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Abstract: Ferroquine (FQ) is a 4-aminoquinoline antimalarial which contains a quinoline nucleus similar to
chloroquine, but a novel ferrocenic group in its side chain. Previous work has demonstrated that this compound
has excellent activity against malaria parasites, both in vitro and in vivo, with especially good activity against
chloroquine-resistant parasites, but details of its mechanism of action have not previously been reported. In this
study, we have investigated the physicochemical properties of FQ for comparison with chloroquine (CQ). Like
CQ, FQ forms complexes with hematin in solution (log K ) 4.95 ( 0.05). FQ is an even stronger inhibitor of
â-hematin formation than CQ (IC50 ) 0.78 equiv relative to hematin for FQ vs 1.9 for CQ). These data suggest
that the mechanism of action of FQ is likely to be similar to that of CQ and probably involves hematin as the drug
target and inhibition of hemozoin formation. However, both the basicity and lipophilicity of FQ are significantly
different from those of CQ. The lipophilicity of FQ and CQ are similar when protonated at the putative food vacuole
pH of 5.2 (log D ) -0.77 and -1.2 respectively), but differ markedly at pH 7.4 (log D ) 2.95 and 0.85 respectively).
In addition, the pKa values of FQ are lower (pKa1 ) 8.19 and pKa2 ) 6.99) than those of CQ (10.03 and 7.94,
respectively). This suggests that there will be somewhat less vacuolar accumulation of FQ compared with CQ.
Single crystal structure determination of FQ shows the presence of a strong internal hydrogen bond between the
4-amino group and the terminal N atom. This, together with the electron donating properties of the ferrocene
moiety, probably explains the decreased pKa. Interestingly, the decreased accumulation arising from the less
basic behavior of this compound is partly compensated for by its stronger â-hematin inhibition. Increased lipophilicity,
differences in geometric and electronic structure, and changes in the N-N distances in FQ compared to CQ
probably explain its activity against CQ-resistant parasites.
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Introduction
Malaria remains one of the main causes of morbidity and

mortality in the world. The burden of malaria has not
declined in the tropics, partly because parasites have be-

come resistant to available drugs.1 The inexpensive mainstay
of malaria control, chloroquine (CQ), is now ineffective in
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the majority of areas, and resistance to antifolates has
emerged rapidly after large scale deployment. In some areas,
there are pockets of multidrug resistance. There is great
expectation from artemisinin-type compounds,2 and the
current WHO recommendation is to use them combined with
other drugs which will provide mutual protection against
the development of resistance. There is however at present
a shortage of novel drugs that do not share the same
mechanisms of resistance with those that are failing today.
The quinoline type compounds continue to attract interest
because their mechanisms of action and resistance are
independent.

CQ is believed to interfere with the disposal of heme, the
toxic byproduct of the digestion of host hemoglobin, which
takes place in thePlasmodiumdigestive vacuole. One of the
detoxification pathways involves sequestration of free heme
into hemozoin. Indeed, at least 95% of the iron released
during hemoglobin digestion has been shown to be in the
form of hemozoin.3

Structural and spectroscopic analysis has revealed that
hemozoin has the same structure asâ-hematin.4 The mol-
ecules of ferriprotoporphyrin IX (FPPIX) are linked into
dimers through reciprocal iron-carboxylate bonds to one of
the propionic side chains of each porphyrin, and these dimers
form chains linked by hydrogen bonds. The mechanism of
hemozoin formation is still a matter of debate. Chloroquine
(CQ) is thought to exert its antimalarial effect by preventing
the conversion of toxic heme to hemozoin, which finally
leads to membrane damage and parasite death.5-8 The
mechanism of this blockade is still unknown, but CQ can
bind heme, hence preventing it from being incorporated into
the hemozoin crystal.8 Equally unclear are the mechanisms
whereby this event leads to parasite damage and death.9

We have previously described how ferroquine (FQ), a
ferrocenic analogue of chloroquine, was identified in a
collaborative drug discovery project.10-12 Here, by analogy
with CQ, we report the interaction of ferroquine with hematin
in order to gain information about the mechanism of action
of this drug. Additional questions, such as FPPIX/ferroquine
complex formation, the role of pH gradient in drug ac-
cumulation and resistance, and the relationship of physico-
chemical properties and structure to the antimalarial activity,
are discussed.

Materials and Methods
Partition Coefficients: log D (pH 7.4 or pH 5.2). The

relative logD (pH 7.4 or 5.2) in this study was assessed by
the micro-HPLC method.13 These determinations were
performed with a chromatographic apparatus (Spectra Series,
San Jose) equipped with a model P100 pump, a model UV
150 ultraviolet detector (λ ) 330 nm), and a ChromJet data
module integrator (ThermoFinnigan, San Jose). A reversed-
phase column was used: a Waters XTerra MS C18 (3.9 ×
150 mm; 5µm particle size) with a mobile phase consisting
of acetonitrile-phosphate buffer (pH) 7) (60:40, v/v (FQ),
and 20:80, v/v (CQ)). The compounds were partitioned
between 1-octanol (HPLC grade) and phosphate buffer (pH
) 5.2 or 7.4). Octanol was presaturated with buffer, and vice
versa. An amount of 1 mg of each compound was dissolved
in an adequate volume of methanol in order to achieve 1
mg/mL stock solutions. Then an appropriate aliquot of these
methanolic solutions was dissolved in buffer to obtain a final
concentration of 100µg/mL. Under the above-described
chromatographic conditions, 20µL of this aqueous phase
was injected into the chromatograph, leading to the deter-
mination of a peak area before partitioning (W0).

