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Sontochin was the original chloroquine replacement drug, arising from research by Hans Andersag 2 years after chloroquine
(known as “resochin” at the time) had been shelved due to the mistaken perception that it was too toxic for human use. We were
surprised to find that sontochin, i.e., 3-methyl-chloroquine, retains significant activity against chloroquine-resistant strains of
Plasmodium falciparum in vitro. We prepared derivatives of sontochin, “pharmachins,” with alkyl or aryl substituents at the 3
position and with alterations to the 4-position side chain to enhance activity against drug-resistant strains. Modified with an aryl
substituent in the 3 position of the 7-chloro-quinoline ring, Pharmachin 203 (PH-203) exhibits low-nanomolar 50% inhibitory
concentrations (IC50s) against drug-sensitive and multidrug-resistant strains and in vivo efficacy against patent infections of
Plasmodium yoelii in mice that is superior to chloroquine. Our findings suggest that novel 3-position aryl pharmachin deriva-
tives have the potential for use in treating drug resistant malaria.

With an annual toll of 1 to 2 million people killed, malaria
remains one of the most significant threats to human life in

the tropics, and for every victim, there are several hundred more
individuals who are severely stricken by the disease. For some of
these survivors there can be significant long-term consequences,
including developmental and neurological impairment (11). The
impact of malaria is particularly devastating in sub-Saharan Af-
rica, where its victims are primarily young children and pregnant
women. This situation is worsened by the spread of Plasmodium
parasites that are resistant to multiple drugs (22). The list of drugs
that are losing potency against malaria includes the quinolines
(chloroquine, quinine, and mefloquine), the antifolates (pyri-
methamine and sulfadoxine), and the anti-respiratory combina-
tion of atovaquone and proguanil. In many parts of the world
treatment of multidrug-resistant malaria relies on the endoperox-
ide artesunate, leaving a razor-thin wall of protection against a
total collapse of malaria chemotherapy. One of the greatest chal-
lenges in global health today is the development of a safe and
affordable replacement for chloroquine, the best and least expen-
sive antimalarial ever developed.

Hans Andersag worked for Bayer IG Farbenindustrie in Elber-
feld, Germany, where he discovered chloroquine (resochin) in
1934 (3). Other scientists associated with Bayer’s drug develop-
ment program evaluated the new compound’s safety in animals
and humans and considered it too toxic for clinical advancement
(6). A few years later Andersag succeeded in developing a chloro-
quine derivative, sontochin, with an acceptable safety profile (2).
As a result, this compound was advanced to clinical trials in a
collaborative arrangement with the French firm Specia in North
Africa in the early 1940s (Fig. 1). After Allied forces arrived in
Tunis in May 1943, sontochin, along with reports of its efficacious
use in humans, fell into the hands of Americans, who sent the
material back to the United States for analysis (6). This analysis
revealed sontochin’s structural details and stimulated interest in
the 4-aminoquinoline class of antimalarials, leading to the redis-
covery of chloroquine. Clinician scientists soon recognized chlo-

roquine’s superior antimalarial properties, rapid parasite clear-
ance, lack of skin discoloration (relative to quinacrine, an
antimalarial in use at the time), and extended duration of protec-
tion (4, 5, 9). Sontochin, the original chloroquine replacement
drug, was laid aside.

Chloroquine’s antimalarial mode of action is through binding
of free heme and inhibition of the formation of hemozoin, a non-
toxic repository of heme dimers that accumulate as hemoglobin is
progressively cleaved to salvageable peptides and amino acids
(21). This process occurs in a specialized acidic digestive vacuole
(18). Resistance to chloroquine is linked to the acquisition of
point mutations in the gene that encodes the Plasmodium falcip-
arum chloroquine resistance transporter, PfCRT, which are asso-
ciated with diminished accumulation of chloroquine in the diges-
tive vacuoles of resistant parasites (12, 15, 25, 28). Over the past 50
years, scientists have explored the chemical space around the
4-aminoquinoline nucleus for clues to overcome PfCRT-medi-
ated resistance. Investigators have discovered that short-chain
chloroquine analogs retain activity against chloroquine-resistant
parasites (7, 24), and more recent studies suggest that greater met-
abolic stability is gained by replacing the terminal diethylamine
group with a single tert-butylamine in these short-chain variants
(19, 20, 27). Examples of 4-aminoquinolines with these structural
motifs (AQ-13 and F2Bu) in comparison to chloroquine and son-
tochin are shown in Fig. 1.

