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Resistant strains of Plasmodium falciparum and the unavailability of useful antimalarial
vaccines reinforce the need to develop new efficacious antimalarials. This study details a
pharmacophore model that has been used to identify a potent, soluble, orally bioavailable
antimalarial bisquinoline, metaquine (N,NN'-bis(7-chloroquinolin-4-yl)benzene-1,3-diamine) (di-
hydrochloride), which is active against Plasmodium berghei in vivo (oral IDsy of 25 umol/kg)
and multidrug-resistant Plasmodium falciparum K1 in vitro (0.17 uM). Metaquine shows strong
affinity for the putative antimalarial receptor, heme at pH 7.4 in aqueous DMSO. Both
crystallographic analyses and quantum mechanical calculations (HF/6-31+G*) reveal important
regions of protonation and bonding thought to persist at parasitic vacuolar pH concordant with
our receptor model. Formation of drug—heme adduct in solution was confirmed using high-
resolution positive ion electrospray mass spectrometry. Metaquine showed strong binding with
the receptor in a 1:1 ratio (log K = 5.7 + 0.1) that was predicted by molecular mechanics
calculations. This study illustrates a rational multidisciplinary approach for the development
of new 4-aminoquinoline antimalarials, with efficacy superior to chloroquine, based on the use

of a pharmacophore model.

Introduction

Rational design of novel antimalarial drug candidates,
with the consequent reduction in screening costs, may
provide an efficient contribution, if not solution, to the
much needed decrease in the disease burden of malaria.!
Hemoglobin proteolysis by intraerythrocytic malaria
parasites releases both oxygen radicals and heme
(Fe(IIDPPIX, Figure 1a) that are detoxified by dismu-
tation and biomineralization, respectively. At acidic pH,
heme biomineralization occurring in the feeding vacuole
of Plasmodium is inhibited in the presence of chloro-
quine (Figure 1b), subsequently allowing production of
a redox active peroxidation catalyst.?2 Quinoline anti-
malarials may act by preventing sequestration of this
toxic heme into hemozoin,2 promoting oxidative stress
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that can lead to parasite death.2¢ The concentration of
free hemin is rigorously regulated in the vertebrate host
by a circulating, high-affinity (K4 < 1 x 10712 M) plasma
protein, hemopexin, which is catabolized in liver cells.2d
Heme has been implicated as the main receptor for
4-aminoquinoline antimalarials. It exists in a mono-
meric form at acidic pH and as the y-oxo dimer at basic
pH.? Although the stoichiometry and spectroscopic
characteristics of drug—heme binding are known,? “the
structures of hematin—aminoquinoline complexes are
unknown, and so the steric and electronic requirements
for inhibition of f-hematin formation are likely to be
difficult to establish”.4 In the absence of crystallographic
detail, computational modeling of drug—receptor com-
plexes is a suitable approach for improving rational drug
design of 4-aminoquinoline antimalarials.? In this study,
we report a pharmacophore model for 4-aminoquinoline
antimalarials that can be used to select compounds from
commercial or, as in this case, in-house libraries for
further investigation as potentially useful clinical drugs.

Results and Discussion

Structural and Modeling Studies. Over the past
20 years we have critically evaluated numerous estab-
lished and novel custom-designed analogues of mono-
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Figure 1. Structures of (a) chloroquine, (b) Ro 47-7737, (c)
metaquine, and (d) heme.

Figure 2. Biophoric map of selected quinolines, acridines, and
bisquinolines. Regions 1 and 4 are proton acceptors. In all 110
apex biophore maps generated, regions 1 and 4 were hydrogen
atom donors and regions 3 and 4 were hydrogen atom
acceptors. Consequently, the preferred site(s) of protonation
in metaquine is(are) the endocyclic quinoline nitrogen(s)
(compare with Ro 47-7737).13d

and bis-4-aminoquinolines,>® artemisinins, pyrimeth-
amine,’ peroxides,” dinitroanilines,® and 9-aminoaryl-
acridines and benznaphthyridines? in order to correlate
molecular structures with antimalarial activity in vivo,
thereby identifying the antimalarial pharmacophore
functional in vivo for each class of compound. Using
4-aminoquinolines (e.g., chloroquine, Figure 1b; Ro 47-
7737, Figure 1c), 9-aminoarylacridines and benznaph-
thyridines of varying potency, this study defines a
minimum functional pharmacophore in vivo for these
antimalarials (Figure 2) in a Plasmodium berghei model
of malaria.’ Key features of this pharmacophore, re-
vealed by APEX modeling!® (Figure 2), are consistent
with published structure—activity relationships, includ-
ing the dimensions of preferred intramolecular N—N
distances.56:11.12 Importantly, chloroquine, which was
excluded from the training set, was predicted to be
active in vivo. Several novel substances from our in-
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Figure 3. (a) Aminoquinoline pharmacophore (upper graphic).
When Y = OH, then substituent 4 is absent and X = N and
dotted lines linked to X are ethyl, piperidinyl, or pyrrolidinyl
groups. f§ is aromatic when red portion is present and is
aliphatic when it is absent. Q = CFs, H, F, Br, CI, or I. (b)
Bisquinoline pharmacophore (lower graphic). When ring 3 is
absent, then Z designates a hydroxyl group if attached to ring
o or methyl group if attached to ring denoted S. If ring 3 is
present, it is fused to the b vertex of either ring 2 or 4. In ring
4, Y = N or CH (which results in loss of drug potency). For
example, this pharmacophore has led to the prediction that
the meta isomer of amodiaquine, 5-(7-chloroquinolin-4-ylamino)-
2-diethylaminomethylphenol (SN-13,730), will be more potent
than the parent compound (Ismail et al. Unpublished study;
see also ref 31a,b). In the most active analogues, ring 3 is
absent as are substituents on X on ring 5. The bridging unit
can be aromatic or cycloalkyl. See refs 5, 6, and 13 for leading
examples including Ro 47-7737.

house drug bank of over 60 000 compounds, as well as
the bisquinoline Ro 47-7737 (Figure 1c),!3 were pre-
dicted by this pharmacophore model (Figure 2) to be
highly active. These selected compounds were assayed
for antimalarial activity both in vivo against lethal
Plasmodium berghei in mice and in vitro against drug-
resistant human Plasmodium falciparum. The com-
pounds were also evaluated for their acute toxicity,
formulation characteristics, and suitability for parenter-
al and oral delivery systems.