In screw-capped tubes, 500µL of the aqueous phase (Vaq)
was then added to 100µL of n-octanol (Voct) when working
at pH ) 5.2; Vaq ) 2000 µL and Voct ) 10 µL for
determination at pH) 7.4. The mixture was shaken by
mechanical rotation for 30 min. Then the centrifugation was
carried out at 3000 rpm for 15 min. An amount of 20µL of

(2) Enserink, M. Infectious Diseases: Source of New Hope Against
Malaria is in Short SupplyScience2005, 307, 33.

(3) Egan, T. J.; Combrinck, J. M.; Egan, J.; Hearne, G. R.; Marques,
H. M.; Ntenteni, S.; Sewell, B. T.; Smith, P. J.; Taylor, D.; van
Schalkwyk, D. A.; Walden, J. C. Fate of haem iron in the malaria
parasite Plasmodium falciparum.Biochem. J.2002, 365, 343-
347.

(4) Pagola, S.; Stephens, P. W.; Bohle, D. S.; Kosar, A. D.; Madsen,
S. K. The structure of malaria pigmentâ-haematinNature2000,
404, 307-310.

(5) Ridley, R. G.; Dorn, A.; Vippagunta, S. R.; Vennerstrom, J. L.
Haematin (haem) polymerization and its inhibition by quinoline
antimalarials.Ann. Trop. Med. Parasitol.1997, 5, 559-566.

(6) Dorn, A.; Vippagunta, S. R.; Matile, H.; Budendorf, A.; Venner-
strom, J. L.; Ridley, R. G. An assessment of drug-haematin
binding as a mechanism for inhibition of haematin polymerisation
by quinoline antimalarials.Biochem. Pharmacol.1998, 55, 727-
736.

(7) Dorn, A.; Vippagunta, S. R.; Matile, H.; Budendorf, A.; Venner-
strom, J. L.; Ridley, R. G. A comparison and analysis of several
ways to promote haematin (haem) polymerisation and an assess-
ment of its initiation in vitro.Biochem. Pharmacol.1998, 55,
737-747.

(8) Dorn, A.; Stoffel, R.; Matile, H.; Bubendorf, A.; Ridley, R. G.
Malarial haemozoin/â-haematin supports haem polymerization in
the absence of protein.Nature1995, 374, 269-271.

(9) Monti, D.; Basilico, N.; Parapini, S.; Pasini, E.; Olliaro, P.;
Taramelli, D. Does chloroquine really act through oxidative stress?
FEBS Lett.2002, 522, 3-5.

(10) Biot, C.; Glorian, G.; Maciejewski, L. A.; Brocard, J. S.; Domarle,
O.; Blampain, G.; Millet, P.; Georges, A. J.; Abessolo, H.; Dive,
D.; Lebibi, J. Synthesis and Antimalarial Activity in Vitro and in
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1997, 40, 3715-3718.
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J.; Brocard, J.; Maciejewski, L.; Biot, C.; Georges, A. J.; Millet,
P. In vitro antimalarial activity of a new organometallic analog,
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540-544.
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the lower phase was injected into the chromatograph column.
This led to the determination of a peak area after partitioning
(W1). The logD was determined by the formula

X-ray Crystal Structure Determination of Neutral and
Diprotonated FQ. Suitable crystals were mounted on a
Bruker SMART CCD area-detector diffractometer with Mo
KR (λ ) 0.71073 Å). The structures were solved by using
SHELXS97 and refined by using SHELXL97.14 All non-
hydrogen atoms were anisotropically refined. Hydrogen
atoms were introduced in calculated positions in the last
refinements, and they were allocated one overall isotropic
thermal parameter. Major crystallographic data and collec-
tion details are summarized in Table 1. CCDC 262108 and
CCDC 262109 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Inhibition of â-Hematin Formation and Association of
Hematin with FQ. The association constant of FQ with
hematin was measured as described previously.15 Briefly, a
stock solution of the iron porphyrin was prepared by
dissolving 8.0 mg of hemin in DMSO. A working solution
was freshly prepared from this stock solution consisting of
40% v/v DMSO, 0.020 M HEPES pH 7.5, and 4.0µM iron

porphyrin. This was then titrated with a solution of 2.0 mM
FQ in 40% v/v DMSO, 0.020 M HEPES pH 7.5. Temper-
ature was maintained at 25°C using a water circulating bath,
and absorbance readings were recorded at 402 nm on a
Varian Cary 100 spectrophotometer. The reference cell
containing 40% v/v DMSO, 0.020 M HEPES pH 7.5 was
also titrated with FQ in order to blank out the absorbance of
the drug. Absorbance data were corrected for dilution and
then fitted to a 1:1 association model using nonlinear least-
squares fitting.

