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Abstract

During intraerythrocytic infection, Plasmodium falciparum parasites crystallize toxic heme released during hemoglobin catabolism.
The proposed mechanism of quinoline inhibition of crystal growth is either by a surface binding or a substrate sequestration
mechanism. The kinetics of heme crystal growth was examined in this work using a new high-throughput crystal growth determination
assay based on the differential solubility of free vs. crystalline FP in basic solutions. Chloroquine (ICso = 4.3 pM) and quinidine
(1cso = 1.5 uM) showed a previously not recognized reversible inhibition of FP crystal growth. This inhibition decreased by increasing
amounts of heme crystal seed, but not by greater amounts of FP substrate. Crystal growth decreases as pH rises from 4.0 to 6.0, except
for a partial local maxima reversal from pH 5.0 to 5.5 that coincides with increased FP solubility. The new crystal growth determination
assay enabled a partial screen of existing clinical drugs. Nitrogen heterocycle cytochrome P450 inhibitors also reversibly blocked FP
crystal growth, including the azole antifungal drugs clotrimazole (ICso = 12.9 uM), econazole (1Cso = 19.7 uM), ketoconazole
(1csp = 6.5 pM), and miconazole (1Cso = 21.4 uM). Fluconazole did not inhibit. Both subcellular fractionation of parasites treated
with subinhibitory concentrations of ketoconazole and in vitro hemozoin growth assays demonstrated copurification of hemozoin and
ketoconazole. The chemical diversity of existing CYP inhibitor libraries that bind FP presents new opportunities for the discovery of
antimalarial drugs that block FP crystal growth by a surface binding mechanism and possibly interfere with other FP-sensitive

Plasmodium pathways.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The emergence of drug-resistant Plasmodium falci-
parum parasites makes antimalarial development a global
public health priority [1]. Each year malaria causes an
estimated 1.5-2.7 million deaths and affects some 300-500
million people worldwide [2,3]. Several approaches to
develop new antimalarials include natural product screens,
de novo drug design, chemical modification of existing
antimalarials, and screening drugs currently in clinical use
to treat other diseases [4-6].
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One of the main targets of antimalarial action is the
process of hemoglobin heme or iron-protoporphyrin IX
(FP) detoxification by P. falciparum. During intraerythro-
cytic infection, up to 75% of host hemoglobin at a con-
centration of 5 mM is catabolized in the acidic parasite
food vacuole [7,8]. The almost molar amounts of soluble
FP released from this process potentially inhibits parasite
proteases, mediates free radical reactions, and damages
membranes [9,10]. In the absence of a heme oxygenase
activity to detoxify FP, parasites crystallize oxidized FP
into an insoluble, inert crystal called hemozoin. The
hemozoin crystal is composed of unit cells of FP dimers
(also known as Fe1-O41 dimers) coordinated by reciprocal
iron to side chain carboxylate bonds [11]. The individual
head to tail dimers form a hydrogen bond network to
form the biocrystals [12]. Hemozoin from Plasmodium
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parasites is structurally identical to synthetic B-hematin
(Fe"™-protoporphyrin IX),, which can be prepared by
incubating FP in acetic acid solutions at high temperature
or under base abstraction in anhydrous conditions [11,
13-15]. Appreciable crystal growth under physiologic
temperature, pH, acid concentration and FP conditions
within 24 hr in vitro has been nucleated by Plasmodium
histidine-rich proteins [16,17], lipids [18,19], and pre-
existing hemozoin or B-hematin [20-22].

Quinoline antimalarial drugs such as chloroquine and
quinidine act by inhibiting FP crystal growth [23]. Inhibi-
tion is stage-specific for parasites actively degrading FP
[24], and the quinolines concentrate to millimolar levels in
the digestive vacuole, despite circulating in the plasma at
nanomolar concentrations [25,26]. Numerous studies have
shown that the quinolines bind FP noncovalently [27-31].
An additional theory suggests the FP—quinoline complex
incorporates into a growing crystal face that blocks further
crystal growth defined here as addition of the unit cell
dimers to preformed crystal [12,16,17,32,33]. Indeed, this
observation may explain why quinidine is a more potent in
vitro crystal growth inhibitor than chloroquine, despite
having a lower FP affinity because quinidine may have
a higher affinity for the FP crystal [24].

Despite the importance of FP crystal growth as an
antimalarial drug mechanism, little is known about how
the quinolines affect the kinetics of crystal growth. Recent
studies of uninhibited FP crystal growth kinetics show the
reaction is sigmoidal, analogous to a biomineralization
processes [13,34]. This finding suggests that previous
studies of FP crystal growth inhibitors, which measure
inhibition at fixed reaction times, may be misleading in
regards to the time dependence and potency. To study the
kinetics and other characteristics of FP crystal growth, we
developed a rapid spectrophotometric assay for determina-
tion of B-hematin growth. This assay is then used in a high-
throughput screen for compounds that cause inhibition of
crystal growth (ICG).

2. Materials and methods
2.1. FP crystal growth reaction

The FP crystal growth reaction is performed as pre-
viously described [16,20]. Briefly, 5 nmol (FP content) of
preformed B-hematin is used to seed FP crystal growth
with 50 uM FP substrate in 0.5 mL 0.1 M ammonium
acetate, pH 4.8 at 37°. The seed B-hematin is prepared
by the method of Egan in a single large batch used for all
assays [13,35]. The yield was more than 20 pmol by heme
content of purified B-hematin for which Fourier transform
infrared spectra have been published on similar purified
preparations on two separate occasions [36,37]. DMSO
concentrations are below 1% in all assays. Chemicals
are reagent grade and at least 99% pure. Bovine hemin

chloride and the chemicals tested in the high-throughput
screen are from Sigma-Aldrich. Fluconazole (Pfizer) was
obtained in solution from the hospital pharmacy. Com-
pounds used in the high-throughput screen are dissolved in
water or DMSO. FP is prepared fresh daily in DMSO with
an extinction coefficient g490 = 100,000 M 'em™!. All
experiments, in triplicate reactions, had absorbance values
determined twice in a spectrophotometer or microplate
reader to minimize pipet errors. For time-course reactions,
multiple individual reactions are set up to be processed at
set intervals.