In general, our maps of the antimalarial pharma-
cophore(s) fall into two categories, both suggesting that
drugs, especially 4-aminoquinolines and 9-amino-
acridines, need to contain three or four nitrogen atoms®
for high activity against P. berghei in mice (Figure 3).
Various linear sequences of atoms containing only the
carbon and nitrogen framework were used to query
available databases, including Beilstein Crossfire, which
resulted in several interesting “hits” including heme
(Figure 1a).1*2 Speculating that heme-processing en-
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Figure 4. Crystal structure of metaquine-2MeOH: carbon,
green; chlorine, purple; oxygen, red; hydrogen, yellow; nitro-
gen, blue. Hydrogen bonds are shown as dotted lines.

zymes!* or heme, released by the catabolism of host
hemoglobin during malarial infection, could potentially
bind such drugs, we initiated a lead directed program
of drug development. This strategy produced various
symmetrical bis-quinolines bridged by both flexible and
rigid spacers. The latter compounds facilitated modeling
experiments by decreasing the number of solution-state
conformers, thus acting as useful probes for our “func-
tional receptor”.5-6

With this approach, a highly potent, nontoxic anti-
malarial drug N,N'-bis(7-chloroquinolin-4-yl)benzene-
1,3-diamine® (named for convenience by us as metaquine,
Figure 1d) has been discovered, which, as this study
shows, is water-soluble and orally active in infected mice
and is also effective against human drug-resistant
malaria in vitro. Importantly, this compound is inex-
pensive to produce because it utilizes a key intermedi-
ate, 4,7-dichloroquinoline, already used in the manu-
facture of chloroquine.

The crystal structure of metaquine-2MeOH® is shown
in Figure 4. The metaquine molecule contains a crystal-
lographic mirror plane. The two torsion angles of note
are C(3)—C(4)—N(12)—C(13) 71 and C(4)—N(12)—C(13)—
C(14) 79, which are 12.9(9)° and 38.6(9)°. There are also
two strong hydrogen bonds to the two solvent methanol
molecules: O(1)—N(12), 2.92 A, and O(1)—N(1), 2.73 A.
In addition, there is a weak contact with C(3)—H
(0(1)---H, 2.39 A); Figure 4 is a view down the short
“a” axis of 4.039 A; thus, all the aromatic rings in the
structure form s stacks.

Metaquine is a relatively rigid molecule, particularly
when compared to chloroquine, having only four rotat-
able torsion angles (71—74). We have carried out a
conformational analysis adopting the grid search method
varying these four torsion angles utilizing molecular
mechanics via the Cerius? software!® and obtained six
low-energy conformations. These were then subjected
to geometry optimization at the HF/6-31+G* level using
the Gaussian 98 program.!® The two lowest energy
conformations had energies that differed by less than
0.1 kecal mol™! (0.4 kJ mol™1) and were 2 kcal mol™! (8
kJ mol~1) lower in energy than any other conformation.
In these structures, the geometry was Cs (11 = 20.2, 79
= 41.4) and C; (11 = 20.6, 7 = 44.1), respectively, with
the latter set of torsion angles being equivalent to that
observed in the crystal structure. For example, we have
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shown by NMR experiments (data not shown) that the
preferred sites of protonation of Ro 47-7737 are the
endocyclic nitrogen atoms rather than the 4-amino
groups. This is consistent with the preferred site of
protonation in our mapped pharmacophore (Figures 2
and 3)!7 and as identified in an X-ray crystallographic
study.13d Calculations were also carried out to investi-
gate the two possible sites for protonation. The proton
was added to either N(1) or N(12), and conformational
analysis was conducted as above (Figure 4). For each
position of the proton, the five lowest energy conforma-
tions were then subjected to geometry optimization at
the HF/6-31+G* level. The lowest energy structure with
N(1) protonated was lower in energy than that with
N(12) protonated by 42 kcal mol~! (176 kJ mol~1), which
confirms the former unequivocally as the preferred site
of protonation. This approach of mapping the functional
antimalarial pharmacophore(s) is further vindicated by
the identification of five new drug candidates, which
may be suitable for commercial exploitation.18

Second-generation pharmacophores are currently be-
ing mapped for compounds showing activity against
both drug-sensitive and drug-resistant Plasmodium
both in vitro and in vivo to validate compounds encoded
by the maps presented here (Figure 3). Importantly,
several binding modes of metaquine to monomeric heme
have been predicted by molecular modeling using a
modified MM2 force field especially parametrized for
iron (Figure 5).1°

Heme—Metaquine Modeling. Parasite catabolism
of one molecule of hemoglobin releases four porphyrins
from their protective protein coat. These porphyrins are
rapidly oxidized to the ferric form and subsequently
react with hydroxyl ions to form hematin or with
chloride ions to form hemin chloride, ions that ac-
cumulate within the Plasmodial food vacuole.19%> Para-
site catabolism of hemoglobin can generate either one
of these five coordinate porphyrins, which can act
potentially as a receptor for 4-aminoquinoline anti-
malarials accumulating within this compartment.

Interactions of Quinolines with Hematin. Hy-
droxyl ions axially ligate hemin to form a high-spin five-
coordinate complex.2’ Modeling studies involving 4-
aminoquinolines and porphyrins invariably depict heme—
drug interactions as a face-to-face m—x alignment, a
scenario supported by interpretation of NMR data.?!
Typical aromatic—aromatic sz-stacking interactions are
considered weak (2 kJ mol™! (quantum mechanical
calculation).??2b Failure to detect such interactions in
our high-resolution electrospray mass spectrometry
experiments between hematin and a variety of quino-
lines, including metaquine, suggests that such interac-
tions are too weak to survive in the gas phase (not
shown).

Automated docking interactions between metaquine
and heme, using a modified MM2 method (similar to
the structural decomposition engine of Shelnutt et al.23),
generated various geometries (A—N) with similar ener-
gies (Figure 5). The lowest energy complex (Figure S1
in Supporting Information, which is the same as the
table of contents graphic), which is about 10 kJ mol~!
lower in energy than the remaining structures, is not a
face-to-face 7—m alignment but one that involves a more
intimate interaction that results in porphyrin ring
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Figure 5. Interactions of hematin with metaquine, where carbon = gray, oxygen = red, nitrogen = blue, chlorine = yellow.
Drug—receptor complexes can be classified as “above face” (A, B, D, E) in which the metaquine is hydrogen-bonded to the axial
hydroxyl group, as “below face” (C, [-M where 7—x interactions are dominant, and having ring edge interactions (F—H. Structure
D reveals close contacts with the heme receptor. Strongest interactions are shown as dotted lines that include CH;3 (heme)—x
(metaquine) interactions and a hydrogen bond between the carboxylate of heme and the NH group of metaquine.

deformation (ruffling).23 A parallel-displaced interaction
such as this has a significant contribution from 7—o
attraction, as well as van der Waals interactions This
structure was obtained from manual docking followed
by molecular mechanics minimization. The remaining
structures depicted in Figure 5 were established by a
combination of manual docking and automated Monte
Carlo methods following molecular mechanics minimi-
zation. A necessary feature of the minimization process
was the provision for the heme ring to become signifi-
cantly nonplanar.?4¢d For instance, binding can be either
above or below the mean plane of the heme ring system
(Figure 5).24¢

