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A Chloroquine-like Molecule Designed to Reverse Resistance ilasmodium falciparum
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A class of hybrid molecules which we term ‘reversed chloroquines’ (RCQs) was designed, and a prototype
molecule N'-(7-chloroquinolin-4-yl)N-[3-(10,11-dihydrodibenzfflazepin-5-yl)propyl]N-methylpropane-
1,3-diamine {), was synthesized and tested against both chloroquine-sensitive and chloroquine-resistant
strains ofPlasmodium falciparumAn in vitro assay against the two strains indicated thatas effective

at low-nM concentrations against both strains. A preliminary study in mice demonstrated oral efficacy against
P. chabaudiand the absence of obvious toxicity. The RCQ approach therefore appears to be feasible.

Introduction Scheme 1

In terms of human suffering, malaria is clearly the most 4 ISy e O
important parasitic disease. Furthermore, the worldwide burden HNJ\/\/N\/ N
of malaria is increasing, in part due to the unfortunate spread P m N
of resistance to most, if not all, of the drugs that were once < ) c N 1 Q
effective and safé2 Among these drugs, chloroquine (GQ) c N~ Chloroquine (CQ)
had been the prime therapy for nearly half a century. CQ was R
safe, effective, widely available, and remarkably inexpensive
and could be administered to pregnant women and infants, but \
P. falciparum the cause of the most deadly variety of malaria, ] Generalized RCQ
is now CQ-resistant (C®) in nearly all malarious regions of cl N
the globe. The continuing spread of €@nd resistance to ] )
alternative drugs has helped fuel a strong increase in incidencePV- Such a construct would deliver the RA in a one-to-one
and consequence of malaria worldwfdéhas become generally ~ ratio with the quinoline moiety, thereby lowering the dose of
accepted that in order to delay the emergence of resistance tdequired when the two molecules are given separately. This
new antimalarial agents, combination therapy is the way would be predicted to be the case since both low DV pH and
forward2 4 In the search for new candidates, it seemed to us binding of CQ to heme and/or hemozoin in the DV would favor
that the advantages of CQ are simply too strong to abandon;0bligatory accumulation of both components in the BVin
we thus set out to use its haloguinoline core, but linked to an @ddition to promoting drug accumulation in the DV, we
entity that would overcome CQ speculate that the RA component would interfere with export

CQ resistance iR. falciparummalaria has been found to be from the DV of the CQ moiety by the mu_tated @@fCRT'
strongly associated with mutations in a parasite digestive vacuoIeTog_ether’ these effects could allow a curative dose aga|n§t_CQ
(DV) membrane protein, termed PfCRTE Excessive export strains to be .much lower thar_l Fhat of its components given
of CQ from its site of action in the DV is thought to result separgtely, with resultant d|m|'n|s.hed cost gnd toxicity. our
from these mutations. Many structurally diverse molecules, objective thus became one of linking a CQ-I_|ke moiety to that
termed reversal agents (RA), have been identified that are known‘Of a RA (Scheme 1)_' V\{e term such a combination mo_Iec_:uIe a
to inhibit P. falciparum chloroquine resistance transporter Reversed Chloroqw_ne (RCQ; Schemes 1 and 2). This is our
(PfCRT)-associated CQ export from the DV in Barasites. 12 first report on RCQs, in which we demonstrate that the approach

Others have deduced a pharmacophore for this RA acfivity. S Valid:
This pharmacophore may be described as a pair of aromatic
rings, often with an aliphatic nitrogen atom a few angstroms
removed from the aromatic rings. Such molecules include We synthesizedl according to Scheme 2. The parent
the C&t-channel blocker verapamil and the antidepressant imipramine is among the better-studied PfCRT reversal agents
imipramine, among many others. We hypothesized that linking known316-18 The mode of action for CQ is not certain, but
a CQ-like moiety to a RA might yield a highly effective drug has widely been suggested as involving interaction with heme,
against malaria. The approach of linking two separately active & byproduct of hemoglobin digestion by tHelasmodium
drugs is rare, but does have positive preceédeggt to our parasite. We therefore evaluated the binding of heme by both
knowledge this is the first attempt to block CQ export from the CQ and1l using UV-vis spectroscopy (Figure 1). A binding
stoichiometry of one drug molecule to one hergeoxo dimer)
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chloroquine-sensitive; DV, digestive vacuole; PFCRT falciparumchloro- measured binding constant at pH 7 (also«310° M™) was