We have discovered that the long-forgotten sontochin (also
known as 3-methyl-chloroquine and SN-6911) retains significant
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activity against multidrug-resistant strains of Plasmodium falcip-
arum. This is consistent with earlier reports (13, 14) that drew
attention to the fact that certain 4-aminoquinolines, including
sontochin, exhibited equipotency against chloroquine-resistant
parasites. For this report we prepared structural analogs of son-
tochin (“pharmachins”) with shorter side chains at the 4-amino
position, incorporating additional design optimization features to
enhance intrinsic potency against drug-resistant strains and in
vivo efficacy against murine malaria. One design imperative was to
work toward optimization of the structural feature at the 3 posi-
tion of the quinoline core, since it appears to be critical in circum-
venting chloroquine resistance.

MATERIALS AND METHODS
Chemical synthesis and analytical procedures. Unless otherwise stated,
all chemicals and reagents were from Sigma-Aldrich Chemical Company,
St. Louis, MO, and were used as received. N-tert-butyl-propane-1,3-di-
amine was synthesized by the method of Tarbell et al. (29). 4,7-Dichloro-
3-methylquinoline was synthesized according as described by Andersag
(2). Melting points were obtained with an Optimelt automated melting
point system from Stanford Research Systems, Sunnyvale, CA. Gas chro-
matography-mass spectrometry (GC-MS) profiles were obtained using a
Hewlett-Packard HP5890 series II gas chromatograph (30-m DB5 col-
umn set at 150°C, 2 min, then increasing at 11°C/min to 280°C) with an
HP5970 mass-selective ion detector operating at 70 eV. 1H nuclear mag-
netic resonance (NMR) spectra were obtained using a Bruker AMX-400
NMR spectrometer operating at 400.14 MHz in CDCl3 unless otherwise
stated. The NMR data were processed using DataChord Spectrum Analyst
software from One Moon Scientific, Inc., Westfield, NJ. Chemical shifts
were recorded in parts million units (d) relative to tetramethylsilane

(TMS) as the internal standard. J coupling constants values are in hertz. High-
resolution mass spectra were acquired with a Thermo LTQ-Orbitrap Discov-
ery hybrid mass spectrometer (San Jose, CA) equipped with an electrospray
ionization source operating in the positive or negative mode. The Orbitrap
was externally calibrated prior to data acquisition, allowing accurate mass
measurements for (M � H)� or (M � H)� ions to be obtained to within 4
ppm. In this paper we include the details for synthesis of pharmachin 128
(PH-128) as representative of the approaches used to prepare each of the
pharmachins in this study.