2.2. Field emission inlens scanning electron
microscopy (FEISEM)

Heme crystal reaction product processed by Assay-1
below except the addition of 2% SDS/50 mM NaOH was
deleted and the crystal product washed with distilled
water and applied to silica chip as described previously
[37].

2.3. Crystal growth determination assays

Three different crystal determination assay methods are
used to quantify FP crystal growth from the reaction:
(Assay-1) Product from the FP crystal reaction is purified
as previously described [16] (Assay-2). After solubiliza-
tion of free FP in the crystal growth reaction with addition
of concentrated stock solutions to obtain 0.15 M sodium
bicarbonate, pH 9.1, 2% SDS in 1.5 mL, the FP crystal is
pelleted by centrifugation at 18,000 g for 10 min. Spectro-
photometric quantification of 0.1 mL of supernatant deter-
mined free FP. Addition of 0.1 mL 10M NaOH-
decrystallized the rest of the FP in the reaction tube for
subsequent quantification. The amount of crystal FP is
calculated using the following Eq. (1):

FP in FP crystal (M)

= SL (A400NaOH — 0933A40()N3HCO3) (1)
400

A400NaOH is the absorbance after decrystallization and
A400NaHCOj; is the absorbance of monomeric FP dissolved
in 0.15 M sodium bicarbonate, pH 9.1, 2% SDS in the first
step. A factor of 0.933 corrects for the absorbance of the
0.1 mL removed to quantitate monomeric FPinthe 0.15 M
sodium bicarbonate, pH 9.1, 2% SDS step. &490 is the
molar extinction coefficient (Assay-3). For high-through-
put FP crystal assays in 24-well microplates, growth
reactions are at the same concentrations in 0.25 mL.
Monomeric FP is quantified after addition of 0.5 mL of
concentrated sodium bicarbonate/SDS. The correction
factor changes to 0.866. This assay involves no centrifu-
gations and no changing of plates or tubes. The assay is
based on the very low absorbance of FP crystals compared
to monomeric FP at 400 nm [18]. For compounds that
absorbed significantly at 400 nm, measurement of FP
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crystals is determined by Assay-1. ic5o values are calcu-
lated using four-parameter logarithmic analysis using
GraphPad Prism. Data are presented +SE of the mean
of triplicate reactions.

2.4. Absorption spectra

Experiments are performed at room temperature in
matched quartz cuvettes as previously described [38,39].
A 17 uM FP solution in 40% DMSO, 20 mM HEPES,
pH 7.5 is prepared from a stock solution of FP in
DMSO. Compounds used in the spectroscopic studies
are also dissolved in 40% DMSO, 20 mM HEPES, pH
7.5. All compounds are equilibrated with the FP solu-
tions for at least 5 min before spectra are taken. For
titration experiments, a reference cuvette containing an
identical FP solution is titrated with the DMSO/HEPES
buffer.

2.5. Labeled ketoconazole parasite hemozoin binding
experiments

Assessment of ketoconazole binding to hemozoin in
cultured intraerythrocytic parasites and in vitro is per-
formed as described previously [16,32]. *H-ketoconazole
(American Radiolabeled Chemicals cat. no. ART-794) has
a specific activity of 5 Ci/mmol. For cultured parasites,
7.14 pCi of *H-ketoconazole is added to each 10 mL plate
instead of the 0.5 pCi used previously with chloroquine or
quinidine [16]. For the in vitro binding assays 1 puCi of *H-
ketoconazole is added to combinations of 10 nmol of
hemozoin and 5 or 25 nmol of FP.

3. Results
3.1. Crystal growth extension

B-Hematin seed crystals were chosen because a single
large in vitro reaction product can yield enough product
after purification for uniform seeding of all of the crystal
growth reactions rather than purification of the more
limited parasite hemozoin. For this crystal growth reaction
the equilavence of product growth and inhibition with
quinolines by seeding either with hemozoin from parasites
or with B-hematin has been validated [37]. The process of
seeded crystal growth has also been theoretically modeled
by Buller er al. [33]. Morphology of purified crystal
growth product from seed crystals of purified P. falci-
parum hemozoin is similar to crystals grown from seed
crystals of the B-hematin preparation by FEISEM (Fig. 1).
Areas of rapid growth are depicted emanating at different
angles from seed crystals. Although the product is mor-
phologically different from parasite-derived hemozoin,
the unit cell structure of hydrogen bonded Fel-O41
dimers is the same.

Fig. 1. FEISEM of purified crystal growth product. Seed FP crystals of
parasite derived hemozoin (A) or B-hematin (B) incubated overnight with
50 uM FP substrate in 0.5 mL 0.1 M ammonium acetate, pH 4.8 at 37°
were purified by Assay-1 to remove noncrystalline FP. FP crystals were
deposited onto silica chips for FEISEM. The white bar equals 200 nm.

