and Ki rk (22). •Calcu-
lated from four independent experiments

TABLE I. Absorption maxima of ferric proto-heme (ferric protoporphyrin IX) eomplexed with Keto, Mico, R27, CLT, imida-
zole, iV-methylimidazole, or PfHRP2.

Sample Axial hgand Solvent Absorption maxima (nm) Reference

Proto-heme
*/
*/

f/

'/

none
Keto
Mico
R27
CLT
Imidazole
.W-Methy li m i dazole
PfHRP2

Phosphate buffer"

HEPES'
4fr%DMSOb

Phosphate buffer"
Phosphate buffer'

342,385
414
417
413
414
410
413
415

493
534
534
533
534
535
535
538

613
562
562
563
562
560
564
566

This work

(13)
(13)
(33)
(34)

J. Biochem.

•pH 7.4; bHEPES 20 mM, pH 7.4; 'DMSO content 0.5%; dpH 7.6.
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cules (40).
Effect ofAzoles on the Heme-R27 Complex—In previous

work (13), we have found that CLT can remove heme from
the GSH-heme complex to form a stable heme-CLT com-
plex. In this study, we further investigate the effect of Keto
and Mico as well as CLT on the PfHRP2-dependent heme
detoxification mechanism of malaria. We synthesized the
PfHRP2 model peptdde R27, the sequence of which com-
prises the three units of the main repetitive sequence of
PfHRP2, Ala-His-His-Ala-His-His-Ala-Ala-Asp. R27 (0.5
mM) in complex with heme (0.5 mM) was studied by ESR
spectrometry. The ESR spectrum of the heme-R27 complex
(Fig. 4d) revealed the presence of a ferric low-spin with a
broad line peak, which is characteristic of ferric heme-pep-
tide complexes (34, 40). Thereafter, Keto (0.5 mM) was
added to the reaction mixture and the spectrum was re-
corded again by ESR spectrometry at 4.2 K. The resulting
frozen mixture, as shown in Fig. 4e, gave an ESR signal,

Amp 40

50 mT

Fig. 4. ESR spectra of heme-Keto and heme-Mico complexes,
and the effect of the azoles on the heme-R27 complex. ESR
spectra of mesoheme (a), heme-Keto complex (b), and heme-Mico
complex (c) in DMSO. The spectra of 0.5 mM heme-R27 complex in
100 mM phosphate buffer (pH 7.4) before adding azole (d), and after
adding 0.5 mM of Keto (e), Mico (f), or CLT (g). +, weak ESR signal
appearing atg = 4.3, which can be assigned to a non-heme type iron
complex or impurities; *, ghost cavity. All samples were recorded at
4.2 K.

which is identical to the ESR signal of the heme-Keto com-
plex as already depicted in Fig. 4b. The g values of the
heme-peptide complex agree well with those of the heme-
azole complexes (Table HI), but the line width was charac-
teristically narrowed by the addition of Keto. No further
change in the ESR signal was observed by adding excess
amounts of Keto (4 mM). These results indicate that the
heme-R27 complex can be converted to the heme-Keto com-
plex by the addition of minimal amounts of Keto. Similar
ESR spectral changes were also recognized after the addi-
tion of Mico and CLT into the heme-R27 complex (Fig. 4, f
and g). Therefore, all three azoles might be able to remove
heme from the heme-PfHRP2 complex and form heme-
azole complexes.

Inhibition of GSH-Dependent Heme Degradation by Keto
and Mico—The absorption spectra of the heme-Keto and
heme-Mico complexes, like the heme-CLT complex (13), did
not change following the addition of GSH, indicating that
these complexes do not interact with GSH (data not
shown). The GSH-dependent degradation of heme (3 uM)
in the absence or presence of Keto or Mico (6 uM) was mon-
itored as the decline in the absorbance at 396 run. The
results shown in Fig. 5 indicate that both of Keto and Mico
totally inhibit GSH-dependent heme degradation under our
experimental conditions.

0.12

10.03-
••••••••••••••••••••a*

500 1000

Time (sec)
1500 2000

Fig. 5. Inhibition of GSH-dependent heme degradation by
azoles. GSH-dependent heme degradation was monitored by
changes in the absorbance at 396 run. Heme (3 JJLM) and GSH (2 mM)
were mixed in 0.2 M HEPES buffer (pH 7.4) in the absence (filled cir-
cles) or presence of 6 JJLM Keto (open circles), or 6 p.M Mico (trian-
gles). Heme (3 jiM) only in the same buffer was also recorded as a
control (rectangles).