NMR analyses of drug—porphyrin complexes?! can be
reinterpreted as emanating from various conformations.
In contrast, geometrical analyses involving 7— stack-
ing in metal complexes with aromatic nitrogen-contain-
ing ligands confirm, based on X-ray data, that a face-
to-face m—x alignment, where most of the ring-plane
area overlaps, is a rare phenomenon.?* The common 7z
interaction detected in X-ray data is an offset or slipped
stacking; i.e., the rings are parallel-displaced. The ring
normal and the vector between the ring centroids form
an angle of about 20° up to centroid—centroid distances
of 3.8 A. Importantly, only a limited number of struc-
tures with a near-to-perfect facial alignment exists in
available databases.?*? Instances in which metal—ligand
complexes involve rings—edge interactions are best
described as a C—H---xr attraction (e.g., Figure 5F—H).

These modeling experiments reveal close contact
between various portions of the quinoline ring and heme
(depicted as dotted lines in Figure 5D; see also Sup-
porting Information Figure S1). This observation sug-

gests that bulky substitutions at one or more of these
positions will prove to be dystherapeutic. Conversely,
incorporation of suitable substituents may be used to
reinforce drug—receptor interactions and allow design
of compounds with enhanced potency. The dominant
interaction between the 7-chloroquinolinolyl substitu-
ents with the heme receptor has been suggested to be a
m— or charge-transfer interaction reinforced by an ionic
interaction.?? OQur molecular mechanics study reveals
that a linear relationship exists between the total
energy of the various conformers and the sum of the
van der Waals and electrostatic energy terms, implying
that both contribute to the binding of metaquine with
heme.

In conclusion, this part of the study confirms that our
modeling approach is valid and is concordant with
results obtained by the structural decomposition ap-
proach of Shelnut et al.23 The close contacts revealed
by this model afford additional opportunities for modu-
lating drug—heme interactions. This outlines a clear
strategy in which modification of close interactions
between drug and receptor will form the basis of future
investigations.

Interaction of Quinoline with Hemin Chloride.
In competition with hemin formation, hemin chloride
may also be formed during the parasite catabolism of
hemoglobin. In the presence of this displaceable axial
chlorine ligand, high-resolution electrospray experi-
ments suggest that a strong bond forms, probably
between the endocyclic quinoline ring nitrogen and the
metal center in hemin, that survives into the gas phase
(Figure 6; see also Supporting Information Figure S2).
Since accumulation of high concentrations of 4-amino-
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(b) [cQ: 2 hemin.: CggHggCIFe,N1105™

CaqH3FeN,O,* Calculated: 1552.5439
Predicted Mass: 616.1768 Found: 1552.8646
F dM :616.1720
oun assl 2CQ: hemin*
C70H830|2F8N1004+

Calculated:1253.5325
Found:1256.767

hemin chloroquine

CgoHgoCloFe,N1,06%*
Calculated: 1662.4253
Found: 1662.9950 — - Cl

/

NN Y
+ METAQUINE Cs2HsgCIFeN704" /
Exact Mass: 935.3588

H/N [N Found: 935.2846
A
! 1 hemin Cl
0 ! cl
CsgHagCl2FeNgO4"™ 1:1 Drug: heme complex _ CasH17CIN," CQH+: C4gH27CINg"
Predicted Mass: 1046.2525 >K Predicted Mass: 431.0830 Exact Mass: 320.1894
Found Mass: 1046.2429 H Found Mass: 431.0786 Found: 320.1877

H-o' CegHeaFeaNgOg* CegHeaFe2NgOg
H . Predicted mass: 1231.3468 Exact Mass: 1248.3495
Found mass: 1231.3767 poxo dimer: NOT FOUND

Figure 6. (a) Suggested identity of mass ions detected in positive ion electrospray mass spectra associated with mechanochemically
synthesized metaquine heme complexes. (b) Suggested identity of mass ions detected in positive ion electrospray mass spectra
associated with mechanochemically synthesized chloroquine heme complexes.

quinolines in the food vacuole of drug-sensitive parasites

will make such a reaction pseudo-first-order, it was

considered worthy of investigation by both modeling

experiments and mass spectrometry studies. It is rel-

evant and noteworthy that there is only one example

in the Cambridge Crystallographic Database?® of a

crystal structure of a benzimidazole or similar ligand

bound to a transition metal encapsulated in a porphyrin oG
in the metal, although there are several examples of <3
2-methylimidazole complexes in axial positions. No

doubt the reason for this is a significant steric interac-

tion between the axial ligand and the porphyrin.

To investigate the viability of a quinoline ring binding Figure 7. Geometry-optimized structure of Fe(porphyrin)-
in an axial site, we built such a complex and used DFT (quinoline) showing the necessary distortion fold (from the
methods to assess its structure. The geometry-optimized average mean plane) in the porphyrin plane due to steric

structure is shown in Figure 7. The fold observed in the effects of the hydrogen in the 2 position.

porphyrin is not excessive compared to those observed
in crystal structures, but it is significant. After removing tion on the Fe(porphyrin) structure and obtained an
the quinoline ring, we carried out a single-point calcula- energy 93.7 kcal mol™! (392 kJ mol~!) higher than
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Figure 8. Drug binding studies to putative receptor (hema-
tin). Nonlinear least-squares fitting of metaquine—heme
titrations28™d at room temperature (23.5 °C), 37 °C, and 42 °C.

obtained with a planar porphyrin. The remaining atoms
in metaquine will not add to the close steric contacts
with the prophyrin ring observed in this model struc-
ture. Such distortion can allow 4-aminoquinolines that
possess a substituent at the 7 position to bind in this
fashion but precludes those with halogens on the 8
position. This could be one explanation of the lack of
antimalarial activity in 8-susbtituted 4-aminoquino-
lines.?6

Quantifying Hematin—Drug Interactions. Avoid-
ing the expense of a radiolabeled hematin biomineral-
ization assay,?”?8 automation of a published monomeric
heme binding assay in buffered DMSO (pH 7.4)%%® has
allowed us, by the use of microtiter plates, to screen
many compounds rapidly to quantify drug—receptor
interactions (Figure 8; see Supporting Information for
Figure S5). From these data, calculation of binding
constants (log K)28>¢ shows that metaquine (Figure 8)
has a binding constant superior to that of chloroquine
(log K = 5.7 +£ 0.1 and 4.8 +0.1, respectively, 23.5 °C,
which correlates with its rank ordered activity against
P. falciparum K1 in vitro and P. berghei in vivo (for
chloroquine hematin titration, see Figure S5 in Sup-
porting Information). The excellent agreement between
our binding constants for chloroquine (Table 1) and
those of Egan et al.28® provides confidence that this
system can be transferred to a high-throughput mode.