quine resistance transporter; RA, reversal agent; RCQ, reversed chloroquinealso found to be comparable to that which we measured for
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Scheme 2 Table 1. ICsg Values againsP. falciparunt?
o Drug Cell line cRices ICs0 (NM)
7 HNN""0H Q o~ Sl
Ny HzN(CHo);0H Heie N 0"8 CH, CcQ D6 c@ 6.5
o @ 100 Z %, ~ cQ Dd2 c 102
SN o EWNTHE o 1 D6 c@ 2.9
O 2 3 1 Dd2 CR 5.3
" CQilike portion | Reversal Agentiike portion! aThe uncertainties are estimated to He5%, based on weighing
N : i iCH ' uncertainties forl (which is an oil), as well as on variability between
H H Vo3 H ,
/N\/\/ O 5 HN/\/\E«N{\_\_ : determinations that were performed on different weeks.
(des N-methyl Imipramine)i N : . N f
ENTHEKI ST 2 N O ; Experimental Section
; !

S = : General and SpectroscopyAll reagents and solvents were
. . o urchased from Aldrich and used as supplied. NMR spectral
CQ (1 x ,106 M ,1) under identical cor_1d|t.|ons. Our methods gharacterizations were done on a Tecmag Lrigra-modified NF?\/I-SOO
were validated in that the CQ-hembinding constants are  NvR spectrometer, operating at 499.8 MHz using simple one-pulse
similar to literature value¥’?° The conclusion is that the RA  gpservation and &ICls solvent, or with a Bruker AMX-400 NMR
portion of 1 does not appear to affect the CQ-like binding to spectrometer operating at 400.14 MHz ¥robservation, or 100.62
heme. MHz for 13C observation. UV-vis spectra were recorded with an
The in vitro drug susceptibility assays df againstP. Ocean Optics USB-2000 diode array spectrophotometer equipped
falciparumparasites are shown in Table 1, with the correspond- With a cuvette accessory. The procedures for performing the
ing results for CQ as a reference. Compouni at least as titrations and processing the da_ta were the same as pgbﬁ%hed,
effective against either strain as is CQ against thé €ain. after the data were ex_ported directly into an Excel (Microsoft)
The very low IGp value forl against the COD6 strain means spreadsheet for analysis.

. . . - . . 3-(7-Chloroquinolin-4-ylamino)propan-1-ol (2). A mixture of
that attaching the RA moiety is not detrimental to its CQ-like 4,7-dichloroguinoline (25.35 g, 0.128 mol) and 3-aminopropanol