3.2. Development of a new determination assay to
measure FP crystal growth

The crystal determination assays (2 and 3) presented
here allow for rapid and accurate measurement of FP
crystal based on both the differential solubility of free
and crystalline FP in sodium bicarbonate pH 9.1 solutions
and also on the large difference in absorbency of soluble
free FP vs. insoluble crystalline FP at 400 nm [18,40]. If
increasing amounts of B-hematin from 5 to 30 nmol are
added to FP in acetate buffer, pH 4.8, and processed using
the previously published Assay-1 [13] or two newer assays,
the resultant standard curve of the quantification of f3-
hematin recovered by each method has a slope of one and
the variance agrees to within a nanomolar. In these com-
parative experiments used to generate the standard curve,
B-hematin and FP are varied in concentration such that the
total FP of seed crystal plus free FP always equals 50 nmol.
Assay-2 is easily adaptable to multiple, rapid kinetic
experiments if a microplate reader is used. Assay-3 can
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Fig. 2. ICG by chloroquine, quinidine and ketoconazole. P-Hematin,
5 nmol, and FP, 50 uM, are incubated in 0.5 mL 0.1 M ammonium acetate,
pH 4.8 at 37° with no drug (@), 5 UM chloroquine (A ), 1 tM quinidine
(), and 6 UM ketoconazole (O). The amount of new B-hematin formed is
measured at various times. Total amount of new FP crystal formed at final
time points by FP content: control, 20.7 nmol; chloroquine, 24.1 nmol;
quinidine, 23.6 nmol and ketoconazole, 20.77 nmol. SEM is for triplicate
incubations.

be performed in the incubation vessel without centrifuga-
tion, making it amenable for high-throughput screening in
96-well plates. Thus, the new assays presented here are as
accurate and reproducible as a previously published
method [16,20]. These experiments are designed such that
the amount of substrate FP added and seed crystal is within
detection range of spectrophotometer.

3.3. Kinetics of FP crystal growth

FP crystal growth of a 5 nmol (FP content) B-hematin
seed is measured over time at 37° using Assay-2. In the
absence of inhibitor, the reaction shows sigmoidal time
dependence complete by 20 hr with a 4-6 hr lag time
(Fig. 2). The sigmoidal kinetics of crystal growth are
similar if B-hematin or parasite-derived hemozoin seed
the reaction (data not shown). This suggests that the
average surface area of P-hematin crystals mimics the
more regular surface area of P. falciparum hemozoin. At
60° the B-hematin seeded reaction is complete by 4 hr with
a similar sigmoidal time dependence (data not shown). Pre-
incubation of the FP substrate for 2—-6 hr at 37° prior to
addition of the B-hematin seed does not affect the lag time,
suggesting that time-dependent changes in FP do not
account for the lag time. In addition, if FP from NaOH-
decrystallized f-hematin is used as a substrate, the kinetics
of crystal growth are identical (data not shown). These
experiments suggest that the lag phase of the crystal growth
reaction is not related to onset of FP dimerization into the
Fel1-041 unit crystal and that decrystallization with NaOH

is complete with no remnant Fel-O41 dimers or larger
crystals to accelerate the recrystallization. Previous studies
of FP crystal growth kinetics show a significant relation-
ship between reaction rate and stirring speed [13,34].
Shaking the FP crystal growth reaction at approximately
150 rpm on a rotary shaker at 37° has no effect on the
reaction rate or shape of the curve (data not shown).
However, sonication of the FP substrate solution in the
acidic ammonium acetate buffer, either before or after the
addition of B-hematin seed, greatly increased the rate of FP
crystal growth at 37°. All the FP crystallizes by 12 hr
instead of 20 hr while the sigmoid shape of the curve is
preserved (data not shown). However, sonication does not
increase the concentration of soluble FP, which remains at
3-5 uM. This discrepancy could possibly be explained by
increased dispersion of FP with sonication, which lowers
the aggregate size of insoluble FP, resulting in greater
mobilization of FP from the aggregate state to soluble FP at
this pH. In contrast, the use of 10% DMSO in the reaction
increases product by 30% at 12 hr by increasing the
amount of soluble FP. Increasing FP to 100 or 150 pM
also increases the crystal yield at 12 hr by 30 and 60%,
respectively. The crystal reaction presently used is likely to
be less susceptible to variations in rate due to stirring than
other systems which use millimolar concentrations of FP
that are up to 40 times as concentrated as the 50 puM FP in
these assays.

3.4. ICG by chloroquine and quinidine is reversible

Previous studies of the effects of the quinoline antima-
larials on FP crystal growth report the extent of inhibition
at a fixed time points, typically overnight [41-44]. Given
the importance of FP crystal growth to the mechanism of
quinoline drugs, kinetic analysis should yield insight on the
time dependence and potency of inhibition. The FP crystal
growth reaction is performed in the presence of 5 uM
chloroquine and 1 uM quinidine (Fig. 2) which is near
the 1c5o concentration of a 12 hr assay (discussed below).
Significantly, inhibition is reversible as the reaction pro-
ceeds to completion in approximately twice the time of the
uninhibited reaction for both chloroquine and quinidine.
The crystal growth reaction retains the sigmoidal time
dependence, while quinidine and chloroquine appear to
negatively affect both the lag time and growth phase of the
reaction. Again, use of either B-hematin or hemozoin from
parasites as seed crystal did not effect the drug inhibition
curves. The finding that ICG by the quinolines is reversible
complicates interpretation of previous work that measured
inhibition at fixed time-points. Specifically, the quinolines
appear less potent at longer time periods given the rever-
sible inhibition.

The potency of ICG is studied at 12 hr of incubation at
37° because this coincides with the apparent maximum rate
of the uninhibited crystal growth reaction. Under these
experimental conditions, Icsq values are 1.5 = 0.2 uM and
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4.3 + 0.2 uM for quinidine and chloroquine, respectively.
In the case of chloroquine, the phosphate counter ion did
not effect any inhibition at the highest drug concentrations
tested (data not shown).