UV Spectra of Donor—Acceptor Complexes.
Changes in the Soret band depend on pH, polarity of
the solvent, and the nature of the ligand interacting
with the porphyrin. Parts a and b of Figure 9 reveal

Dascombe et al.
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Figure 9. (a) Spectroscopic changes in the Soret band
observed when hematin is titrated with increasing concentra-
tions of chloroquine. Titration of the reference cell contents
with chloroquine allows removal of any interfering bands in
the UV spectrum of hematin (apparent pH 7.5, 25 °C, 40%
DMSO, 0.020 M HEPES buffer). Spectra have been corrected
for dilution. (b) Spectroscopic changes in the Soret band
observed when hematin is titrated with increasing concentra-
tions of metaquine. Titration of the reference cell contents with
metaquine allows removal of any interfering bands in the UV
spectrum of hematin (apparent pH 7.5, 25 °C, 40% DMSO,
0.020 M HEPES buffer). Spectra have been corrected for
dilution.

the spectral changes within the Soret band of the
electromagnetic spectrum observed when hematin is
titrated with chloroquine and metaquine, respectively.
Decreases in the Soret band are attributed to donor—
acceptor complex formation between the hematin and
4-aminoquinoline under investigation. All experiments
were conducted with homogeneous solutions obeying
Beer’s law. Importantly, solutions did not scatter light
at the concentration studied, a result consistent with
the absence of aggregate formation, i.e., hemozoin. The

Table 1. Summary of Binding Data and Thermodynamic Parameters at an Apparent pH of 7.4 (HEPES Buffer)

quinoline compd log K (23°C) logK(30°C) 1logK(37°C) logK(42°C) AH,kJmol™! AG,kJmol™! AS,JK 1mol!
chloroquine (K1) 5.5 54 54 5.3 —18.8 —31.2 41.8
metaquine (K1) 6.1 54 5.1 5.8 —-15.4 —38.2 63.3
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absence of any detectable precipitate and the lack of
associated mass ions, when solutions were examined in
high-resolution electrospray experiments, indicate the
formation of donor—acceptor complexes. Aggregates are
normally associated with red-shifted bands in the visible
region of the electromagnetic spectrum; these were not
seen in this study. The shifts detected in the UV spectra
(Figure 9) of such complexes may be consequences of
such an interaction causing nonplanarity in the heme.2?

Metaquine (Figure 9b) demonstrates behavior that is
more complex than chloroquine (Figure 9a). In this
molecule, the presence of a bridging aromatic phen-
ylenediamine unit allows conjugation across all three
rings systems, which markedly affects the spectrum of
this molecule when it interacts with the axially ligated
porphyrin (see Figure 7). Therefore, methods were
developed to remove this interfering absorption by the
use of suitable reference solutions in reference wells on
each microtiter plate.

The binding experiments are consistent with a model
in which stepwise binding of hematin to either chloro-
quine or metaquine gives the best fit. Concordance with
the 1:1 binding (heme—drug) model proposed Egan et
al.28b suggests that this same phenomenon, observed in
thermostated cuvettes, can be reliably extended to a 96-
well plate system. Hence, acquisition of a large number
of binding constants will allow greater definition of the
steric, electronic, and lipophilic requirements of the
hematin receptor.

The magnitudes of the binding constants of chloro-
quine (3.5 x 1072 M 288) in purely aqueous systems are
lower than found in the current study or that of
Egan,28bd gince the conditions reported by Fitch favor
u-oxo dimer formation.28¢ Therefore, our measurements
have been performed in a solvent system that maintains
the porphyrin in a monomeric state.

Thermodynamic analyses of chloroquine—hematin
and metaquine—hematin association (van’t Hoff plots)
in aqueous 40% DMSO suggest that both processes are
entropically driven (Table 1) and show a thermodynamic
compensation phenomenon consistent with the results
observed for chloroquine and amodiaquine as reported
by Egan et al.28d Recently, Egan and Ncokazi2®d have
highlighted the importance of water demonstrating that
hydrophobic interactions are vital in stabilizing 4-amino-
quinoline—hematin interactions. Our resonance Raman
experiments probing associations between hematin and
metaquine complement these observations reinforcing
the important role of water in enforcing drug—receptor
interactions.!®¢ Since interactions between the 4-amino-
quinolines and the receptor are weakened or nonexist-
ent in organic solvents such as benzene,?? translocation
of 4-aminoquinoline—hematin complexes to the interior
of membranes, where the dielectric constant (e¢) is
similar to that of organic solvents such as benzene (¢ =
2.3), suggests a release mechanism that allows chloro-
quine to shuttle back and forth between the parasitic
vacuole and sites of oxidative stress within the mem-
brane.

Evaluation of Binding Constants at Physiologi-
cally Relevant Temperatures. Many studies of a
chemical nature are conducted at “room temperature”,
usually 20—24 °C. The ligands (chloroquine, metaquine)
studied here have biological relevance in homeothermic
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mammalian hosts, i.e., people with body temperatures
of ~37 °C. In addition, malaria is a pyrogenic infection
that can raise body temperatures in patients to 42 °C.
It is appropriate, therefore, to ascertain the effects of
those different temperatures on the drug target interac-
tions (Figure 8; see Supporting Information Figure S5
for chloroquine data).

The apparent association constant (see Table 1)
between chloroquine and hematin remains unchanged
with increasing temperature, suggesting that chloro-
quine will maintain its therapeutic effect during epi-
sodes of fever. In contrast, there is a step change
suggesting a decreased affinity by metaquine for hema-
tin between room temperature and physiologically
relevant temperatures.28" Despite this decrease in drug—
receptor affinity, it remains similar to chloroquine and
coupled with its activity against resistant clones of
Plasmodia suggests that this compound is worthy of
further investigation.

Mass Spectrometry of Metaquine—Hemin Ad-
ducts. It has been suggested by some researchers that
complex formation between the u-oxo dimer of hemin
and various 4-aminoquinolines explains their anti-
malarial activity.?? This proposal has been challenged
by Egan et al.?® who have shown that binding occurs
with monomeric heme under the acidic conditions found
in the feeding vacuole of Plasmodium. Therefore, a
model system with hemin chloride in wet methanol was
employed in this study. Under these apparently acidic
conditions, the absence of any significant ion at 1248.3495
Da (corresponding to the hemin u-oxo dimer; see Figure
6) suggests that drug binding in this system occurs with
monomeric heme.3% In addition, it is possible that the
high concentration of chloride ions in the parasitic
vacuole could encourage formation of hemin chloride
during catabolism of hemoglobin during the intraeryth-
rocytic stage of Plasmodium infections. Therefore, we
have investigated the reaction of metaquine with hemin
chloride (Figure 6a).