Synthesis of PH-128. The synthesis of pharmachin 128 (PH-128) [N-
tert-butyl-N=-(7-chloro-3-methyl-quinolin-4-yl)-propane-1,3-diamine]
was adapted from the procedure used by Andersag in 1948 (2) for synthe-
sis of sontochin. The mixture of 4,7-dichloro-3-methylquinoline (2.12 g,
10.0 mmol), N-tert-butyl-propane-1,3-diamine (1.95 g, 15.0 mmol), and
phenol (2.82 g, 30.0 mmol) was stirred in a 120°C oil bath for 24 h (Fig. 2).
After cooling to room temperature, the resulting viscous brown oil was
dissolved in methylene chloride (200 ml) and 10% sodium hydroxide (20
ml). The organic layer was separated from the aqueous layer and then
washed with 10% sodium hydroxide (twice, 20 ml) and brine (three times,
20 ml), dried over Na2SO4, filtered, and rotary evaporated to afford 3.00 g
of a brown solid. This material was crystallized from hexane-ethyl acetate
to give 2.18 g of white crystals. A second crop from the mother liquor give
an additional 210 mg (78% combined yield), mp 114 to 116°C. GC-MS:
305 M�, 25%; 205 (M� C6H14N), 100%. 1H NMR (400 MHz, CDCl3): �
8.39 (s; 1H); 8.01 (d; J � 9.08 Hz; 1H); 7.91 (d; J � 2.22 Hz; 1H); 7.29 (d
of d; J � 9.08, J � 2.22; 1H); 6.14 (broad s; 1H); 3.72 (q; J � 5.57 Hz; 2H);
2.82 (t; J � 5.77 Hz; 2H); 2.38 (s; 3H); 1.80 (quintuplet; J � 5.89 Hz; 2H);
1.15 (s; 9H). High-resolution mass spectrum calculated for (M � H)� �
306.1732, observed for (M � H)� � 306.1738, calculated for
(M � H)� � 304.1575, observed for (M � H)� � 304.1571. Detailed
methods for synthesis of other molecules profiled in this report, which are
too lengthy for inclusion here, will be published elsewhere.

Analytical data for PH-203. A detailed procedure for the synthesis of
PH-203 [N1-(tert-butyl)-N3-(7-chloro-3-(4-(trifluoromethoxy)phe-
nyl)quinolin-4-yl)propane-1,3-diamine] will be published separately.
The following are the analytical data used to characterize and confirm the
structure of PH-203 in the final product that was used for experimenta-
tion here. The initial product following flash chromatography presented
as a white crystalline solid upon evaporation. This material was dissolved
in ethyl acetate, and the solvent was allowed to slowly evaporate to give
transparent white rectangular plates. GC-MS reveals a single peak with
451 M�, 28%; 351 (M-C6H14N), 100%. 1H NMR: 8.37 (1H, s), 8.07 (1H,
d, J � 9.05 Hz), 7.96 (1H, d, J � 2.19 Hz), 7.45 to 7.44 (2H, m), 7.37 (1H,
dd, J � 9.00, 2.22 Hz), 2.95 (2H, q, J � 5.35 Hz), 2.73 (2H, t, J � 5.35 Hz),
1.60 (2H, q, J � 3.22 Hz) 1.14 (9H, s).

Biochemicals and assay procedures. SYBR green I dye and Albumax
II were purchased from Invitrogen, Carlsbad, CA. RPMI 1640, gentami-
cin, and hypoxanthine were purchased from Sigma-Aldrich, St. Louis,
MO. Blood, a source for red cells used to culture the parasite, was pur-
chased from Lampire Biologicals, Pipersville, PA. White blood cells were

FIG 1 Chemical structures of chloroquine, sontochin, and two short-chain
analogs that are active against chloroquine-resistant strains of Plasmodium
falciparum.

FIG 2 PH-128 was obtained by the procedure applied by Hans Andersag for the synthesis of sontochin.
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removed by centrifugation, followed by removal of the buffy coat and
uppermost red blood cells.

Parasites. Plasmodium falciparum strains D6 (Sierra Leone), Dd2
(Indochina/Laos), and 7G8 (Brazil) were obtained from the MR4 Malaria
Reagent Repository (ATCC, Manassas, VA). D6 is sensitive to chloro-
quine but moderately resistant to mefloquine (17). 7G8 is resistant to
chloroquine, pyrimethamine, and cycloguanil. The Dd2 strain is resistant
to the quinolines chloroquine and mefloquine and the folate antagonist
pyrimethamine.