activity, and its re&stance-supvertlng activity againsf@i@2 (120 mL, 1.57 mol) were heated with stirring at 13040 °C for
is a remarkable result for a first attempt at a lead compound. 24 h22 After cooling, the reaction was poured into water (500 mL)
The observation thdt has lower |G values than CQ for either  and filtered, and the solid residue was dried then boiled in ethyl
strain may indicate that PfCRT in even the D6 strain is able to acetate (250 mL) to giv& (27.3 g, 90%) as an off-white solié¢H
export CQ, but not as efficiently as does the Dd2 strain. NMR (500 MHz, CDC}) 61.80 (bs, 1H, OH), 2.05 (m] = 5.9,
The prototype RCQ moleculkis probably too hydrophobic 5.6 Hz, 2H, CH), 3.46 (td,J = 5.9, ~6 Hz, 2H, Ch), 3.98 (t,J
a molecule to be a strong drug candidate against malaria in= 9-4 Hz, 2H, CH), 5.95 (bs, 1H, NH), 6.36 (d] = 5.4 Hz, 1H,
humans; however, our pilot in vivo trial still demonstrated at E'Q'CTH)' 7.31 (dd,J =2.1, 8.9 HZ’_lH' ClQ-gH), 7.60 (d.J
least some oral bioavailability in mice. It was found that 64 8_489'9 HZ'_lH' ClQ-GH), 7.92 (d,J = 2.0 Hz, 1H, CIQ-G-H),
/kg/day suppressed more than 99%Pofchabaudigrowth 49 (d.J = 5.3 Hz, 1H, CIQ-GH).
mg/kg/aay supp . ; 9 3-(7-Chloroquinolin-4-ylamino)propyl Methanesulfonate (3).
after 4 d(_alys of dosing; Io_wer dosing prodL_Jced no observed T a suspension & (0.5 g, 2.1 mmol) in anhydrous THF (10 mL)
suppression of th@lasmodiumAlthough CQ is effective ata  ynder a nitrogen atmosphere was added triethylamine (0.66 mL,
lower dose in this animal modét,the results serve as proof- 4.2 mmol)23 The mixture was cooled to below . Methane-
of-concept and justification to pursue pharmacologic optimiza- sulfonyl chloride (0.17 mL, 2.2 mmol) was added slowly, keeping
tion. The reasons for the higher required dosg afe not known the temperature below &, and the reaction was stirred in an ice
but may involve its lipophilic character, its metabolism in the bath for 45 min. After dilution with saturated NaH@®olution
liver, or other factors. (20 mL), the reaction was extracted with ether (20 mL ther 2
In conclusion, the RCQ approach seems to be viable. The 10 mL). The organic extracts were dried over MgsSfidtered, and

P evaporated to leav8 (0.42 g, 63%) as a white solidH NMR
prototype moleculel has demonstrated growth inhibition of (500 MHz, CDC}) 62.18 (m.J = ~6.1 Hz, 2H. CH), 3.04 (s,

P. falciparumCQR or CQP parasites in vitro and after oral dosing 3H, CHy), 3.59 (td,J = ~6.1 Hz, 2H, CH), 4.43 (tJ = 5.7 Hz
in vivo. We are synthesizing other candidate molecules that will 5’ CHz): 5.44 (bs: 1H, NH), 6.43 (di —53Hz 1H. CIQ-'Q-H),'
address the practical concerns of oral availability and metabo-7.40 (dd,J = 2.2, 8.9 Hz, 1H, CIQ-§H), 7.70 (d,J = 8.9 Hz,
lism. 1H, CIQ-G-H), 7.97 (d,J = 2.2 Hz, 1H, CIQ-G-H), 8.55 (d,J =
0.25 5.4 Hz, 1H, CIQ-G-H).
::: N’-(7-Chloroquinolin-4-yl)- N-[3-(10,11-dihydrodibenzo-
016 [b,flazepin-5-yl)propyl]-N-methylpropane-1,3-diamine (2).
Desimipramine hydrochloride (0.65 g, 2.15 mmol) was dissolved
in water (8 mL), and solid NaHC£0.4 g, 4.9 mmol) was added
with stirring 23 After addition of dichloromethane (10 mL), two clear
‘ layers resulted. The aqueous layer was removed and extracted with
0.00E+00 5.00E-03 1.00E-02 1.50E-02 dichloromethane (% 10 mL). The combined organic layers were
[PLO1], mi evaporated to leave desimipramine free base (0.63 g, 100%) as a
yellow oil. To this oil were added anhydrous THF (15 mL) &hd
(0.42 g, 1.33 mmol) followed by triethylamine (0.4 mL, 2.9 mmol).
After being stirred at 5660 °C for 72 h, the reaction was allowed
to cool to room temperature and the solvent evaporated under
reduced pressure. The residue was partitioned between ethyl acetate
300 350 400 450 500 550 600 (20 mL) and saturated NaHG®olution (20 mL). The organic layer
Wavelength, nm was separated, and the aqueous layer was extracted with ethyl
Figure 1. Optical titration of1 into heme, pH 5.7. The increasing acetate (2< 10 mL). The combined organic layers were dried over
bands between 300 and 350 nm are frirthe decreasing region from  MgSQ,, filtered, and evaporated. The residue was chromatographed
350 to 450 nm is from heme. Inset: absorbance (circles) and fit on alumina (MCB type F20, 86200 mesh), eluting with ethyl
described in the text. acetate:hexanes (30:70) to gi¥g0.53 g, 84%) as a yellow oil.
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Based ontH NMR, 13C NMR, HR-MAS, and HPLC (Supporting
Information),1 was at least 98% puréd NMR (500 MHz, CDC})
0 1.80 (m,J = ~2 Hz, 2H, CH), 1.84 (m,J = ~2 Hz, 2H, CH),
2.28 (s, 3H, CH), 2.49 (t,J = 7.4 Hz, 2H, CH), 2.54 (t,J=5.3
Hz, 2H, CH,), 3.10 (s, 4H, 2xCHh), 3.28 (td,J = ~3.9, 2H, CH),
3.72 (t,J = 6.7 Hz, 2H, CH), 6.24 (d,J = 5.3 Hz, 1H, CIQ-G-
H), 6.83-7.10 (m, 8H, Ar), 7.13 (ddJ = 2.0, 8.9 Hz, 1H, CIQ-
Ce-H), 7.43 (d,J = 8.9 Hz, 1H, CIQ-G-H), 7.67 (bs, 1H, NH),
7.91 (d,J = 2.0 Hz, 1H, CIQ-G-H), 8.48 (d,J = 5.3 Hz, 1H,
CIQ-Cx-H). 3C NMR (100 MHz, CDC}) 6 24.4, 26.0, 32.2, 42.3,