Poor solubility of many potential drugs in common
solvents (e.g., water, DMSO) limits their chemical
analysis and biological screening. This can be overcome
for 4-aminoquinoline antimalarials by studying adduct
formation in the solid state. Direct mechanical agitation
of salts of 4-aminoquinoline antimalarials with hemin
chloride forms adducts that can then be dissolved in
protic solvents and unequivocally identified by high-
resolution electrospray mass spectrometry. Analysis of
hemin—metaquine dihydrochloride and hemin—chloro-
quine phosphate adducts formed in the solid state by
mechanical agitation (mechanochemical synthesis)
showed complex formation similar to that seen in
solution-state experiments. Reaction of a solution of
hemin chloride in methanol yielded a strong molecular
ion at 616.1720 Da, interpreted here as the radical
cation resulting from the loss of chloride from hemin
found in complexes involving chloroquine (Figure 6b)
butnot metaquine (Figure 6a, showing detailed interpreta-
tions of positive mass ions detected in these experi-
ments). Hemozoin dimer subunit formation was de-
tected (1231.3767 Da, Figure 6a), which is consistent
with the structural motif present in hemozoin in the
solid state.?? Binding of metaquine to the centrosym-
metric subunit of hemozoin (1662.9950, Figure 6a and
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Supporting Information Figure S2a) contradicts the
suggestion by Buller et al.28 that metaquine does not
bind in the same fashion as chloroquine, which favors
binding drugs to hemozoin in edge type interactions (see
Figure 5F—H). Occasionally, a small amount of a
protonated hemin trimer (1851.2192 Da) was also
evident (not shown), suggesting further polymerization
of heme can occur in this system, especially upon
storage. Similar experiments with chloroquine also
showed 1:1 drug—heme adduct formation (935.2846 Da)
(Supporting Information Figure S2b) and also 2:1 ad-
duct formation (1254.3767 Da) (Supporting Information
Figure S2c¢,d).

In the experiments reported here, the stoichiometric
ratio of drug to receptor was determined more ac-
curately (Figure 6 and Supporting Information Figure
S2) than previously reported using mass spectrom-
etry,17832 NMR both in solution?®? and the solid state,3*
or calorimetry.3® The presence of hemin enhances the
solubility of the drug, which may be important in
facilitating translocation of the hemin—drug complex
from the acidic vacuole to the site of oxidative stress,
exerted by hemin, within Plasmodium.36

Consistent with our mass spectrometry findings,
quantum mechanical (QM) experiments (Figure 7) also
indicate that coordination between the metal center and
the drug may be favored at the endocyclic nitrogen in
4-aminoquinolines such as metaquine. Recently, it has
been suggested by NMR experiments that in the solid
state the iron atom within heme can coordinate to
chloroquine,* but the data presented here are thought
to be the first report of such mechanochemically syn-
thesized bisquinoline—heme adducts analyzed by ac-
curate electrospray mass spectrometry (Figure 6a).

Absence of Heme—y-Oxo Dimer in Mass Spectral
Studies. Hemin chloride is monomeric in the crystalline
state.3” In freshly prepared methanolic solutions, as
used in this study, mass spectral analysis (Supporting
Information, Figure S4) indicated that the hemin chlo-
ride remained unaltered, i.e., monomeric solution and
not reacting with methanol during the time scale of the
experiment. However, centrosymmetric dimerization
was observed when solutions were allowed to age at
room temperature or the ionic strength was changed.38

Linear dimeric hematins (porphyrin—O-porphyrin,
i.e.,, u-oxo dimers) possess a unique antisymmetric
stretch (around 850 cm™1), which was not detected in
control experiments (FT-IR data not shown). Rigorous
drying of solid hematin results in extensive dimer
formation, which could also be occurring during the
desalting procedure described by Konig et al.,1’¢ but
their decision to conduct experiments at pH 7.0 probably
accounts for their observed mass spectra. The common
practice of dissolving hemin in alkaline solutions also
promotes the formation of u-oxo dimers. Even in the
solid state, porphyrins can absorb oxygen to form
dimers,? a phenomenon preceded by the formation of
a peroxyhemin complex (648.2020 Da, (see Figure S4
in Supporting Information). Hence, it is essential to
prepare and investigate such drug complexes rapidly.

Antimalarial Activity of Metaquine in Vivo and
in Vitro. The antimalarial activity of metaquine dihy-
drochloride against P. berghei N/13 has been previously
published (ID5 = 2.4 umol/kg).% In this study, metaquine
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free base displayed a similar potency against this
parasite when injected sc 3—4 h after infection on day
1, then twice daily on days 2 and 3 (ID5y = 1.5 umol
/kg). This result shows that the relatively “insoluble”
(aqueous) free base of metaquine is bioavailable from
the site of oil injection. These drugs were administered
in 96% olive oil with 4% DMSO, which was used as a
general purpose, depot-type vehicle. In this vehicle, the
ID5¢ values for metaquine, both as free base or as salt,
compare favorably with that of chloroquine diphosphate
(ID50 =8.3 ﬂmol/kg).

Metaquine dihydrochloride is soluble in aqueous
solutions containing a small quantity (2—4%) of DMSO
and, in this study, had an ID5g of 2.9 umol/kg when 0.9%
saline and DMSO (96:4) was used as vehicle for sc
injections in P. berghei N/13 infected mice. Metaquine
dihydrochloride was also active against a second strain
of lethal rodent malaria, P. berghei NY in vivo (ID5y =
3.2 umol/kg), when injected ip in Water for Injections
BP and DMSO (96:4). Again, the activity of metaquine
compared favorably with that of chloroquine diphos-
phate in this vehicle (ID5y < 4 umol/kg).

Oral administration of drugs is usually preferred for
drugs used clinically, but attempts to dissolve metaquine
hydrochloride in tap water for administration in the
drinking water of mice resulted in a visible precipitate,
presumed to be the calcium salt(s) of the drug. Conse-
quently the drug was dissolved in Water for Injections
BP with DMSO (98:2). Drug solutions at concentrations
of 65 and 199 uM were made available to P. berghei
infected mice ad libitum for drinking. Measurement of
the total volumes imbibed daily facilitated calculation
of an average IDj5 for metaquine dihydrochloride by the
oral route: 25 umol/kg.

No signs of toxicity in vivo were observed in mice for
metaquine at any dose or by any route of administration
used in these experiments. However, further investiga-
tions of possible toxicity, including chronic toxicities and
phototoxicities, are needed.!’* ¢ Preliminary experi-
ments show metaquine does not generate singlet oxygen
in SDS micelles!® and may not be phototoxic as
speculated by Zeigler et al.3.,

Metaquine dihydrochloride was also active against
multidrug resistance human malaria (P. falciparum K1)
in vitro. Using the technique of [3H]-hypoxanthine
incorporation,°2 the ICsq value for metaquine was 0.17
uM, which was superior to the value for chloroquine
(0.23 uM)4%¢ in our experiments.