Parasite culture and drug sensitivity. Three different laboratory
strains of P. falciparum were cultured in human erythrocytes by standard
methods under a low-oxygen atmosphere (5% O2, 5% CO2, 90% N2) in
an environmental chamber (31). The culture medium was RPMI 1640
supplemented with 25 mM HEPES buffer, 25 mg/liter gentamicin sulfate,
45 mg/liter hypoxanthine, 10 mM glucose, 2 mM glutamine, and 0.5%
Albumax II (complete medium). The parasites were maintained in fresh
human erythrocytes suspended at a 2% hematocrit in complete medium
at 37°C. Stock cultures were subpassaged every 3 to 4 days by transfer of
infected red cells to a flask containing complete medium and uninfected
erythrocytes.

The in vitro antimalarial activities of the pharmachin derivatives were
assessed by the SYBR green I fluorescence-based method (the “MSF as-
say”) described previously by us (26) with minor modifications (32).
Briefly, experiments were set up in triplicate in 96-well plates (Costar;
Corning) with 2-fold dilutions of each drug across the plate in a total
volume of 100 �l and at a final red blood cell concentration of 2% (vol/
vol). The dilution series was initiated at a concentration of 1 �M, and the
experiment was repeated beginning with a lower initial concentration for
those compounds for which the 50% inhibitory concentration (IC50) was
below 10 nM. Automated pipetting and dilution was carried out with the
aid of a programmable Precision 2000 robotic station (BioTek, Winooski,
VT). An initial parasitemia of 0.2% was attained by addition of normal
uninfected red cells to a stock culture of asynchronous parasite-infected
red cells (PRBC). The plates were incubated for 72 h at 37°C in an atmo-
sphere of 5% CO2, 5% O2, and 90% N2. After this period, the SYBR green
I dye-detergent mixture (100 �l) was added and the plates were incubated
at room temperature for an hour in the dark and then placed in a 96-well
fluorescence plate reader (Spectramax Gemini-EM; Molecular Diagnos-
tics) for analysis, with excitation and emission wavelength bands centered
at 497 and 520 nm, respectively. The fluorescence readings were plotted
against the logarithm of the drug concentration, and curve fitting by non-
linear regression analysis (GraphPad Prism software) yielded the drug
concentration that produced 50% of the observed decline relative to the
maximum readings in drug-free control wells (IC50).

In vitro cytotoxicity (T-cell lymphocyte proliferation assay). We as-
sessed the cytotoxicities of selected quinoline derivatives in vitro against
murine splenic lymphocytes (MSL) induced to proliferate and differenti-
ate following concanavalin A stimulation. Briefly, 2 � 105 splenic cells
were incubated at 37°C in 200 �l of RPMI 1640 supplemented with 5%
heat-inactivated fetal calf serum, antibiotics (penicillin and streptomy-
cin), and the test drug (in concentrations ranging from 0 to 25 �M).
Concanavalin A was added at 10 �g/ml. Two-fold drug dilutions were
made starting at 25 �M. After 72 h of incubation, 20 �l of PrestoBlue cell
viability reagent (Invitrogen) was added, and plates were incubated for
another 60 min. This reagent consists of a resazurin-based dye that is
reduced by cellular dehydrogenases to a fluorescent product (excitation,
560 nm; emission, 590 nM). Cytotoxic IC50s were calculated from the
dose-response curves using Prism 5 software and reflect the concentration
of drug required to inhibit lymphocyte proliferation by 50% relative to
drug-free controls. A primary goal of the drug testing studies was the
determination of IC50s for drug activity (versus parasite-infected red
blood cells) and drug toxicity (versus splenic lymphocytes). The ratio of
the 2 IC50s, i.e., IC50 (versus lymphocytes)/IC50 (versus PRBC), was used
to generate the in vitro selectivity index (SI) for selected pharmachins.