The ability of FQ to inhibit â-hematin formation was
determined as described previously.16 A solution of hematin
was prepared by dissolving 15 mg of hemin in 3.0 mL of
0.1 M NaOH. To this solution was added 3 molar equiv of
solid FQ, and then the NaOH was neutralized with 0.30 mL
of 1.0 M HCl. After 10 min of preincubation at 60°C, 1.74
mL of 12.9 M sodium acetate/acetic acid, pH 5 was added
to give a final solution pH of 4.5. Addition of acetate causes
immediate precipitation of hematin. This slurry was heated
with stirring for 60 min, after which it was cooled on ice
and then filtered using an 8µm cellulose nitrate filter disk
and washed with water. A control reaction was also
performed under identical conditions, but no FQ was added.
These solids were dried over P4O10 and silica gel. After 48
h, KBr disks were prepared using 2 mg of sample and 250
mg of dry KBr and infrared spectra were recorded.

Quantification of Inhibition of â-Hematin Formation.
The quantitative BHIA (â-hematin inhibitory activity) assay
is based on the different solubility of hemin andâ-hematin
in DMSO and NaOH solution, respectively.17 The method
determines a 50% inhibitory concentration forâ-hematin
inhibition in equivalents of compounds to hemin (BHIA50).
A total of 50µL of an 8 mM solution of hemin is dissolved
in DMSO and distributed in 96-well U-bottom microplates
(0.4 µmol/well); 50µL of different compounds in water, in
different doses ranging between 0.25 and 2 molar equiv
relative to hemin, are added to triplicate test wells. Control
wells receive 50µL of water. Water-insoluble compounds
are solubilized in 25µL of DMSO and then added to hemin
prepared at 16 mM and distributed into the wells in 25µL
aliquots. The final concentration of DMSO/well is kept
constant at 25%.â-Hematin formation is initiated by the
addition of 100µL of 8 M acetate buffer (pH 5) and the
assay developed after an overnight incubation, as detailed
previously.17,18

(14) Sheldrick, G. M.SHELXS97and SHELXL97; University of
Göttingen: Göttingen, Germany, 1997.

(15) Egan, T. J.; Mavuso, W. W.; Ross, D. C.; Marques, H. M.
Thermodynamic factors controlling the interaction of antimalarial
drugs with ferriprotoporphyrin IX.J. Inorg. Biochem. 1997, 68,
137-145.

(16) Egan, T. J.; Ross, D. C.; Adams, P. A. Quinoline anti-malarial
drugs inhibit spontaneous formation ofâ-haematin (malaria
pigment).FEBS Lett.1994, 352, 54-57.

(17) Parapini, S.; Basilico, N.; Pasini, E.; Egan, T. J.; Olliaro, P.;
Taramelli, D.; Monti, D. Standardization of the physico-chemical
parameters to assess in vitro theâ-Hematin Inhibitory Activity
(BHIA) of antimalarial drugs.Exp. Parasitol. 2000, 96, 249-
256.

Table 1. Crystallographic Data for Neutral and
Diprotonated Ferroquine

parameter FQ FQH2
2+

formula C23H24ClFeN3 C23H34Cl3FeN3O4

MW (g mol-1) 433.75 578.73
a [Å] 7.595(3) 6.9045(10)
b [Å] 12.825(6) 24.690(4)
c [Å] 20.487(9) 15.415(2)
R [deg] 90.00 90.00
â [deg] 92.567(9) 95.585(3)
γ [deg] 90.00 90.00
V [Å3] 1993.7(15) 2615.4(7)
Z 4 4
crystal system monoclinic monoclinic
space group P21/n P21/n
µ (cm-1) 0.904 0.917
F (g cm-3) 1.445 1.470
F(000) 904 1208
θ limits [deg] 1.87-31.42 2.66-28.90
T (K) 100 100
no. of data collected 5838 6074
R ) ∑||Fo| - |Fc||/∑|Fo| 0.0480 0.0552
Rw 0.1142 0.1225
goodness of fit 1.085 0.989
∆Fmin [e Å-3] -0.437 -0.441
∆Fmax [e Å-3] 1.266 0.655

log D ) log
(W0 - W1)Vaq

W1Voct

Mechanism of Action of Ferroquine articles

VOL. 2, NO. 3 MOLECULAR PHARMACEUTICS 187



Molecular Modeling. All energy calculations were carried
out using the Gaussian 03 suite of programs.19 In a first step
the DFT B3LYP parameter hybrid method (which corre-
sponds to Becke’s three-parameter hybrid exchange20 and
to Lee, Yang, and Parr’s correlation functionals21) was
employed to optimize the crystallographic structures of FQ
and CQ at the pseudopotential LANL2DZ and polarized
split-valence 6-31G(d,p) basis set level, respectively. Mo-
lecular electrostatic potential (MEP) surfaces were drawn
using the CUBEGEN utility. The molecular electrostatic
potential maps (MEPs) isoenergy contours were generated
in the range of+60 to +220 kcal/mol and superimposed
onto the total electron density surface (0.005 e/au3). As
the B3LYP/LANL2DZ calculations suggests that ferrocene
has a singlet ground state, this reference state was also
considered in the calculations performed on ferroquine. The
visualization of all calculation results was performed with
Gaussview.

Results and Discussion
Recent studies on 4-aminoquinoline analogues of CQ22,23

have suggested a plausible structure-activity relationship
(SAR) for this class of compound. The 4-aminoquinoline
nucleus appears to be essential for strong complex formation
with Fe(III)PPIX, while the 7-chloro group is required for
inhibition of â-hematin formation. The tertiary amino group
in the side chain and the quinoline N, both of which are
basic, appear to be important for drug accumulation in the
acidic parasite food vacuole through pH trapping resulting
from their basicity. Thus, physicochemical properties, includ-

ing association with Fe(III)PPIX, strength of inhibition of
â-hematin formation, pKa, and possibly also lipophilicity,
may be related to biological activity in this class of com-
pound. In order to investigate the mode of action of FQ, we
determined some of these physicochemical properties.