3.5. Increasing the [-hematin seed reverses inhibition
of FP crystal growth

The quinoline antimalarials have been proposed to
inhibit FP crystal growth by either incorporating at growth
sites [16] or sequestering monomeric FP from the reaction
[22]. To test these hypotheses, the FP crystal growth
reaction is performed with increasing FP substrate or -
hematin seed. If the quinolines work by sequestering
monomeric FP, then inhibition can be overcome by
increasing the starting concentration of FP. On the other
hand, if the quinolines incorporate at growth sites on the
crystal, inhibition can be overcome by increasing the
number of growth sites available.

FP crystal growth reactions are performed as described
in the absence or presence of 13.5 uM chloroquine,
22.5 uM ketoconazole, or 4.5 pM quinidine at 12 hr.
ICG is expressed as a percentage of the uninhibited reac-
tion performed with an identical amount of FP or (-
hematin seed. Increasing the amount of FP substrate in
the reaction had no effect on the extent of inhibition up to
the highest concentration tested of 0.2 mM (data not
shown). In contrast, increasing the [-hematin seed
decreased inhibition by all three inhibitors (Fig. 3). With
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Fig. 3. Increasing amounts of B-hematin seed reverse ICG. Various
amounts of B-hematin seed crystal template are incubated for 12 hr with
13.5 uM chloroquine (A), 22.5 uM ketoconazole (O) or 4.5 uM quinidine
(), and 50 uM FP in 0.5 mL 0.1 M ammonium acetate, pH 4.8. Percent
ICG is expressed as a ratio of new crystal growth with drug divided by new
crystal growth with the no drug control reaction started with the same
amount of B-hematin seed template.
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Fig. 4. pH dependence of FP crystal growth. FP crystal growth assay is
performed in 0.5 mL with 50 pM FP, 5 nmol B-hematin in the absence (@)
or presence of 2.25 uM quinidine ([J) or 6.75 uM chloroquine (A).
Ammonium acetate, 0.1 M is used for pH 4-5.6; MES, 0.1 M is used for
pH 5.66-6.0. SEM is for triplicate incubations performed with two
independent experiments.

5 nmol (FP content) of B-hematin seed, the crystal growth
reaction is inhibited by 97% for ketoconazole, 66% for
chloroquine, and 74% for quinidine. With 50 nmol of
B-hematin seed, there is an approximately 50% decrease
in inhibition for all three drugs.

3.6. Effect of pH on FP crystal growth and
quinoline ICG

For the uninhibited reaction, the amount of FP crystal
growth decreases as pH increases from 4.0 to 4.8 (Fig. 4).
Above pH 5.0 the amount of FP crystal formed by 12 hr
increases to reach a local maxima at pH 5.3 that is nearly
equivalent to the amount formed at pH 4.0. From pH 5.3
to 6.0 the amount of FP crystal formed rapidly decreases,
such that the reaction is almost completely inhibited at
pH 6.0. In the presence of the quinoline antimalarials
chloroquine and quinidine, the extent of ICG increases
with pH, to reach a maximum of nearly 100% inhibition
at pH 5.4. Interestingly, both chloroquine and quinidine
also demonstrate a slight local maxima increase at
pH 5.8, which is 0.5 pH higher than the control local
maxima.

To test whether aggregation/nucleation abrogates the
effects of drugs on ICG, FP is pre-incubated at 37° in
the presence or absence of 2 uM quinidine for 2 hrin 0.1 M
ammonium acetate, pH 4.4, 4.8 or 5.2. The FP crystal
growth reaction is then initiated by the addition of a 5 nmol
B-hematin seed and incubated for 12 hr at 37°. At pH 4.4,
4.8, and 5.2 no significant difference in inhibition is
observed if FP is pre-incubated in buffer followed by
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the addition of quinidine or if FP is pre-incubated with
quinidine.

3.7. High-throughput screening for FP crystal growth
inhibitors

Assay-2 used above in kinetic and pH experiments is
adapted for high-throughput screening by deleting the
centrifugation step to produce Assay-3. The low absor-
bance of FP crystal does not interfere significantly with FP
quantification after addition of bicarbonate/SDS [18]. The
low ratio of starting FP crystal to free FP minimizes errors.
This allows hundreds of compounds to be screened in a
day. Furthermore, the method in this screen avoids radio-
active chemicals, transfer of solutions to filter paper or

Table 1
High-throughput ICG screen results

centrifugation steps used in other high-throughput proto-
cols [22,44-46]. A limited library of 105 compounds was
pilot tested, with emphasis placed on clinically-available
drugs. Inhibitors are characterized as being ‘‘strong” if
>50% ICG is observed at 20 uM, “moderate” if >50%
ICG is observed at 50 M, and ““no inhibition” if there is
less than 50% ICG at 50 uM (Table 1).

Most antimalarials previously reported to block FP
crystal growth score as ‘“‘strong inhibitors,” validating this
high-throughput approach. These drugs include amodia-
quine (icsp 1.2 + 0.2 uM), quinacrine (icsg 4.9 £ 0.7 uM),
and quinine (icsg 17.1 0.7 uM) [22,43]. This assay is
further validated by the lack of ICG by antimalarials that
kill the parasite by other mechanisms such as pyrimetha-
mine and doxycycline. Primaquine, which is inactive

Strong inhibition (>50% at 20 pM)

Compound

1CG 1c59 (UM)
{[FP]/ICG IC50}

1cs9 CQ-susceptible parasites
(strain, reference)

1cso CQ-resistant parasites
(strain, reference)