In vivo efficacy against murine malaria. The in vivo activities of se-
lected pharmachin derivatives were assessed against the blood stages using
a modified 4-day test (1). Mice (female, CF1; Charles River Labs) were
infected intravenously with 2.5 to 5.0 �105 Plasmodium yoelii (Kenya
strain, MR4 MRA-428)-parasitized erythrocytes from a donor animal.
Drug administration commenced the day after the animals were inocu-
lated (day 1). The test compounds were converted to corresponding hy-
drochloride salt form, dissolved in water, and administered by oral gavage
once daily for 4 successive days; the hydrochloride salt of chloroquine was
used as a positive control. On the fifth day, blood films were prepared and
the extent of parasitemia was determined by microscopic examination of
Giemsa-stained smears. Fifty percent effective dose (ED50) and ED90 val-
ues (mg/kg/day) were derived graphically from the dose required to re-
duce the parasite burden by 50% and 90%, respectively, relative to drug-
free controls. Animals remaining parasite free for 30 days after the last
drug dose were considered cured of the infection. As described, the ma-
laria infection in this model system is rapidly fulminate, producing aver-
age parasitemias of �30% in untreated control animals by day 5. The
procedures involved, together with all matters relating to the care, han-
dling, and housing of the animals used in this study, were approved by the
Portland VA Medical Center Institutional Animal Care and Use Commit-
tee.

Metabolic stabilities of pharmachin 128 and pharmachin 203. The
metabolic stabilities of chloroquine, sontochin, PH-128, and PH-203
were evaluated by Apredica Inc., Watertown, MA. Test compounds were
incubated at 37°C with pooled human liver microsomes. The incubation
mix consisted of test compounds (1 �M), 2.5 mM NADPH, and 3 mM
MgCl2 in 100 mM phosphate buffer (pH 7.4) and pooled human micro-
somal protein (0.3 mg/ml). All incubations were performed in the pres-
ence and absence of NADPH in order to detect NADPH-independent
degradation. Reactions were stopped at the end of incubation by the ad-
dition of an equal volume of ice-cold stop solution (0.3% acetic acid in
acetonitrile containing an internal standard for quantitation purposes).
The rate of loss of the parent compound was determined at 20-min inter-
vals up to 3 h by liquid chromatography-tandem MS (LC-MS/MS) anal-
ysis. The amount of compound in the samples was expressed as a percent-
age of remaining compound compared to that at time zero (100%). The in
vitro degradation half life was calculated from the degradation rate con-
stant (k) obtained from the initial slope of the exponential decay of the loss
of substrate using the relationship t1/2 � ln2/k at 1 �M. Warfarin and
verapamil were included alongside the test samples as reference controls
for high and low metabolic stabilities, respectively.

RESULTS AND DISCUSSION
Antiplasmodial activities. Table 1 shows the IC50s of several stan-
dard antimalarial agents in comparison to sontochin and a num-
ber of 3-position-substituted 4-aminoquinoline derivatives,
which we refer to as pharmachins. As shown, the D6 strain of P.
falciparum is sensitive to the antiplasmodial action of chloro-
quine, but strains Dd2 and 7G8 are resistant to this drug. It is
evident from the results that sontochin, which differs from chlo-
roquine only in the 3-position methyl group, retains significant
activity against the drug-resistant strains of P. falciparum, with
IC50s ranging from 8 to 20 nM. AQ-13, a short-chain analog of
chloroquine under clinical development, also shows a high level of
antiplasmodial activity against all tested drug-resistant strains.
However, reports suggest that AQ-13 is rapidly metabolized in
vivo (16, 24). The pharmachin analogs containing both the
3-methyl substituent and the short chain extending from the
4-amino position show a range of inhibitory activities, with PH-
128 appearing as a superior structural lead, with IC50s ranging
from 5.1 to 11.3 nM against all 3 P. falciparum strains. Note that
replacement of the 3-methyl group with an ethyl substituent is
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accompanied by a significant loss of activity (i.e., compare PH-137
and PH-128).