Association of FQ with Hematin and Inhibition of
â-Hematin Formation. The interaction of ferroquine with
monomeric hematin was performed in 40% aqueous DMSO
(pH 7.5) at 25 °C. Previous studies24 have shown that
association constants between hematin and quinoline anti-
malarials (like CQ, quinine, or mefloquine) in this solvent
system closely mirror those in acidic aqueous solution as
reported by titration calorimetry.6 So, the association constant
determined for FQ is likely to be a reasonable estimate of
that in acidic aqueous solution and hence under physiological
conditions.

The Soret band of hematin at 402 nm was monitored as a
function of ferroquine concentration, after corrections for
dilution and the absorbance of FQ at this wavelength (Figure
1). Fitting of the data to a 1:1 association model yielded the
association constant, logK ) 4.95 ( 0.05. This value is
lower than that previously reported for CQ, logK ) 5.52(
0.05, but still in the same range.22 Association between
monomeric hematin and a 4-aminoquinoline decreases as
water is replaced by organic solvents.25 Considering that the
system is buffered and that there is still a significant aqueous
component, FQ probably remains largely protonated, as it

(18) Basilico, N.; Pagani, E.; Monti, D.; Olliaro, P.; Taramelli, D. A
microtiter based method to measure haem polymerisation inhibi-
tory activity (HPIA) of antimalarial drugs.J. Antimicrob. Chemo-
ther. 1998, 42, 55-60.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven,
T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.;
Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.;
Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Moro-
kuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrze-
wski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski,
J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03, Revision B.05; Gaussian, Inc.: Wallingford, CT,
2004.

(20) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange.J. Chem. Phys.1993, 98, 5648-5652.

(21) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density.
Phys. ReV. B 1988, 37, 785-789.

(22) Egan, T. J.; Hunter, R.; Kaschula, C. H.; Marques, H. M.; Misplon,
A.; Walden, J. Structure-function relationships in aminoquino-
lines: effect of amino and chloro groups on quinoline-hematin
complex formation, inhibition ofâ-hematin formation, and anti-
plasmodial activity.J. Med. Chem. 2000, 43, 283-291.

(23) Kaschula, C. H.; Egan, T. J.; Hunter, R.; Basilico, N.; Parapini,
S.; Taramelli, D.; Pasini, E.; Monti, D. Structure-Activity
Relationships in 4-Aminoquinoline Antiplasmodials. The Role of
the Group at the 7-Position.J. Med. Chem.2002, 45, 3531-3539.

(24) Egan, T. J.; Marques, H. M. The role of haem in the activity of
chloroquine and related antimalarial drugs.Coord. Chem. ReV.
1999, 190-192, 493-517.

(25) Egan, T. J.; Ncokazi, K. Effects of solvent composition and ionic
strength on the interaction of quinoline antimalarials with fer-
riprotoporphyrin IX.J. Inorg. Biochem.2004, 98, 144-152.

Figure 1. Variation in absorbance of Fe(III)PPIX at 402 nm
as a function of ferroquine concentration.
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would be at the food vacuole pH. Furthermore, it is
noteworthy that the association of both drugs with hematin
is insensitive to ionic strength. So, these results, when
interpreted in the light of the results of previous studies on
CQ,25 suggest that hydrophobic effects probably drive
4-aminoquinoline/hematin interaction, while electrostatic
interactions (possibly including cation-π interactions) may
govern the specificity and geometry of the interaction. This
bears similarities with protein-protein interaction, which is
a dynamic process.

When hematin was subjected to conditions used in the
preparation ofâ-hematin,16 â-hematin formation was inhib-
ited by FQ. This is demonstrated by the infrared spectrum
in which the peaks at 1662 and 1209 cm-1 characterizing
â-hematin are absent (Figure 2a). This clearly shows that
ferroquine is a strong inhibitor ofâ-hematin formation.

The inhibition ofâ-hematin formation by diprotonated FQ
was also quantitated and related to that of chloroquine using
the BHIA assay.17 As shown in Figure 2b, a dose-dependent
inhibition of â-hematin formation was seen. Whereas the
maximal inhibition (100%) ofâ-hematin formation was not
reached for FQ, its BHIA50 (that is, the hematin:drug molar
ratio inhibiting â-hematin formation by 50%) was 0.78,
whereas the BHIA50 of chloroquine in the same set of
experiments was 1.9. This confirms that FQ is a strong
inhibitor of â-hematin formation, and more potent than CQ
as measured in terms of IC50 in the BHIA assay. This increase
in â-hematin inhibitory activity will be expected to partly

compensate for decreased vacuolar accumulation arising from
the weaker basicity of FQ (see below).