Conclusion

In conclusion, mapping of antimalarial pharmaco-
phores has facilitated the design and selection of suit-
able compounds for both in vitro and in vivo screening
of antimalarial activity. Rational selection of lead
compounds results in decreased use of animals in drug
evaluation while providing absolute (numeric) quanti-
fication of drug—receptor interactions. In this study, UV
titrimetry in microtiter plates and electrospray mass
spectrometry both confirmed that complex formation
between heme and metaquine utilizes only one quino-
line ring. This result, previously suggested by docking
experiments, confirms that monomeric heme exists in
both the solution and solid states and is able to complex
4-aminoquinolines in a quantifiable fashion. High-
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throughput screening using microplate-based heme
binding assay, as used here, will expedite drug develop-
ment further. Obtaining a much larger set of compounds
will facilitate formulation of improved pharmacophore
maps.

Experimental Section

Materials and Equipment. Chloroquine diphosphate,
hemin chloride, HEPES (N-2-hydroxyethylpiperazine-N'-2—
ethanesulfonic acid), and spectrosol or AR grade DMSO were
purchased from Sigma. Hipersolv HPLC grade water (pH 6.85)
was mandatory (BDH). The Multiskan Ascent microplate
reader (model 354, 405 nm filter) was purchased from Thermo
Labsystems. Cliniplate and Microplate 96-well flat-bottom
microtiter plates (catalog no. 9502227) or “Labsystems Micro-
plate” (catalog no. 9502227) were purchased from Thermo
Labsystems (P.O. Box 28, Helsinki, Finland). A Fisherbrand
variable (20—300 L) multifin pipet was used to load the 96-
well microplates. A Hilsonic ultrasound sonicator (Hilbre
Ultrasonics Ltd., England) was used to assist dissolution of
substances. A pH meter 7010 (Electronic Instruments Ltd.)
enabled determination of solution pH. UV spectra were
acquired using a Hewlett Packard diode array spectrophotom-
eter (model 8452A) using quartz cuvettes (1 cm, Q 10000). Data
were curve-fitted using the “Origin” software package (Aston
Scientific, Buckinghamshire, U.K.). Expected mass ions were
calculated using CS ChemDraw Ultra 7.0.1 (Cambridgesoft
Corporation, MA).

Metaquine dihydrochloride was synthesized by a published
method.® The free base was produced by refluxing the material
in concentrated ammonia (10 M), filtered, and washed until
the washings became neutral. Metaquine-2HCI, 100 g, was
refluxed in pyridine (2.5 L) under argon for 12 h. The solution
was filtered hot through a pad of charcoal under reduced
pressure and left to cool. An amount of 25 mL of this solution
was placed in a desiccator containing anhydrous methanol
(double-diffusion method), producing fiber-like strands over a
period of 6 months. Crystal data: metaquine, MeOH, CogHos-
CloN4Og, M = 495.39 Da, monoclinic, space group P21/m a=
4.0390(8) A, b = 32.391(10) A, c=18.932(3) A, p=90.490(18)°,
U = 1168. 5(6) As, 7 =9, dcalc = 1408 M g3. The 10 626
reflections were collected at room temperature on an Enraf/
Nonius four-circle diffractometer of which 2193 were unique.
The structure was solved by direct methods and refined on F?
using Shelxl:1%*< R1 and wR2 are 0.0749 and 0.1281, respec-
tively, for data with I > 20(I) 4! (see Supporting Information).

Molecular Modeling Experiments. Molecular modeling
was initially carried using Macromodel (Schrédinger, San
Diego, CA) and Cerius? (version 3.5, Accelrys Inc., San Diego,
CA).

Experimental Methods Involving Quantum Mechan-
ical Calculations. The ADF program?*? was used for model
structures containing transition metals. For all elements the
ZORA approximation was used together with the default TZP
basis sets using a small core. In addition, Vosko, Wilk, and
Nusair’s local exchange correlation potential was employed?*?
together with Becke’s nonlocal exchange** and Perdew’s cor-
relation corrections.*52P

Washing of Glass Apparatus. Glassware was washed
thoroughly before preparation of reaction solutions to ensure
that no impurities affected the reaction mixture or influenced
the ionizing species present. All containers were washed
thoroughly with sufficient distilled water prepared by reverse
osmosis. This was performed at least three times before
subsequent washing with 1 M sulfuric acid, followed by a three
further washes with purified water. Finally, the glassware was
rinsed with Hipersolv HPLC grade water to minimize the
effects of varying ionic levels on heme. It should be noted that
failure to observe these protocols adversely affects the test
outcome by causing aggregation of hematin, which leads to
erroneous data most likely arising from changes in the ionic
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strength and/or salt formation. All experiments were conducted
in an analytical, air-conditioned clean room environment.

Calibration of Equipment. Hipersolv HPLC grade water
was tested daily to ensure that the pH did not deviate from
the desired range on storage. The Sartorious electronic bal-
ance, accurate to 5 decimal places for weights under 30 g, was
calibrated daily to prevent measuring and subsequent batch
errors. The multichannel variable pipet was calibrated as
detailed in the user’s manual for 50 and 300 uL, attaining
accuracy and standard deviations within the acceptable range.
The pH meter was calibrated daily using the appropriate
standard solutions at pH 7.0 and pH 4.0.

Preparation of Buffer Solutions. The 0.2 and 0.02 M
HEPES buffer solutions were prepared by dissolving 2.3820
and 0.2382 g, respectively, accurately determined, in 50 mL
of Hipersolv HPLC grade water. Buffer pH was adjusted to
7.4 using 1 and 0.1 M NaOH, respectively. MES buffer
solutions, 0.2 and 0.02 M, were prepared via the same method
by adjustment to pH 5.6. NaOH solutions (0.4 M) were utilized
for MES pH adjustment. The mass of MES used was 2.1320
and 0.2132 g, producing end buffer solutions of 0.2 and 0.02
M, respectively, when dissolved in 50 mL of Hipersolv HPLC
grade water.

Preparation of NaOH Solutions for pH Adjustment.
Sodium hydroxide solutions were used to adjust the pH of the
designated HEPES and MES buffer solutions. The 1 and 0.1
M stock solutions were prepared by dissolving 4.000 and
0.4000 g, respectively, of AnalaR NaOH pellets, accurately
determined, in 100 mL of Hipersolv HPLC grade water.
Similarly, 0.4 M solutions were prepared by dissolving 1.6 g
of NaOH pellets in 100 mL of HPLC grade Hipersolv water.