44.2,48.7,56.2,57.9, 98.4,117.6, 119.8, 121.6, 122.6, 124.9, 126.4,
128.6, 129.8, 134.1, 134.6, 148.0, 149.2, 150.5, 152.1. MS (ESI):

m/z 485.2461 M+ H (Calculated 485.2472).

In Vitro Drug Susceptibility Assays. Both CF (D6) and CG
(Dd2) P. falciparummaintained continuously in culture were used.
Asynchronous cultures were diluted with uninfected erythrocytes
and complete medium (RPMI-1640 with 0.5% Albumax Il) to
achieve 0.2% parasitemia and 2% hematocrit. In 96-well micro-
plates, chloroquine (positive control) dr diluted in complete
medium from 10 mM stock in DMSO were added to the cell
mixture to yield triplicate wells with drug concentrations ranging
from 0 to 10 M in a final well volume of 10QuL. After 72 h of

incubation under standard culture conditions, plates were harvested

and read by the SYBR Green | fluorescence-based méthsihg
a 96-well fluorescence plate reader (Gemini-EM, Molecular De-

vices), with excitation and emission wavelengths at 497 and 520
nm, respectively. The fluorescence readings were plotted against

log[drug], and the IG, values were obtained from curve fitting

performed by nonlinear regression using either Prism (GraphPad)

or Excel (Microsoft) software.

In Vivo 4-Day Suppressive Test® Female CF-1 mice, at-45
weeks of age, were injected intravenously wittf &dythrocytes
infected with C@& P. chabaud?®2’” The following day, and then
daily for four total doses, four mice each were administered 64,
32, 16, or 0 mg/kg of compoundl by gavage and evaluated by
direct microscopic analysis of Giemsa-stained blood srfehday
after the final dose.
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Supporting Information Available: Structural characterization
of compoundl, as well as an evaluation of its purity. This
information consists ofH and 13C NMR spectra and*C NMR

peak assignments, as well as HR-MS plots and HPLC traces. This

material is available free of charge via the Internet at http://
pubs.acs.org.
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