Molecular Modeling. The molecular electrostatic potential
(MEP) surfaces have been computed for diprotonated FQ
and CQ. Optimized geometries of charged FQ and CQ were
generated in a vacuum at the DFT-B3LYP level using the
polarized split-valence 6-31G(d,p) basis set for CQ and using
the pseudopotential basis set LANL2DZ for FQ. DFT takes
into account the concept of electronic correlation in the
calculations and tends to favor a homogenized electronic
structure with delocalizedπ electrons. The MEP map of the
charged ferroquine (Figure 3) exhibits a profile with values
of potential ranging from+60 kcal/mol (orange) to+220
kcal/mol (blue). The less positive potential is located on the
position occupied by the chlorine atom and the cyclopenta-
dienyl rings. The area around the three nitrogen atoms
presents the most positive electrostatic potential. Note that
FQ and CQ MEPs show a considerable similarity in the
quinoline area and are complementary to the previously
described receptor whose calculated potential is extremely
flat.26-28 Hematin binding andâ-hematin inhibition in CQ
analogues appear to be largely independent of the side chain.
In light of these theoretical aspects, we suggest a similar
mode of interaction between these active drugs (FQ or CQ)
and hematin. They are likely to form parallel stacked
complexes in aqueous solution. Indeed, the positively charged
quinoline moiety could favorably approach the partially
negative central zone of the porphyrin ring giving a favorable
London dispersion interaction. The geometry of the interac-
tion is likely to be influenced by the electrostatic component
associated with the quadrupole moment of hematin and/or
by HOMO-LUMO charge-transfer interaction. Finally, as
previously noted for the benzene dimer,29,30 the binding
interaction in water is probably complicated by additional
hydrophobic effects, in agreement with the experimental
investigations described above. Further experiments (e.g.,
relaxation experiments using NMR spectroscopy) will be
now needed to elucidate the structural and energetic param-
eters of FQ/FPPIX noncovalent association and to compare
them to those for CQ.31

(26) Portela, C.; Afonso, C. M.; Pinto, M. M.; Ramos, M. J. Receptor-
drug association studies in the inhibition of the hematin aggrega-
tion process of malaria.FEBS Lett.2003, 547, 217-222.

(27) Portela, C.; Afonso, C. M. M.; Pinto, M. M. M.; Ramos, M. J.
Computational studies of new potential antimalarial compounds-
stereoelectronic complementarity with the receptor.J. Comput.-
Aided Mol. Des.2003, 17, 583-595.

(28) Portela, C.; Afonso, C. M.; Pinto, M. M.; Ramos, M. J. Definition
of an electronic profile of compounds with inhibitory activity
against hematin aggregation in malaria parasite.Bioorg. Med.
Chem.2004, 12, 3313-3321.

(29) Davis, A. M.; Teague, S. J. Die Bedeutung der Balance von
Wasserstoffbru¨ckenbindungen und hydrophoben Wechselwirkun-
gen im Wirkstoff-Rezeptor-Komplex.Angew. Chem.1999, 111,
778-792.

(30) Davis, A. M.; Teague, S. J. Hydrogen Bonding, Hydrophobic
Interactions, and Failure of the Rigid Receptor Hypothesis.Angew.
Chem., Int. Ed. 1999, 38, 736-749.

Figure 2. (a) Infrared spectra of hematin in the presence of
ferroquine (3 equiv) after heating at 60 °C at pH 4.5 in 4.5 M
acetate solution. (b) Inhibition of â-hematin formation by
different molar equivalents of ferroquine compared to chlo-
roquine. The results refer to a representative experiment out
of two conducted in triplicate according to the protocol of the
BHIA assay described in ref 17.
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Structure of Neutral and Diprotonated Ferroquine.
Crystallization of neutral and diprotonated ferroquine from
AcOMe and MeOH/H2O produced yellow crystals which
were suitable for X-ray structural determination. Ferroquine
dichloride was crystallized in the dicationic form with
protonation on the quinoline ring nitrogen atom and on the
terminal amino group. Both neutral and diprotonated ferro-
quine crystallize in the monoclinic space groupP21/n.
Crystallographic data are collected in Table 1. The molecular
structures of both compounds are shown in Figure 4.

The solid state structure of neutral ferroquine is stabilized
by a strong intramolecular hydrogen bond between the
anilino N(11) and the tertiary amino N(24), giving a
N(24)‚‚‚(N11) distance of 2.95 Å. In the diprotonated form,
this distance becomes 4.07 Å due to electrostatic repulsion
between the charged H-N(24) and partially charged H-N(11)
hydrogen atoms. By comparison, this value for chloroquine

is 5.39 Å.32 The length of the side chain and the distance
between the two exocyclic nitrogen atoms may be factors
involved in resistance against 4-aminoquinolines byPlas-
modium falciparum; 4-aminoquinolines with shorter (two or
three carbon atoms) or longer side chains (10 or 12 carbon
atoms) than CQ are more active against CQ-resistantP.
falciparum.33,34 These authors propose that these molecules
have a N-N spacing which is less suited for binding with
the putative chloroquine transporter, and are therefore less
efficiently extruded from the food vacuole. Thus, this

(31) Leed, A.; DuBay, K.; Ursos, L. M.; Sears, D.; De Dios, A. C.;
Roepe, P. D. Solution structures of antimalarial drug-heme
complexes.Biochemistry2002, 41, 10245-10255.

(32) Karle, J. M.; Karle, I. L. Redetermination of the crystal and
molecular structure of the antimalarial chloroquine bis(dihydro-
genphosphate) dihydrate.Acta Crystallogr.1988, C44, 1605-
1608.