Classic antimalarials

Amodiaquine 1.2 +£ 0.2 {42}
Chloroquine 43 £ 0.2 {12}
Quinacrine 4.9 4+ 0.7 {10}
Quinidine 1.5 £ 0.2 {33}
Quinine 17.1 £ 0.7 {3}
Antifungal cytochrome
P450 inhibitors
Clotrimazole 12.9 £ 0.6 {4}
Econazole 19.7 £ 1.9 {3}
Ketoconazole 6.5 + 0.6 {8}
Miconazole 214 +£2.2 {2}
Antimalarial dyes®
Azure A 337 + 1.7 {1}
Brilliant cresyl blue 29.0 + 0.9 {2}
Methylene blue 289 £+ 2.3 {2}
Nile blue 1.7 £ 0.2 {30}
Other
Amphotericin 1.7 £ 0.4 {29}
Bilirubin 6.6 + 1.3 {8}
Biliverdin 0.6 + 0.1 {91}
Biochanin A 20.8 + 1.1 {2}
Distamycin 16.1 £ 0.5 {3}
Ellipticine 7.9 + 0.8 {6}
Genistein 36.2 + 3.4 {1}
Zinc protoporphyrin IX 19.6 £ 0.5 {3}

7.8 1M (3D7, [43])
8.5 nM (HB3, [43])
3.0 nM (NF54, [47])
14.0 nM (3D7, [43])
18.5 nM (HB3, [43])
13.0 nM (NF54, [48])
24.0 nM (D6, [49])
10.0 nM (NF54, [47])
9.5 nM (CDC1, [50])
8.0 nM (NF54, [47])
9.0 nM (CDCl, [50])
21.5 nM (3D7, [43])
23.9 nM (HB3, [43])
34.2 nM (3D7, [43])
36.8 nM (HB3, [43])
22.0 nM (NF54, [22])

431.0 nM (HB3, [51])
245.0 nM (NF54, [51])

~9.4 uM (Honduras I/CDC, [53,54])

10.2 nM (D6, [49])
9.7 nM (D6, [49])
3.6 nM (D6, [49])

51.0 nM (D6, [49])

164.0 uM (poW, [56])
0.7 uM (ITO4, [57])

7.4 uM (poW, [56])
No inhibition (D10, [60])

18.5 nM (K1, [43])
13.8 nM (PH3, [43])

192.0 nM (K1, [43])
158.8 nM (PH3, [3])
122.0 nM (W2, [49])
140.0 nM (K1, [50])

3.1 nM (K1, [50])

50.6 nM (K1, [43])
43.6 nM (PH3, [43])
81.2 nM (K1, [43])
74.3 nM (PH3, [43])

1.1 uM (A4, [51])
553.0nM (W2, [51])
1.0 uM (ITG2, [52])

~1.0 pM (Indochina I/CDC, [54])
~400.0 nM (I/CDC, [54])

10.5 1M (W2, [49])
5.5 nM (W2, [49])
4.0 nM (W2, [49])

42.0 nM (W2, [49])

~400.0 nM (I/CDC, [54.55])

618 nM (FCR3, [58])

330 nM (FCR3, [59])

14.8 uM (Dd2, [56])
No inhibition, (Dd2, [60])
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Moderate inhibition (>50% at 50 uM)

Compound
Acridine orange Artemesinin L-Canaline Ketotifen
Nystatin p-Penicillamine Pentamidine Phloridizin
Primaquine Rifampicin Tamoxifen Thionine

No inhibition at 50 uM
Acetaminophen Acetohydroxamic acid AGT Albendazole
Amantidine Anmitryptiline Ampicillin Aspirin
Atovaquone Benzophenone Berberine Caffeine
Chlorpheniramine Cimetidine Cinnamic acid Coumarin
Cyproheptadine Deferoxamine mesylate Dibucaine Diphenhydramine
Disulfram Doxycycline Ebselen EDTA
Efrapeptin Ferrozine Fluconazole Griseofluvin
Guaifesen Histamine Hydralazine Hydroxyquinoline
8-Hydroxyquinoline 5-Hydroxytryptamine Hydroxyurea Hypoxanthine

(serotonin)

Ibuprofen Imipramine Indole Isoniazid
Mebendazole Menadione Methimazole Metronidazole
Metyrapone Mianserin Minocycline Mizorbine
Neocuproine Netropsin Nifedipine Norfloxacin
Orphenadrine Oxibendazole Phenanthrene Pyrimethamine
Riboflavin Safranin SDS Streptomycin
Sulfaphenazole Sulfapyridine Sulfasalazine Sulfathiazole
Tetracycline Theophylline Thiabendazole Tolnaftate

? Included for interest and not potency of inhibition.

against intraerythrocytic stages of infection is weakly
associated with ICG (1csp > 50 pM). The relevance of
primaquine as an inhibitor of crystal growth is questionable
given that some groups observe inhibition [45,46,61],
while others do not [22,35,43].

One interesting finding of this screen is that dyes reported
to have antimalarial activity also have ICG, including Azure
A (1csg 33.7 = 1.7 uM), methylene blue (icsy 28.9 £
2.3 uM), and Nile blue (icsg 1.7 £ 0.2 uM). Methylene
blue is of historical interest because in 1891 it became
the first reported synthetic rather than natural compound
to clinically cure malaria, although its use was limited by
side effects [44,49,62]. Other unexpected finds in the ICG
screen are compounds previously reported to have antima-
larial activity, including: genistein (icsg 36.2 £+ 3.4 uM) a
kinase inhibitor; biochanin A (icsg 20.8 + 1.1 pM), an iso-
flavone from the bark of the medicinal plant Andira inermis
[56]; and distamycin (icsq 16.1 & 0.5 pM), an antibiotic
which binds in the minor groove of AT-rich DNA sequences.
The antifungal drugs amphotericin (ics5y 1.74 4+ 0.4 uM),
which disrupts membranes and binds sterols, also demon-
strated ICG. Inhibition is most likely unrelated to the
detergent properties of this drug as SDS at similar concen-
trations did not inhibit the reaction. The FP metabolites
biliverdin and bilirubin (icsy 0.6 £ 0.1 pM and 6.6 £
1.3 uM, respectively) are potent inhibitors and most likely
act by forming complexes with FP. Ginsburg has proposed
an accounting system to compare different crystal growth
assays where the concentration of FP used in the in vitro
assay is divided by the icsy to obtain an integral ratio
(Table 1) [44]. Potent inhibitors have aratio greater than two.