Preparation of Hemin Stock Solutions. Hemin stock
solutions were prepared regularly by dissolving 7—8 mg of
hemin chloride (MW = 652.0), accurately determined, in 10
mL of AR grade DMSO, producing a resultant concentration
of 1.2 mM. To prevent degradation and precipitation, all hemin
stock solutions were stored in the dark away form UV light at
4 °C.

Preparation of Aqueous Hematin DMSO (40%) Solu-
tions (Apparent pH 7.5). During this investigation, drug—
heme interactions and respective molecular binding ratios
were cross-validated using chloroquine using the aqueous
DMSO assay outlined by Egan et al.?®® in which quinoline—
receptor is determined to involve hematin in the monomeric
form. A clean room environment was used to run the assay to
prevent undesired aggregation of hematin. Aqueous DMSO
(40%) solutions of hematin were prepared daily to prevent
precipitation and aggregation of the porphyrin. Solutions were
prepared by dissolving 0.5 mL of hemin stock solution in 5
mL of 0.2 M HEPES buffer and 20 mL AR grade DMSO and
made up to 50 mL with pure HPLC grade water. Thus, the
concentration of hematin in the resultant solutions was
approximately 12 uM, accurately determined for each batch.
Prior to aqueous hemin preparation, stock hemin solutions
were heated in a water bath at 37 °C to ensure that the
uniform solubility was maintained. The resultant 40% DMSO
solutions maintain hematin in the monomeric state at the
concentrations used,?®*d allowing accurate and valid conclu-
sions to be drawn from the data. Prepared daily, the solutions
were stored in the dark at 4 °C because the compounds are
photosensitive.

Preparation of Diluent Solutions. Diluent solutions were
required to produce the desired concentration range for each
4-aminoquinoline. For UV analysis, blank titrations were
attained using solutions constant to both heme and quinoline
reagents. Diluent solutions were prepared by dissolving 10 mL
of 0.02 M HEPES and 40 mL of spectroscopic grade DMSO
(for monomeric hematin) and made up to a final volume of
100 mL with ultrapure, HPLC grade Hipersolv water.

Standard UV Spectrophotometric Assessment. Solu-
tions of heme were titrated against quinoline solutions to
indicate binding, if any, to heme in the aqueous hemin
solution. Quartz cuvettes were initially washed with ethanol;
subsequent washes with distilled water were performed after
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each titration. Dilution factor corrections were not required
because individually titrated solutions were used for each
measurement.

UV Spectrophotometric Analysis (Apparent pH 7.4)
Using the Multiskan Ascent Microplate Reader. The
Multiskan Ascent microplate reader was programmed in
accordance with the Ascent manual to initiate the following
assay step sequence: shake (10 s), shake (10 s), pause (10 s),
measure (approximately 8 s are required to scan the 96
microplate wells), display results, save to disk, export to and
ascent software files, and analyze with the Origin mathemati-
cal package.

Preparation of Chloroquine Solutions. Chloroquine
solutions, at an apparent pH of 7.5, were prepared by dissolv-
ing 0.25795 g (MW = 257.95) of the diphosphate salt,
accurately measured, in 5 mL of 0.02 M HEPES buffer solution
and 20 mL of aqueous AR grade DMSO and made up to 50
mL with HPLC grade Hipersolv water to produce a final
chloroquine concentration of 0.01 M. Once prepared, the stock
solution was stirred using a hot plate and magnetic stirrer at
an incubation temperature of approximately 43°C for 2 h. For
the purpose of UV spectroscopic assessment, chloroquine
concentrations were prepared by 1 in 10 serial dilution of 5
mL of chloroquine stock solution with 20 mL of AR grade
DMSO and 5 mL of 0.02M HEPES buffer solution and made
up to 50 mL with HPLC grade water. This gave final solutions
0f 0.001, 0.0001, and 0.000 01 M. Once prepared, all solutions
were kept in the dark because chloroquine is particularly prone
to photodegradation (see UV-Induced Heme Degradation).

Assay of Quinoline—Heme Interactions. Drug and di-
luent solutions were added to the photometric microplate as
described above. The plates were then covered in a plastic plate
sealer film to prevent evaporation and shaken via the plate
reader for 10 s to aid mixing of the solutions. Plates were then
incubated at the desired temperature (at 28, 37, or 42 °C) for
30 min. Heme solutions were also incubated at the same
temperature for the same period of time in the incubation
chamber. After incubation, heme was added to the 96-well
plate using the Fisherbrand multichannel variable pipet. The
microtiter plates were then read via the Multiskan Ascent
photometric microplate, and the absorbance data were re-
corded for analysis.

Assay of Chloroquine—Heme Interactions. Chloroquine
solutions were added to the photometric 96-well flat-bottom
microplate via a Fisherbrand multichannel variable pipet.
Each well had 100 uL of 12 uM heme added with the exception
of two reference columns in each row. Here, 100 4L of heme
was replaced with 100 uL of diluent allowing subtraction of
any quinoline absorbance at each corresponding dilution. The
first row acts as a blank having diluent present only, where
as row 2 quantifies the absorption of heme without chloro-
quine.

Preparation of Metaquine Solutions. Metaquine (dihy-
drochloride salt MW = 504.24; free base = 431.32 Da)
solutions, at an apparent pH of 7.5, were prepared by dissolv-
ing 5.0424 g of the dihydrochloride salt, accurately determined,
in 5 mL of 0.02 M HEPES buffer solution and 20 mL of
aqueous AR grade DMSO and made up to 50 mL with pure
water prepared by reverse osmosis to produce a final metaquine
concentration of approximately 0.0001 M, accurately deter-
mined for each stock solution. In cases where the free base
was used the method was as above, but used 4.31 mg of the
solid. However, the solubility of metaquine free base was poor
(at room temperature), and this necessitated the use of the
more soluble dihydrochloride salt of metaquine. Once prepared,
the stock solution was stirred using a hot plate and magnetic
stirrer at an incubation temperature of approximately 43°C
for 6 h. It was necessary to sonicate the stock solution after
incubation to ensure complete solubalization. For the purpose
of UV spectroscopic measurements, metaquine concentrations
were prepared by 1 in 10 serial dilution of 5 mL of metaquine
stock solution with 20 mL of AR grade DMSO and 5 mL of
0.02M HEPES buffer solution and made up to 50 mL with
HPLC grade water. This gave final solution concentrations of
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1 x 1075, 1 x 1075 and 1 x 1077 M. Once prepared, all
solutions were kept in the dark to prevent photodegradation
(see UV-Induced Heme Degradation).