Figure 3. Molecular electrostatic potentials plotted onto the total electron density surface (0.005 e/au3) for (a) FQ and (b) CQ.
The orange color corresponds to a potential of +60 kcal/mol, and the blue color corresponds to a potential of +220 kcal/mol.
The molecules are oriented with the quinoline moiety in the plane of the page.

Figure 4. View of the molecular structure of (a) neutral and (b) diprotonated ferroquine with atomic numbering scheme. The
carbon atoms are colored in gray, the hydrogen atoms in white, the chloride atoms in green, the nitrogen atoms in blue, and the
iron atoms in orange. Hydrogen bonding is depicted by a yellow dashed line. The images were generated using Mercury.
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shortened distance in FQ may be a second important factor
(in addition to lipophilicity, see below) in its activity against
CQ-resistant parasites. The strong intramolecular hydrogen
bond is probably also an important factor in lowering the
pKa of the side-chain nitrogen atom.

The value of the torsion angle in the unprotonated form
along the N(11)-C(12) bond is 179.0° while it is decreased
to 82.9° in the charged FQ due to electrostatic repulsion
between both heteroatomic groups. As the side chain is
coplanar with the quinoline ring in the neutral FQ, the
distance between the diastereotopic protons of the C(12) and
the H(3) of the quinolic ring is quite similar: 2.38 and 2.48
Å (pro-R andpro-S, respectively). This distance is shifted
to 3.49 and 2.18 Å in the diprotonated form, as the side chain
is almost orthogonal to the quinoline plane. The ferrocene
has adopted an eclipsed conformation in both structures. The
iron distances to the two cyclopentadienyl rings differ slightly
(less than 0.1 Å) in the charged and uncharged FQs.
Interestingly, the packing diagram of the charged FQ shows
that the quinoline rings areπ-π stacked in a slipped
antiparallel configuration, with a phenyl-phenyl distance of
3.32 Å. This orientation is mainly influenced by the position
of the chlorine atom of one ferroquine almost above the
secondary amino group of the antiparallel ferroquine (Sup-
porting Information, Figure SI 1) to minimize the interactions
between both compounds (see the FQ MEP, Figure 3). This
interaction is absent in the neutral form. Moreover, a hydro-
gen-bonding network exists in this crystal between the pro-
tonated endocyclic nitrogen atom, four water molecules, and
four chloride anions (Supporting Information, Figure SI 1).

Lipophilicity and Basicity. In the absence of special
transport mechanisms, the accumulation of weak bases like
CQ and FQ in a particular organelle can be described in terms
of physicochemical behavior through the partitioning
theory.13,35 This involves the influence of pKa and lipophi-
licity of CQ and FQ.36 Indeed the lipophilic, diprotic CQ is
believed to cross membranes in its unprotonated form by
passive diffusion and then to accumulate after protonation
in the food vacuole of the parasite.37-39 Some studies indicate
that association with Fe(III)PPIX may play a major part in
CQ accumulation.40,41However, it has been pointed out that

accumulation through pH trapping probably remains critical
to drive this equilibrium process, even if it represents only
a small fraction of the overall accumulation.42 So, the pH
gradient between the food vacuole and the cytosol probably
plays an important role in CQ accumulation and could
likewise be important in FQ activity. Consequently, in order
to evaluate drug accumulation in the food vacuole, we
determined the apparent partition coefficient (logD) at
vacuolar and cytosolic pHs (5.2 and 7.4 respectively) of CQ
and FQ by HPLC. The in silico vacuolar accumulation ratios
(VAR) based on a weak-base model were then calculated.43

The log D values of CQ and FQ have been determined
by HPLC at pHs 5.2 and 7.4. The measuredD values show
a considerably larger lipophilicity at cytosolic pH for FQ
compared to CQ (more than 100-fold), whereas only a slight
difference in lipophilicity can be noticed at vacuolar pH
(about 3-fold). In terms of basicity, published pKas of the
two drugs indicate that FQ (pKa1 ) 8.19 and pKa2 ) 6.99)
is less basic than CQ (pKa1) 10.03 and pKa2) 7.94).44

Consequently, in the absence of special transport mecha-
nisms, FQ, as a weaker base, would be expected to
accumulate in the food vacuole less than CQ (VAR (FQ))
6402, VAR (CQ)) 19521, Table 2). The variation between
these two values reflects large differences in the protonation
of CQ and FQ.

One main structural difference between FQ and CQ
consists of the introduction of a ferrocenyl moiety into the
side chain. This ferrocenyl entity possesses lipophilic and
electron-donating properties.45 Consequently, the presence
of a ferrocenyl group in the FQ system produces a large

(33) De, D.; Krogstad, F. M.; Cogswell, F. B.; Krogstad, D. J.
Aminoquinolines that circumvent resistance inPlasmodium fal-
ciparum in vitro. Am. J. Trop. Med. Hyg.1996, 55, 579-583.

(34) De, D.; Krogstad, F. M.; Byers, L. D.; Krogstad, D. J. Structure-
activity relationships for antiplasmodial activity among 7-substi-
tuted 4-aminoquinolines.J. Med. Chem.1998, 41, 4918-4926.