Other CYP inhibitors besides quinidine showed ICG,
including ellipticine (icsg 7.9 0.8 uM) and the azole
antifungals clotrimazole (icsg 12.9 = 0.6 uM), econazole
(icsg 19.7 £ 1.9 uM), ketoconazole (icsy 6.5 = 0.6 uM),
and miconazole (icsg 21.4 2.2 uM). Significantly, clo-
trimazole has recently been reported to inhibit chloro-
quine-sensitive and -resistant parasites in the micromolar
range [39,51,63]. In contrast, no inhibition of FP crystal
growth or inhibition of parasites in culture at concentra-
tions as high as 100 uM is observed for fluconazole, which
is disappointing given that this drug is provided free of
charge by Pfizer in 50 least-developed countries.

Previous studies on the relationship between FP crystal
growth inhibition and parasite growth inhibition suggest a
correlation exists if factors such as the extent of drug
accumulation and FP binding affinity are considered
[22,30,43]. Because the reversible nature of FP crystal
growth inhibition suggests previous ICs, values underesti-
mate potency, we compared our values with 1cs, data for
in vitro culture growth inhibition of chloroquine-sensitive
and -resistant parasites. In cases where several culture
growth 1cso values are reported, an average is taken. No
direct correlation is observed between the extent of
ICG and growth inhibition of cultures for sensitive or
resistant parasites for compounds with 1c59 values in
Table 1. Furthermore, no relationship is found for quino-
lines that are reported to have a direct correlation between
ICG and growth inhibition (amodiaquine, chloroquine,
quinacrine, and quinine) [22]. No correlation between
ICG and reported drug-FP binding affinity was also seen
[38,47,64,65].



2208 C.R. Chong, D.J. Sullivan Jr./Biochemical Pharmacology 66 (2003) 2201-2212

3.8. Inhibition of FP crystal growth by compounds
discovered in the high-throughput screen is reversible

To determine if reversible inhibition of FP crystal
growth observed with quinoline antimalarials is general-
ized to other inhibitors, compounds discovered in the high-
throughput screen are incubated at icsy concentration in the
standard reaction mixture. After a 48-hr incubation at 37°
inhibition is observed to be reversible for all strong inhi-
bitor compounds listed in Table 1 with the exception of
zinc protoporphyrin IX, which remains completely inhib-
ited. To further study reversible inhibition, a detailed time-
course reaction is performed with ketoconazole, with
concentrations near Icsy (Fig. 2). Like the time-course
for the quinoline antimalarials, a sigmoidal curve is
observed for reversible inhibition by ketoconazole. This
compound affects both the lag and crystal growth phases,
and inhibition is reversed by 40 hr. Based on these experi-
ments, it appears reversible inhibition of FP crystal growth
is generalized among inhibitors discovered in the high-
throughput screen.

3.9. Spectra of FP—azole complexes

To study interactions between FP and the azole anti-
fungal drugs, the absorbance spectra of 17 uM FP is
recorded in 40% DMSO, 20 mM Hepes, pH 7.5.

Previous studies have shown that FP is monomeric under
these conditions [38,39]. FP alone gives a characteristic
absorbance spectra with a Soret band at 401 nm and Q-
bands at 496 and 617 nm (Fig. 5A). Addition of 0.2 mM
clotrimazole or 0.2 mM ketoconazole results in a virtually
identical change in the FP absorbance spectra, with the
Soret band decreased in intensity and redshifted to 407 nm
and the Q-bands increased in intensity and changed to
531 nm and approximately 557 nm. This spectra is similar
to those previously reported for clotrimazole-FP com-
plexes [39]. Addition of 0.2 mM econazole or miconazole
to the FP solution results in a similar change in the
absorbance spectra. The Soret bands are lower in intensity
and further redshifted than in the ketoconazole/clotrimazole
spectra, to 416 nm for econazole and 418 nm for micona-
zole. The Q-bands for econazole and miconazole occur at
535 and 557 nm and are of greater intensity than clotrima-
zole/ketoconazole. The spectra of all the azole FP crystal
growth inhibitors studied are similar to that when FP is
saturated with 2.5 mM imidazole (Soret band at 407 nm, Q-
bands at 532 and 557 nm), suggesting that the azoles
interact with FP via an imidazole group. Fluconazole, a
triazole, showed no interaction with FP and also at 100 pM
concentrations did not inhibit culture of P. falciparum
parasites.

To further study the interaction between the azoles and
FP, 17 uM FP in 40% DMSO, 20 mM Hepes, pH 7.5 is
titrated with increasing amounts of econazole and the
resulting spectra is compared to FP titrated with buffer
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Fig. 5. Absorption spectra of FP, FP-imidazole, and FP-azole antifungal
complexes. All samples are equilibrated in 20 mM Hepes, pH 7.4, 40%
DMSO for 5 min, after which no further change is observed. (A) 1: 17 uM
FP; 2: 2.5 mM imidazole and 17 uM FP; 3: 0.2 mM ketoconazole and
17 uM FP; 4: 0.2 mM econazole and 17 pM FP; 5: 0.2 mM miconazole
and 17 pM FP. Spectra of miconazole—-FP complex between 3 and 500 nm
is slightly red-shifted compared to econazole-FP complex. Spectra of
0.2 mM clotrimazole and 17 uM FP, which is essentially equivalent to
ketoconazole, is omitted for clarity. (B) Titration of FP with econazole. FP,
17 uM in 40% DMSO, 20 mM Hepes, pH 7.5 is titrated with 0-132 uM
econazole and spectra are taken over 3—700 nm.