Assay of Metaquine—Heme Interactions. Metaquine
solutions were added to the photometric 96-well flat-bottom
microplate via a multichannel variable autopipet. Each well
has 100 uL of 12 uM heme added with the exception of two
reference columns selected in each row. Here, 100 uL of heme
was replaced with 100 uL of diluent, allowing subtraction of
metaquine absorbance at each corresponding dilution. The first
row acts as a blank having diluent present only. The second
row indicates the absorption of heme without metaquine.
Absorbance was measured at 405 nm.

Sonication of Solutions. Sonication (Hilsonic ultrasonic
sonicator) was employed to aid dissolution of metaquine stock
solutions and to disrupt observed aggregates of heme. Solu-
tions were clamped in the water bath 3 cm above the ultrasonic
node for a period of 30 min. A small quantity of SDS was added
to the water bath to improve the sonication efficiency.

UV-Induced Heme Degradation. Heme photosensitivity
was investigated using a Camag UV lamp (catalog no. 0229230).
The 12 uM heme solutions were exposed to the lamp at 366
nm for 100 min with a constant distance of 36 mm maintained
between the plate surface and the UV lamp (254 nm irradia-
tion). During photodegradation experiments, microtiter plates
were sealed with an acetate film to prevent solvent evapora-
tion. The film was removed before each UV assessment and
subsequently replaced after analysis. All measurements were
performed in the Ascent Multiskan plate reader using eight
samples for reproducibility.

Time-Dependent Decomposition of Heme. The absorb-
ance of 100 uL of 12 uM heme solutions, diluted with 100 L
of diluent for a final heme concentration of 6 uM, was assessed
at hourly intervals for a period of 10 h to determine the effect
of time on heme absorbance. The plate was sealed between
each UV reading to prevent evaporation of solution from the
microtiter wells. Results indicate that solutions should be used
within 24 h and stored in the dark until required for use.

Time-Dependent Absorbance of Heme and Quinolines
in 96-Well Microtiter Plates. The assay procedure was
performed in accordance with the assay procedure for chloro-
quine. After UV irradiation analysis, the plate was sealed to
prevent evaporation and reanalyzed at 10 min intervals to a
period of 1 h with the initial reading being # = 0. Results
indicated that solutions should be freshly prepared and
measured within 30 min to maximize accuracy.

Data Analysis and Mathematical Assessment. All ab-
sorbance data were attained as an average of triplicate results,
allowing identification of accuracy, reproducibility, and re-
moval of any extensive outliers in the data (principally caused
by dust particles falling into a well). Various methods were
utilized for analysis of UV data and fitting to binding algo-
rithms indicating various stoichiometries between heme and
the quinoline.?8»d Excel spreadsheets were utilized for stan-
dard optimization of the model. Excel Solver for Microsoft
Windows was also utilized for assessing 1:1 binding. For
standard nonlinear least-squares analysis, Origin and SPSS
statistical packages were used. A computational program was
devised, written in Fortran code to model and assess the fit
for specific binding algorithms utilizing a Nutcracker method.

Assay of Antimalarial Activity. (a) In Vivo. P. berghei
N/13 or NY (2 x 107 parasitized erythrocytes) was inoculated
intravenously (iv) in MF1 mice supplied by the Biological
Services Unit, The University of Manchester, U.K. Mice were
housed in groups in plastic cages (length 38 cm x width 22
cm x height 11 cm) at room temperature (19—22 °C) on a 12
h light (08:00 to 20:00) and 12 h dark (20:00 to 08:00) cycle
with unlimited access to food (CRM feeding pellets, SDS) and
water. Experiments were licensed under the Animals (Scien-
tific Procedures) Act 1986. In compliance with the conditions
of the license, infected mice were humanely killed when
humane endpoints were reached. Parasitemia was measured
by counting Leishman-positive cells 72 h following infection
using tail blood smears stained with Leishman’s reagent
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(Sigma Chemical Co.), 2 mg/mL of methanol. Parasitemia was
calculated as the mean percentage + SEM of erythrocytes
containing Leishman-positive bodies for groups of four to eight
mice for each dose tested. Drugs were delivered by the
subcutaneous (sc, five injections over 72 h), intraperitoneal (ip,
five injections over 72 h), or oral (drinking water, continuously
available) route using delivery vehicles based on either olive
oil or water as described in Results and Discussion. An
appropriate number of dose levels (two through eight) were
investigated for each compound to determine the dose of drug
(IDso) required to inhibit parasitemia by 50% compared with
parasitemia in concurrent vehicle-treated mice.?

(b) In Vitro. Synchronized P. falciparum strain K1 para-
sites in mostly ring stage with a parasitemia of 1.0% were
cultured in RPMI 1640 medium supplemented with 25 mM
HEPES buffer, pH 7.4, 32 mM NaHCO; and the drug at
various concentrations (stock drug solution was dissolved in
100% DMSO, and the final concentration of DMSO in parasite
culture never exceeded 0.01%) for 24 h at 37 °C under 17%
02, 3% COs, and 80% Ns, followed by a further incubation of
18—24 h in the presence of [*H]hypoxanthine. Parasites were
then harvested onto glass filter disks, and radioactivity
incorporated into nucleic acids was measured using a liquid
scintillation counter.*

Hemin—Drug Binding Experiments in Aqueous DMSO.
Solutions of hemin and of various antimalarials ((0—5) x 1075
M) at an apparent pH of 7.4 (HEPES buffer) were mixed in
the wells of a 96-well microtiter plate (Cliniplate, Dynex
Labsystems, Basingstoke, U.K.) and incubated at room tem-
perature for 30 min before the absorbance of the solution was
measured using a microtiter plate reader (Multiskan Ascent,
Dynex Labsystems). The instrument was fitted with a 405 nm
filter, and plates were automatically shaken for 10 s before
the absorbances of the individual wells were rapidly deter-
mined. The plate reader was computer-controlled using Dynex
Labsystems’ Ascent software.

MS Investigation of Hemin-Binding Studies. The bind-
ing of chloroquine and of metaquine with hemin was studied
using positive-ion electrospray mass spectroscopy (PI-ESMS)
in LockSpray mode. An approximately 15 x 107% M solution
of hemin was prepared in methanol, and this was infused at
a rate of 10 L min~! into the mass spectrometer (LCT-TOF
MS, Micromass Limited, Manchester, U.K.). The spectrometer
was operated using factory-standard settings modified as
follows: extraction cone = 1 V; sample cone = 30 V, RF lens
= 400 V; ionization potential 3000 V; pusher time = 60 ms;
desolvation temperature = 150 °C; source temperature =
100°C.17&24 Subsequently, a 1:1 adduct was prepared by
constant mechanical agitation of hemin chloride and metaquine
dihydrochloride using a mortar and pestle for 30 min. This
adduct was dissolved in methanol and analyzed by HRMS
electrospray as described above.
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