To demonstrate the importance of the methyl substituent on
the quinoline core, we highlight 3 different 4-amino-quinoline
derivatives varying only in the positioning of a CH3 group (Table
1). Notice that potency decreases and chloroquine cross-resis-
tance increases in the molecule lacking a CH3 group at either the 2
or 3 position (PH-161). In PH-132 we made the PH-128 posi-
tional isomer in which the CH3 group is placed at the 2 position,
and this molecule displays greatly diminished activity and signif-
icant cross-resistance in the two multidrug-resistant strains.
Taken together, this information highlights the importance of
placing a methyl group at the 3 position to circumvent chloro-
quine resistance.

Next we decided to introduce an aryl substituent at the 3 posi-
tion to evaluate the effect on intrinsic antiplasmodial activity and
cross-resistance. This concept originated from the idea that a
large, structurally rigid group could impede interaction with the
resistance-mediating PfCRT efflux protein. We also felt that such
a group may help to guide the more hydrophobic drug into lipid
droplets, where hemozoin is formed in the parasite’s digestive
vacuole (23). Notice that PH-203 exhibits enhanced antiplasmo-
dial activity against chloroquine-sensitive and multidrug-resis-
tant strains, with IC50s of �1 to 2 nM (Table 1).

Cytotoxicity and selectivity. We determined the cytotoxicities
of PH-128 and PH-203, two of the most active compounds in our
pharmachin library. Murine splenic lymphocytes (MSL) were in-
duced to proliferate following stimulation with concanavalin A in
medium containing up to 25 �M drug incubated at 37°C for 3
days. In summary of our findings, PH-128 and PH-203 exhibited
IC50s of �25 �M and 7.5 �M, respectively, against mitogen-stim-
ulated lymphocyte proliferation. The IC50 for chloroquine in this
assay is �25 �M. Considering that these two drugs exhibit anti-
plasmodial IC50s in the low nanomolar range, the cytotoxicity

TABLE 1 In vitro activities of pharmachin analogs in comparison to
known antimalarials against drug-sensitive (D6) and chloroquine-
resistant (Dd2 and 7G8) strains of Plasmodium falciparum

Compound Structure Mol wt

IC50 (nM)a

against:

D6 Dd2 7G8

Chloroquine 319.9 9.2 120 92

Sontochin 333.9 8.0 19 20

AQ-13 291.8 7.7 15 15

Quinine 324.4 20 140 150

Quinacrine 400.0 5.2 10 9.1

PH-112 305.8 11 17 21

PH-127 291.8 14 21 28

PH-128 305.8 5.2 11 11

PH-129 305.8 68 120 110

PH-130 339.4 17 26 28

PH-131 307.4 110 140 160

TABLE 1 (Continued)

Compound Structure Mol wt

IC50 (nM)a

against:

D6 Dd2 7G8

PH-132 305.8 72 470 1 � 103

PH-137 319.9 140 280 350

PH-161 291.8 11 42 22

PH-203 451.9 0.9 1.4 1.3

a IC50s are averages of at least 2 determinations, each conducted in triplicate.
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data establish a selectivity index (MSL IC50/P. falciparum IC50) of
�4,000 for both drugs.

Safety. Several antimalarial drugs, including halofantrine, are
known to produce a QT interval prolongation via a blockade of
the rapidly activating delayed rectifier K� current (IKr), encoded
by the human ether-a-go-go-related (hERG) gene (30). Thus, it is
important to consider hERG channel inhibition in evaluation of
our pharmachin lead molecules. The inhibitory effects of PH-128,
PH-203, and chloroquine on the hERG potassium channel cur-
rent expressed in mammalian cells were evaluated by ChanTest
(Cleveland, OH) at room temperature using the QPatch HT
(Sophion Bioscience A/S, Denmark), an automatic parallel patch
clamp system. Each compound was evaluated in duplicate at 1, 4,
and 12 �M. The duration of exposure was 5 min. Consistent with
literature values, chloroquine inhibited the hERG channel with an
IC50 of 2.5 �M. The calculated IC50s for PH-128 and PH-203 were
9.1 �M and 4 �M, respectively. These results indicate that the
proarrhythmia risks of our two pharmachin leads are comparable
to or slightly less than that for chloroquine, an antimalarial that is
known to carry a moderate risk of cardiotoxicity at therapeutic
dosages.