(Fig. 5B). As econazole concentration increases, the spec-
tra undergoes a decrease in absorbance centered at 401,
504, and 524 nm, and shows increases centered at 426 and
562 nm, with isobestic points at 415, 491, 516 and 594 nm.
These spectral changes suggest econazole forms a satur-
able complex with FP, and the presence of isobestic points
indicates only two absorbing species are present during the
titration [39].

3.10. Incorporation of ketoconazole into FP crystals

To determine whether ketoconazole reaches the pro-
posed site of action, FP crystals in the digestive vacuole,
a synchronized population of ring-stage parasites are incu-
bated with a subinhibitory dose of 0.143 pM *H-ketoco-
nazole until the parasites progress to trophozoite stages
containing FP crystals. After cell lysis, the extent of *H
incorporation into the hemozoin, purified on sucrose
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Fig. 6. 3H-ketoconazole binds both to parasite hemozoin and crystal
growth product. (A) Duplicate 10 mL 3D7 parasite cultures are incubated
with 7.14 pCi of 3H-ketoconazole, purified by hypotonic lysis and
processed without (filled bars) and with (open bars) sucrose cushion
ultracentrifugations. Control (striped bar) hemozoin pellet after sucrose
cushion ultracentrifugation is from the same parasites grown to
trophozoites in absence of drug with 7.14 uCi of 3H-ketoconazole added
at time of hypotonic lysis. 109,400 cpm are in these control parasite lysates
before purification of hemozoin on sucrose cushions. FP content of
hemozoin in ultracentrifugation pellets is 9 nmol without sucrose and
5nmol both with sucrose and control with sucrose. (B) Overnight
incubations of 10 nmol by FP content of hemozoin (HZ) and 50 uM FP or
10uM FP (20% FP) in 100 mM sodium acetate, pH 5.0 with 3H-
ketoconazole, 500,000 cpm (500 k) or 250,000 cpm (250 k) are processed
through sucrose cushions. Triplicate determinations of radioactivity
associated with pellets are shown.

cushions, is measured (Fig. 6A). Even though 50 times the
molar amount of *H-ketoconazole is used in these experi-
ments, compared to those previously performed with 3H-
chloroquine [16], only a small fraction of 3H-ketoconazole,
5400 cpm, associates with pelletable parasite lysates after
the hypotonic lysis. A saponin lysis purification, which
pellets mostly intact parasites free of erythrocyte cytosol,
yields the same amount of *H-ketoconazole associated
with parasites as the hypotonic lysis (data not shown).
Approximately half of the 5400 cpm of *H-ketoconazole in
isolated parasite fractions copurify with hemozoin on the
sucrose cushions. The total accumulation with hemozoin is
approximately 20% of the accumulation seen with
3H-mefloquine [32]. No hemozoin copurification occurs

if *H-ketoconazole is added at the time of hypotonic lysis
to parasites grown to the trophozoite stage in the absence of
drug. The incorporation of *H-ketoconazole into the in
vitro crystal growth product purified on sucrose cushions is
similar to the incorporation of labeled mefloquine [32]
(Fig. 6B). Like the quinolines, much more *H-ketocona-
zole is incorporated into the crystal growth product in the
presence of FP than in incubation with B-hematin alone.
3H-ketoconazole alone did not pellet significantly in this
assay.

4. Discussion

Many methods were developed by numerous investiga-
tors to measure FP crystal growth in vitro, including
infrared and Mossbauer spectroscopy [34,66], radioactive
[40,46], nonradioactive [44,45,61], and HPLC methods
[19]. The ICG assay reported here is more rapid and
convenient than previously published methods which
require radioactivity, multiple centrifugation steps or filter
paper washes [44,46,61]. When adapted for high-through-
put screening, hundreds and potentially thousands of
compounds can be screened for ICG in a day. Unlike many
of the radioactive high-throughput assays, which essen-
tially measure FP binding to up to 1000-fold excess of
preformed hemozoin or B-hematin template [22,43], the
current assay uses just five times as much substrate to
template concentrations. This assay also uses considerably
less DMSO (<1%) compared to another assay (25-50%)
[44] which is significant given that prolonged incubations
in 100% DMSO partially solubilizes FP crystals [15]. The
lower DMSO used here is more likely to mimic soluble FP
concentrations in the parasite food vacuole, given that only
5 uM FP is soluble in aqueous solutions. In addition, the
lower micromolar FP concentrations used here do not
require stirring and should minimize any artifacts of mixing
which may be seen in assays that use millimolar concentra-
tions of FP [35,45,61]. This assay can be adapted to 96-well
by adjusting downward the millimolar concentration of the
acid solution for 200 uL aqueous reaction and by adding
more concentrated bicarbonate/SDS solutions in 50 uL.