(35) Gulyaeva, N.; Zaslavsy, A.; Lechner, P.; Chlenov, M.; Chait, A.;
Zaslavsky, B. Relative hydrophobicity and lipophilicity of
â-blockers and related compounds as measured by aqueous two-
phase partitioning, octanol-buffer partitioning, and HPLC.Eur.
J. Pharm. Sci.2002, 17, 81-93.

(36) Ursos, L. M. B.; Roepe, P. D. Chloroquine Resistance in the
Malaria Parasite, Plasmodium falciparum.Med. Res. ReV. 2002,
22, 465-491.

(37) Yayon, A.; Cabantchik, Z. I.; Ginsburg, H. Susceptibility of human
malaria parasites to chloroquine is pH dependent.Proc. Natl. Acad.
Sci. U.S.A.1985, 82, 2784-2788.

(38) Bray, P. G.; Howells, R. E.; Ritchie, G. Y.; Ward, S. A. Rapid
chloroquine efflux phenotype in both chloroquine-sensitive and
chloroquine-resistantPlasmodium falciparum. A correlation of
chloroquine sensitivity with energy-dependent drug accumulation.
Biochem. Pharmacol.1992, 44, 1317-1324.

(39) Hawley, S. R.; Bray, P. G.; Park, B. K.; Ward, S. A. Amodiaquine
accumulation inPlasmodium falciparumas a possible explanation
for its superior antimalarial activity over chloroquine.Mol.
Biochem. Parasitol.1996, 80, 15-25.

(40) Bray, P. G.; Mungthin, M.; Ridley, R. G.; Ward, S. A. Access to
hematin: the basis of chloroquine resistance.Mol. Pharmacol.
1998, 54, 170-179.

(41) Bray, P. G.; Janneh, O.; Raynes, K. J.; Mungthin, M.; Ginsburg,
H.; Ward, S. A. Cellular Uptake of Chloroquine Is Dependent on
Binding to Ferriprotoporphyrin IX and Is Independent of NHE
Activity in Plasmodium falciparum. J. Cell Biol.1999, 145, 363-
376.

(42) Egan, T. J. Structure-function relationships in chloroquine and
related 4-aminoquinoline antimalarials.Mini-ReV. Med. Chem.
2001, 1, 113-123.

(43) Hawley, S. R.; Bray, P. G.; O’Neill, P. M.; Pard, B. K.; Ward, S.
A. The role of drug accumulation in 4-aminoquinoline antimalarial
potency. The influence of structural substitution and physico-
chemical properties.Biochem. Pharmacol.1996, 52, 723-733.

(44) Delhaes, L.; Abessolo, H.; Biot, C.; Berry, L.; Delcourt, P.;
Maciejewski, L.; Brocard, J.; Camus, D.; Dive, D. In vitro and in
vivo antimalarial activity of ferrochloroquine, a ferrocenyl ana-
logue of chloroquine against chloroquine-resistant malaria para-
sites.Parasitol. Res.2001, 87, 239-244.
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increase in lipophilicity and a modification in basicity. Each
compound in its neutral form has similar lipophilicity: the
partition coefficients logP are 4.65 and 5.1 for CQ and FQ,
respectively.46 Changes affecting the pKas of CQ and FQ
lead to differences in protonation equilibria at both pH 5.2
and 7.4. These differences in equilibria are also reflected in
the measured lipophilicities. At vacuolar pH, FQ and CQ
are both hydrophilic with negative logD and seem to be
prevalently present in the diprotonated form. At cytosolic
pH, there are distinct differences between the protonation
equilibria of the two drugs and interestingly their lipophilicity
behaviors are also different. Within each compartment, the
different behaviors of CQ and FQ are thus mainly owing to
the influence of their pKas and the pH of that compartment.

Structure Activity Relationship. There is now clear
evidence that FQ shares with CQ some similarities in their
mechanism of action. On the other hand, there is also
evidence that the mechanism of resistance to FQ is different
from that of CQ.

It is interesting to consider whether FQ biological activity
can be related to that of CQ via the QSAR reported for short
chain analogues of CQ.23 Two factors should be borne in
mind in attempting such a comparison. First, the QSAR was
determined only for compounds with an ethyl side chain and
diethylamino terminus. Second, the strain of parasite was
different. Nevertheless, the relationship between the ac-
cumulation normalized IC50 and BHIA50 values, combined
with the predicted accumulation ratios described above, leads
to predicted IC50 values against CQ-sensitive parasites of
17 and 27 nM for CQ and FQ, respectively. Experimental
values observed with the HB3 strain are 25.8( 2.7 and 23.6
( 5.5 nM respectively (Table 2.). Thus, the predicted values
lie within 1 and 2 standard deviations of the experimental
values, respectively. Thus, with respect to inherent biological
activity FQ appears to be very similar to CQ.

The most striking differences arise from the facts that (i)
IC50 variations for field isolates were found unrelated to
mutations occurring inP. falciparumchloroquine resistance
transporter (PfCRT) protein (suspected to be the drug efflux
system) or its level of expression, and (ii) resistance of the
malarial parasite (W2 strain) to FQ could not be induced
under drug pressure.47 Clearly, the main structural difference
between FQ and CQ arises from their side chains, namely,
the ferrocene nucleus and the alkyl group.