In vitro metabolic stability. The potential for hepatic P450-
dependent metabolism of PH-128 and PH-203 at 1 �M was as-
sessed using pooled human liver microsomes in the presence of an
NADPH-regenerating system. Chloroquine and sontochin were
included for comparison purposes; the primary route of metabo-
lism for chloroquine is via N dealkylation of the ethyl groups on
the aminoalkyl side chain. The loss of substrate was monitored by
LC-MS/MS. Verapamil and warfarin were monitored as well-
characterized positive controls. Verapamil represents a drug with
comparatively low metabolic stability, while warfarin represents a
drug with a high degree of metabolic stability. Incubations were
conducted in the absence of the NADPH-regenerating system to
monitor for potential P450-independent metabolism. In the ab-
sence of NADPH, we did not observe significant metabolism of
any of the test agents, including controls. Chloroquine had a lon-
ger half-life than the other antimalarial drugs in this study, and the
degree of metabolism observed was negligible. Sontochin had a
significantly shorter half-life (�45 min) than chloroquine (�200
min), suggesting that the 3-position methyl group is attacked by
P450 enzymes. This difference in metabolic stability may substan-
tially account for the superior efficacy observed for chloroquine
over sontochin in field trials with human volunteers conducted in
the 1940s (4, 10). The t1/2 value recorded for PH-128 was 84.2 min
in the presence of 0.3 mg/ml microsomal protein. Relative to the
values obtained for the reference controls, verapamil and warfa-
rin, this value predicts a moderate rate of metabolic degradation
for PH-128 and suggests a low to intermediate rate of hepatic
clearance in vivo. PH-203 displayed a slightly higher level of sta-
bility against metabolic degradation, with a half-life of 91.1 min.
Thus, the 3-aryl pharmachin derivative PH-203 showed an ex-
tended half-life in comparison to sontochin as well as PH-128,
although it is clear that additional structural modifications would
be needed to increase the metabolic stability of this drug to the
level observed for chloroquine.

In vivo antimalarial testing. We evaluated PH-128 in vivo in
mice infected with P. yoelii (strain K). Dosages ranged from 1 to 64
mg/kg/day and included a no-drug control Analysis of the results
yielded an ED50 of 2.3 mg/kg/day and an ED90 of 3.9 mg/kg/day for
PH-128; comparative values for chloroquine in the same study

were 1.6 mg/kg/day (ED50) and 2.7 mg/kg/day (ED90). It is note-
worthy that animals treated with 16 mg/kg PH-128 were apara-
sitemic on day 5 of the study; however, recrudescence occurred by
day 13 in all of the animals in this group. Neither PH-128 or
chloroquine demonstrated curative power in this assay over the
tested dosage range.

We next evaluated the efficacy of PH-203 in vivo using the P.
yoelii model. PH-203 proved to be highly efficacious, with an ED50

of 0.25 mg/kg/day, whereas chloroquine provided 50% suppres-
sion at 1.5 mg/kg/day. The parasitemia of animals treated with 4
mg/kg PH-203 was reduced by �95% relative to that of untreated
controls. Perhaps the most impressive outcome of the study, how-
ever, relates to the superior curative power of PH-203. As before,
chloroquine did not cure any of the animals at dosages of as high
as 64 mg/kg/day, while PH-203 afforded 30-day cures in all ani-
mals at 16 and 64 mg/kg/day without any overt signs of toxicity or
distress.

Taking the results together, with sontochin as our initial lead
we established the importance of the 3-methyl feature in over-
coming a significant degree of chloroquine resistance in P. falcip-
arum. Replacement of the methyl group with an aryl feature as
found in PH-203 yielded greater intrinsic potency against all
tested strains, with IC50s in the low nanomolar range. While in
vitro studies predict that this drug has an intermediate level of
metabolic stability compared to chloroquine, it is superior in vivo
against murine malaria. Possible explanations for the enhanced
performance of PH-203 over chloroquine in the mouse model
include (i) superior intrinsic antiplasmodial activity, (ii) en-
hanced metabolic stability and pharmacokinetics in mice, or (iii)
conversion to active metabolites in vivo. We are currently evalu-
ating these possibilities.