These kinetic studies highlight an additional reversible
component to inhibition of FP crystal formation by the
quinolines and other antimalarial compounds that interact
with FP. A chemical explanation for the reversible ICG is
the reversible association of drug/FP complex on growth
sites rather than a pure FP—substrate interaction that would
not change over time. For example, increasing the amount
of crystal seed, but not FP substrate, decreases inhibition
by chloroquine, quinidine, and ketoconazole at a set time-
point. The increasing amounts of crystal seed in this
experiment is analogous to later time-points in kinetic
experiments. Once a certain number of crystal growth sites
exceeds the drug/FP incorporation, crystal growth proceeds.
At later time-points, the drug/FP complex disassociates
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from a growth site, such that an Fel-O41 dimer is able
to incorporate into the crystal at a site of drug/FP disas-
sociation. Compounds with a low FP binding affinity
may be potent inhibitors because they dissociate very
slowly from the FP crystal once bound. In as much as
chloroquine and quinidine have similar potency at ICG,
while quinine is over 10 times less potent, suggests an
additional heme crystal inhibition step to just FP binding
affinity [24,31]. Furthermore, performing inhibition when
the crystal growth reaction proceeds at a maximal rate (i.e.
12 hr vs. “overnight™) gives I1cs, values that are between
3- and 15-fold more potent than previously described for
chloroquine: 1Csp = 80 pM, overnight incubation [46];
ICso = 24.4 uM, overnight incubation [43]; 1C59 = 15 uM
[30] or quinidine, 1Cso = 24 uM, overnight [43].

The local maxima increase in FP crystal formation at pH
5.3 complements the reported steep increase in FP solu-
bility with an increase in pH reported by Roepe and co-
workers [67]. They account for the steep rise in solubility
because of the diprotic weak acid of the two propionic
carboxylic acids of FP have a pK, near pH 5.5. Other pH
titrations of FP crystal formation, which note a decrease in
crystal formation as pH increases, were performed with
increments of 0.5 pH units or greater, and may have missed
the local maxima seen in this work [68,69]. Another
previous pH titration by Dorn et al. was, in effect, an
FP binding experiment as 14 nmol of FP was incubated
with 10,000-20,000 nmol of seed crystal B-hematin [47],
whereas our crystal growth assay uses 25 nmol of FP and
5 nmol of seed crystal B-hematin. This large difference in
assay conditions may explain why the pH maxima based on
increased solubility of FP near the pK, of the side chain
carboxylate groups was not seen before. Interestingly, the
shift in local maxima from pH 5.3 to 5.8 that occurs in the
presence of chloroquine and quinidine, corresponds to the
reported shift in the midpoint of the FP pH-dependent
solubility curve reported by the Roepe group [67].

The drugs screened in this study for ICG included the
nitrogen heterocycles ellipticine and the azole antifungal
drugs, which inhibit CYP demethylation of lanosterol in
fungi. Many CYP inhibitors bind FP in the active site.
Quinine and quinidine have been known to inhibit CYP
enzymes for decades [70]. P. falciparum, P. yoelii, and P.
knowlesi all possess a CYP reductase homologue, however
a putative CYP homologue has not been identified yet in
the P. falciparum genome [71]. Although putative CYP
transcripts were identified by Northern Blot analysis using
arat gene as a probe [72] and enzymatic activity was seen
after an assay [73], the existence of substantial CYP
activity in the intraerythrocytic stages remains in question.
In the early 1980s, ketoconazole and miconazole were
reported to inhibit in vitro parasite culture in the micro-
molar range, which is near the peak concentrations ranging
from 1 to 10 uM obtained in humans upon oral adminis-
tration [53]. Recently, this observation was extended to
clotrimazole [51,52]. Although the azole antifungals have

been shown to protect FP from glutathione degradation
[39], recent data argue that more than 90% of FP released
by hemoglobin degradation remains in the digestive
vacuole as hemozoin [7]. Controversy continues about
the mechanism of action of the quinolines like chloroquine
or the antifungal azoles like clotrimazole acting on heme
crystal growth, glutathione degradation of heme or possi-
bly CYP activity [17,74].

Egan has proposed a hierarchy of inhibition of Plasmo-
dium parasites by drugs that bind FP: not all drugs that bind
FP inhibit in vitro FP crystal formation. Not all drugs that
bind FP and inhibit FP crystal formation localize to the
target site in the digestive vacuole [64]. This data clearly
show that many of the CYP inhibitors that bind FP are
potent at ICG. However, only a slight amount of 3H-
ketoconazole copurifies with hemozoin from parasites
cultured with subinhibitory concentrations and with FP
crystals generated in the in vitro seeding reaction. The
lesser extent of accumulation compared to chloroquine or
quinidine may be an artifact of the purification assay,
which involves multiple centrifugations and washes. Dur-
ing the 2-hr sucrose cushion purification, ketoconazole
could dissociate more than chloroquine or quinidine.
Further studies to localize the other azoles to the food
vacuole will help in determining the extent to which ICG
accounts for their antimalarial activity.

The triazole, fluconazole, did not appreciably bind FP,
inhibit crystal growth, or block P. falciparum parasites in
vitro. Triazoles inhibit CYP51 through coordination of N-4
in the triazole ring with the heme iron of the cytochrome. In
addition, hydrophobic interactions between the N-1 sub-
stituent and the apoprotein of the active site have also been
proposed as being important in determining the affinity of
fluconazole for the enzyme. Co-crystal growth of the
Mycobacterium CYP51 with fluconazole shows that apo-
protein contacts are as important as the N-4 FP contacts
[75]. Despite type II spectral changes in fluconazole bind-
ing heme of CYP, we did not observe direct spectral
changes with heme alone. The lack of P. falciparum
inhibition is disappointing given the reduced hepatotoxi-
city of fluconazole compared to ketoconazole, and the fact
that fluconazole is freely distributed in developing coun-
tries to treat HIV-candidiasis. Nevertheless, the abundance
of FDA-approved drugs that inhibit CYP by binding FP
opens the possibility that currently approved medicines
may be of interest in developing new antimalarial treat-
ments. Such antimalarials may hinder the development of
resistance by attacking the parasite in multiple ways, such
as blocking FP crystal growth, inhibiting potential CYP
enzymes, and interfering with other FP-sensitive pathways.
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