TABLE III. The ^-values and crystal field parameters* of heme-Keto, heme-Mico, and heme-R27 complexes and related ferric
low-spin complexes.

Sample Reference

Fe3* mesoprotoporphyrin Dt-[Keto]2"
Fe3* mesoprotoporphyrin rX-[Mico]j"
Fe5* mesoprotoporphyrin IX-R27b

Fe** mesoprotoporphyrin TX-R27 + Ketob

Fe** mesoprotoporphyrin IX-R27 + Miccr"
Fe9* mesoprotoporphyrin DC-R27 + CLT*
Fe3* mesoprotoporphyrin DC-[imidazole]jb

Fe3* mesoprotoporphyrin DC-iCLT]/
Cyt 6-559 from maizeb

Fe3* protoporphyrinIX-[Af-methylimidazole]jb

Clorodeuterohemin dimethyl ester-timidazole]^

1.46
1.49
1.50
1.46
1.49
1.46
1.48
1.46
1.54
1.52
1.53

2.26
2.26
2.26
2.26
2.26
2.26
2.24
2.26
2.27
2.26
2.25

2.97
2.98
2.95
2.97
2.98
2.98
2.98
2.98
2.94
2.95
2.92

0.572
0.554
0.570
0.572
0.554
0.566
0.536
0.566
0.570
0.560
0.552

3.104
3.254
3.250
3.104
3.254
3.121
3.316
3.121
3.364
3.342
3.592

This work

',
',
'/

(.13)
03)
(.33)
(33)
(38)

•In DMSO; ""in phosphate buffer pH 7.4; "in chloroform. 'Calculated using Bohan's proposal (41).
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1 2 0

1O
Azoles (J IM)

1OO

Fig. 6. Effect of azoles on heme-induced hemolysis. The extent
of hemolysis is expressed as percent. Suspensions of erythrocytes
were incubated with 5 p.M heme alone or with various concentra-
tions of Keto (open circles), CUT (triangles), or Mico (stars), then
shaken at 140 cycles/min for 150 min. Thereafter, the degree of
hemolysis was measured as described in "MATERIALS AND
METHODS." Points are mean hemolysis (%) ± SE of four indepen-
dent experiments.

Concentration of Azoles That Cause 50% Erythrocyte
Hemolysis (EC^ in the Presence of 5 fiM Heme—The en-
hancement of heme-induced hemolysis by CLT has been
found (13). Here, we further investigated the effect of Keto
and Mico on heme-induced hemolysis, and determined the
concentrations of three azoles that cause 50% erythrocyte
hemolysis (ECJQ) in the presence of 5 \xM heme. In the con-
trol, we found that azoles alone up to 20 uM of CLT and
Mico, and up to 150 \iM of Keto had no effect on hemolysis
in the absence of heme (data not shown). In addition, the
hemolysis of less than 5% of erythrocytes was induced by 5
puM heme in the absence of azoles. Upon adding azoles, the
extent of hemolysis was significantly increased and de-
pended on the concentration of azoles added (Fig. 6). The
dose-response curves for enhancement of azoles on heme-
induced hemolysis are sigmoid-shaped. The concentrations
of azoles that cause the heme-induced 50% erythrocytes
hemolysis (EC^) are 15.0 ± 1.2, 3.9 ± 1.2, and 4.4 ± 0.7 uM
for Keto, CLT and Mico, respectively, as shown in Table II.

DISCUSSION

We studied the interactions between heme and two azoles
(Keto and Mico) using optical absorption and ESR spectros-
copy. The observed optical and ESR spectra of the heme-
Keto and heme-Mico complexes were distinctly different
from those of heme, demonstrating that both of Keto and
Mico interact with heme. Furthermore, the optical and
ESR spectra, as well as the parameters of the heme-Keto
and heme-Mico complexes (Tables I and III), showed a
strikingly resemblance to those of low-spin, six-coordinate,
and bis-imidazole ligated species, indicating that they form
a six coordinate complex with heme. The six coordinate
binding mode has been observed frequently for naturally
occurring heme enzymes and synthetic iron-porphyrin com-
plexes (33, 34). Furthermore, the crystal field parameters,
rhombicity (\R/(4) and tetragonality (|/x/A|), of the heme-
Keto and heme-Mico complexes, calculated in terms of
Bohan's proposal (41), are in good agreement with those of

heme-imidazole complexes (Table III). On the bases of the
results obtained from ESR and optical measurements, as
well as from crystal field calculation, we conclude that the
axial ligands of the heme-Keto and heme-Mico complexes
are, therefore, the nitrogenous donors derived from the imi-
dazole groups of the azoles.