To gain insight into the orientation of the 3-position para-
trifluoromethoxy-phenyl and the alkyl diamine group at the 4
position with respect to the planar quinoline core, a molecular
mechanics calculation was performed on PH-203 using a Sybyl
force field algorithm in Spartan software (Wavefunction, Irvine,
CA). Full conformational analysis was calculated using a Monte
Carlo approach to locate the lowest-energy conformer. A three-
dimensional (3D) model of the lowest-energy conformer of PH-
203 appears in Fig. 3, with the dihedral angle of 55.9 degrees
around the bond between the quinoline ring and the para-trifluo-
romethoxy-phenyl group. For this model the dihedral angle at the
4 position between the quinoline ring and the nitrogen atom of the
diaminoalkyl side chain was calculated to be 55.6 degrees. This

FIG 3 Structure representing the lowest-energy conformer obtained for PH-
203. Notice that the 3-position trifluoromethoxy-phenyl group presents as a
conformationally rigid projection that may sterically hinder association with
the chloroquine-resistance associated protein PfCRT.
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lowest-energy conformer minimizes the steric hindrance between
the three major structural elements. As shown, the para-trifluoro-
methoxy-phenyl group projects away from the 3 position and may
sterically hinder binding to the chloroquine efflux protein PfCRT.
It is also possible that this projection prevents the drug from
adopting the preferred configuration that is recognized by PfCRT;
i.e., the large aromatic ring would obstruct the free rotation of the
4-position side chain and restrict its lateral alignment off the quin-
oline nucleus occupied by the bulky protrusion.

Here it seems appropriate to mention that we are not the
first to place an aryl ring at position 3 of the 4-aminoquinoline
nucleus. Compound SN-10,555 was prepared previously by
Drake et al. (8). This molecule contained a simple phenyl ring
at the 3 position [7-chloro-4-(4-diethylamino-1-methylbutyl-
amino)-3-phenylquinoline, i.e., “3-phenyl-chloroquine”] and ex-
hibited comparatively modest activity (relative to chloroquine)
against avian malaria as reported in Wiselogle’s 1946 A Survey of
Antimalarial Drugs, 1941-1945 (33). Because of its rather unspec-
tacular in vivo efficacy and since multidrug-resistant malaria had
yet to emerge as a global health problem in 1946, the 3 position of
4-aminoquinoline antimalarials remains largely unexplored chemi-
cal space. It would appear from our findings that this portion of the
molecule may hold the key to the development of a chloroquine re-
placement drug with potent activity against multidrug-resistant
strains of P. falciparum. Here we show that the introduction of a
lipophilic aromatic group at C-3 of the quinoline ring leads to a sig-
nificant improvement in activity against multidrug-resistant P. falcip-
arum strains and in vivo against lethal murine P. yoelii infections.
These results provide encouragement for further investigation of this
series as potential antimalarials for use in humans.

On the basis of its superior activity against multidrug resistant
strains of P. falciparum in vitro and outstanding antimalarial per-
formance in vivo in direct comparison to chloroquine, we con-
sider PH-203 the current frontrunner for the pharmachin series.
In PH-203 we have incorporated two structural features (i.e., the
short side chain and 3-position aryl substituent) that indepen-
dently circumvent chloroquine resistance in Plasmodium falcipa-
rum. The novel coexistence of these two structural features in a
single molecule should greatly diminish the likelihood of emer-
gence of resistant strains. Our efforts to further optimize the phar-
machin chemotype for antimalarial activity, increased metabolic
stability, and diminished propensity for emergence of resistance
are ongoing and will continue in this laboratory.
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