In CQ-resistant strains, we can hypothesize that incorpora-
tion of the bulky lipophilic metallocenic moiety in the
skeleton of CQ does not allow the “masked” chloroquine-
like part of the molecule to interact with the transporter and
to be effluxed from the digestive vacuole. A significant
correlation between the hydrophobicity of a series of CQ-
like compounds and their antiplasmodial activity against
chloroquine-resistant parasites has been previously re-
ported.48,49Lipophilic compounds are thus believed to block
the PfCRT pore. Moreover, PfCRT mutations that result in
CQ resistance (including Lys76fThr (K76T)) also confer
verapamil (another lipophilic compound) reversibility.50,51So,
ferroquine may be considered to retain the antimalarial prop-
erties of chloroquine, while simultaneously blocking PfCRT
through its lipophilic properties like a resistance reversing
agent.

The result will be maintainance of the concentration of
toxic drug within the vacuole. Both differences in N-N
distances in FQ relative to CQ and increased lipophilicity
relative to CQ may account for increased activity against
CQ-resistant parasites. The proposed structure-activity
relationship in ferroquine is shown in Figure 5. A recent
study by Cheruku et al.52 on carbon isosteres of chloroquine
has suggested that the pyridine substructure of the 4-ami-
noquinoline nucleus is in fact the critical component for
hematin binding. The 4-amino-7-chloroquinoline has been
confirmed as critical forâ-hematin inhibition and hence
biological activity. This study also suggests that the side

(45) Hansch, C.; Leo, A.Substituent Constants for Correlation Analysis
in Chemistry and Biology; John Wiley and Sons: New York, 1979.

(46) Lullman, H.; Wehling, M. The binding of drugs to different polar
lipids in vitro. Biochem. Pharmacol. 1979, 28, 3409-3415.

(47) Daher, W.; Biot, C.; Fandeur, T.; Jouin, H.; Pelinski, L.;
Viscogliosi, E.; Fraisse, L.; Pradines, B.; Brocard, J.; Khalife, J.;
Dive, D. Assessment ofP. falciparumresistance to ferroquine
on field isolates from clinical sources and on W2 chloroquine
resistant strain. Submitted.

(48) Warhurst, D. C.; Craig, J. C.; Adagu, I. S.; Meyer, D. J.; Lee, S.
Y. The relationship of physico-chemical properties and structure
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Malar. J. 2003, 2, 26.

(49) Bray, P. G.; Hawley, S. R.; Mungthin, M.; Ward, S. A.
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the reversal of drug resistance in Plasmodium falciparum.Mol.
Pharmacol.1996, 50, 1559-1566.

(50) Fidock, D. A.; Nomura, T.; Talley, A. K.; Cooper, R. A.;
Dzekunov, S. M.; Ferdig, M. T.; Ursos, L. M.; Sidhu, A. B.;
Naude, B.; Deitsch, K. W.; Su, X. Z.; Wootton, J. C.; Roepe, P.
D.; Wellems, T. Mutations in the P. falciparum digestive vacuole
transmembrane protein PfCRT and evidence for their role in
chloroquine resistance.Mol. Cell 2000, 6, 861-871.

(51) Zhang, H.; Howard, E. M.; Roepe, P. D. Analysis of the
antimalarial drug resistance protein Pfcrt expressed in yeast.J.
Biol. Chem.2002, 277, 49767-49775.

Table 2. Experimental pKa, log P, log K, IC50, and log D at Two Different pHs Reflecting the Cytosolic and Vacuolar
Environments and in Vitro Antimalarial Activity against the CQ-Senstive Strain (HB3) and the CQ-Resistant Strain (Dd2)

log D 〈IC50/nM〉

compd pKa1 pKa2 log P pH 5.2 pH 7.4 VAR log K HB3 Dd2

CQ 10.03a 7.94a 4.63 -1.20 0.85 19521 5.52 ( 0.03b 26c 137c

FQ 8.19a 6.99a 5.1 -0.77 2.95 6402 4.95 ( 0.05 24c 27c

a From ref 44. b From ref 15. c From ref 53.
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chain plays little role in either hematin binding orâ-hematin
inhibition.

Conclusion
Ferroquine is a lipophilic weak base and should concen-

trate itself in the parasites’ food vacuole. Due to its
physicochemical properties, the detailed contributions of the
postulated mechanisms (protonation, active uptake, and/or
specific receptor) should be clearly different from those of
chloroquine.

As CQ is thought to exert its action by interfering with
heme metabolism, more precisely by binding to hematin
preventing its aggregation into hemozoin, the data obtained
here (association of FQ with hematin and inhibition of
â-hematin formation) have allowed the establishment of a
similar mechanism of action for ferroquine.

In comparison to CQ, the presence of the ferrocene moiety
with different (i) shape, (ii) volume, (iii) lipophilicity, (iv)
effects on basicity, and (v) electronic profile dramatically

modifies the pharmacological behavior of the parent drug.
Therefore, FQ appears to present reduced affinity for the
postulated transporter linked to CQ resistance, which seems
to be extremely structure specific. This may partially explain
the remarkable activity of FQ against CQ-resistant strains
or isolates.

Additional experiments will be needed to determinate the
exact form of FQ (neutral, monoprotonated, or diprotonated)
interacting with hematin and to probe the nature of the
interaction(s) in the drug-heme complex (π-π stacking,
cation-π, or other).
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Figure 5. Proposed structure-activity relationships for ferroquine.

Mechanism of Action of Ferroquine articles

VOL. 2, NO. 3 MOLECULAR PHARMACEUTICS 193