Since it has been reported that heme in aqueous-DMSO
(40%) exists as a monomer form up to a heme concentra-
tion of 26.6 \iM (33-35), we used a solution containing 40%
DMSO to analyze the binding mode of heme and azoles. In
40% DMSO, the analysis of spectral titration in terms of
Hill plots indicated that Keto and Mico have an affinity to
heme with a KB of 2.8 x 10"8 M2 and 1.7 x 10"9 M2, respec-
tively, as shown in Fig. 3 and Table II. Compared to the dis-
sociation constant of the heme-CLT complex (KD = 2.5 x
10"9 M2) (13), we suggest that the three azoles have almost
the same affinity to heme under these artificial conditions,
even though Mico seems to have a little stronger affinity to
heme. A comparison of the SC^, values of three azoles to 10
u.M heme also indicates the same tendency in the affinity
for heme as shown in Table II.

In this work, we demonstrate that Keto and Mico behave
similarly to CLT in binding to heme in 40% DMSO. In the
binding with Keto and Mico, heme assumes a ferric low-
spin state (S = 1/2), with two nitrogenous ligands derived
from the imidazole moieties of two azole molecules. Fur-
thermore, we reveal that the formation of the heme-Keto
and heme-Mico complexes, like the heme-CLT complex (13),
protects heme from GSH-dependent degradation (Fig. 5),
that three of the azoles convert the R27-heme complex to
the heme-azole complex (Fig. 4), and the heme-azole com-
plex damages the erythrocyte membrane more seriously
than does free heme (Fig. 6). CLT and Mico have a stronger
ability to promote heme-induced hemolysis than Keto,
despite their similar affinities for heme (Fig. 3 and Table
II). This indicates that the promotion of heme-induced
hemolysis by azoles might be due to the effect of their
structure, although the differences in their affinity for
heme can not be excluded because the actual cooperation
occurring inside the cells is not known, hi view of previous
studies (19-23), Mico and CLT clearly have higher antima-
larial activity than Keto, as indicated by the IC^ in Table
II. The stronger antimalarial activities of Mico and CLT
might arise from their stronger activities to promote heme-
induced hemolysis of Mico and CLT than that of Keto (Fig.
6). Based on these results, we suggest that Keto and Mico,
like CLT, possess an antimalarial mechanism relating to
their inhibition of heme polymerization and of GSH-depen-
dent heme catabolism.

The plasma level of Mico is not high enough to inhibit
malarial growth when taken in a 250-mg oral dose (42).
However, given orally (single dose of 1 g), CLT is absorbed
rather well, reaching 2 \xM in the plasma within 2—4 h of
administration (43). The high partition in erythrocyte tar-
gets, and the proven clinical safety of CLT after oral admin-
istration for one week (43, 44) offer promise as a new anti-
malarial. Keto also can reach 12 u.M in serum at an oral
dose of 400-600 mg without important side-effects (45).
These data indicate that azoles given orally could be ab-
sorbed and reach the plasma at sufficiently high concentra-
tions to inhibit the growth of malaria.

The antimalarial mechanism of CLT is not well under-
stood, but it has been claimed to have a major impact on
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calcium ion fluxes (23-26) and the disturbance of hemoglo-
bin catabolism in the malarial parasite (73). In the present
study, we suggest that other azoles (Keto and Mico), like
CLT, might have an antimalarial mechanism: arising from
the inhibition both of heme-polymerization and heme-deg-
radation through the formation of a complex with heme
resulting in the disruption of the defense system of malaria
against free heme. Furthermore, the decomposition of the
membrane triggered by the heme-azole complexes is
thought to play an important role in the antLmalarial ac-
tion of azoles.

The authors thank Professor Michael Betenbaugh, Department of
Chemical Engineering, The Johns Hopkins University, Baltimore,
MD 21218, USA, for critical reading of the manuscript.
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