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ABSTRACT: Based on the idea that compounds designed to exhibit high affinity for heme would block hemozoin formation, a
critical heme-detoxification process for malarial parasites, we synthesized a series of compounds with two r-conjugated moieties at
terminal amino groups of triamine. These compounds exhibited moderate to high antimalarial activities towards both chloroguine-
sensitive and chloroquine-resistant Plasmodium falciparum in vitro. In a P. berghei-infected mouse model, 3a and 12a showed
potent antimalarial activities compared to artesunate, as well as a prolonged duration of antimalarial effect. We found a good corre-
lation between protective activity against hemin degradation and antimalarial activity. Compounds 8b and 3a strongly inhibited

hemozoin formation catalyzed

heme detoxification protein.

Malaria is a serious and sometimes fatal disease caused by
several species of parasite of the genus Plasmodium that are
transmitted by mosquitos of the Anopheles genus.! About 200
million people develop malaria and almost 429,000 people die
every year.! Relapse after treatment often occurs, and moreo-
ver, resistance to chloroquine, formerly a gold-standard anti-
malarial drug, has become epidemic.! Global warming is ex-
pected to expand the range of countries at risk. Therefore,
development of new drugs effective against resistant Plasmo-
dium falciparum is important.

The malaria parasite must escape the toxicity of free heme
when it lives within the erythrocyte during its blood stage and
digests hemoglobin, which contain large amounts of heme in
the active site of hemoglobin.? To achieve this, heme mole-
cules are bound to each other under acidic conditions in the
parasites’ vacuoles to form a heme assembly named hemozoin
(Hz), which is harmless to the parasite, but harmful to humans.
This Hz formation is considered to proceed via hemin dimeri-
zation (Figure 1: hemin dimer) mediated by proteins such as
heme detoxification protein (HDP)®*® and also via a self-
assembly process (Figure 1),% ® although the parasite factors
contributing to Hz formation remain a subject of debate.
Quinoline-containing antimalarial drugs such as chloroquine
are considered to block the fastest growing face of the Hz
crystal by interacting with the surface or with free heme.? 7°
The quinoline ring would interact with heme through n—=

stacking forces; in addition, there would be an electrostatic
interaction between the ammonium group of the drug and the
carboxylate group of the heme.? However, known antimalarial
drugs have not been specifically designed with this mechanism
in mind. Here, we designed new quinolinic compounds in-
tended to interact strongly with heme.

The synthesized compounds indeed showed potent antimalari-
al activity towards both a chloroquine-sensitive and a resistant
P. falciparum in vitro.
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Figure 1. Hemozoin (Hz) formation, and molecular design of

inhibitors of hemin self-assembly as candidate antimalarial
agents.
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n-Electron-conjugated planar molecules interact with heme
via m—rn stacking, so molecules with two planar moieties
should have greater affinity for heme than those with just one.
As shown in Figure 1, we designed compounds with two con-
densed heteroaromatic rings conjugated with terminal amino
groups of N™3-methyl[1, n+3, 2n+5]triazaheptane (n=1: 1a) or
triazanonane (n=2: 1b). The compounds bearing two planar
scaffolds are expected to interact with heme by pinching (Fig-
ure 1). Some symmetric bis-quinoline-type compounds have
already been reported to have relatively potent antimalarial
activity, including towards chloroquine-resistant strains.'%%
However, compounds designed to form simultaneous n—n
interactions with two bicyclic aromatics as well as electrostatic
interaction with heme in a host-guest manner have not been
reported, although several compounds were designed consid-
ering n—m interaction with heme.® 222 Also, reported mole-
cules bearing two planar scaffolds are mostly symmetric,
probably for reasons of synthetic convenience.® We synthe-
sized various molecules, including asymmetric ones, based on
the molecular design described above. Here we report that
these compounds bearing two planar scaffolds show potent
antimalarial activity in vitro and in vivo, and also exhibit pro-
tective activity against hemin degradation and HDP-inhibitory
activity.

Scheme 1. Synthetic scheme of two planar scaffolds linked
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with triamines (3-10) and a-acyltriamine-type compounds 11-
13

Triamines 1a and 1b (Scheme 1a) having two primary amino
groups and one tertiary amino group were adopted as basic
skeletons and two planar moieties were attached to the prima-
ry amino groups of the triamines. The tertiary amino group

takes ammonium form in the vacuoles of malaria parasites (pH
~5) and should interact strongly with carboxylates of hemin
through Coulombic force.

We prepared 4-(7-chloroquinolyl)-bearing triamines 2a and 2b
as common intermediates (Scheme 1a) by the reaction of tri-
amines la or 1b with 4,7-dichloroquinoline. Symmetric com-
pounds 3a, 3b, 4a and 5a with two planar moieties were simp-
ly prepared as shown in Scheme 1b (Ar series). Compound 3a
was originally developed by us as an antimalarial agent,?® and
was recently reported to be a potent inhibitor of autophagy.?’

Next, two series of compounds having asymmetric structure
were prepared (Schemes 1c, 1d and 1e). Only a few asymmet-
ric quinolinic compounds have previously been reported.?!
We mainly adopted 7-chloroquinoline-attached triamines 2a
and 2b as common structures. The primary amino group on 2
was directly conjugated with chlorinated Ar to afford com-
pounds 6 — 10 (Schemes 1c). Carboxylic acid-bearing =-
conjugates planar molecules were condensed with compound
2a or 2b to afford 11 - 13 having an amide bond (Schemes 1d
and le).

All the compounds having two m-conjugated planes (3-13)
were evaluated in vitro for antimalarial activity against the K1
(chloroquine-resistant) and FCR-3 (chloroquine-sensitive)
strains of P. falciparum according to the procedure reported in
the literature, and the data are presented in Table 1 (triamine-
type compounds and a-acyltriamine-type compounds). Com-
pounds not having a 7-chloroguinolin-4-yl group generally
showed almost no antimalarial activity (4a and 5a). These
results indicate the importance of the 7-chloroquinolin-4-yl
group for the activity. Compounds with a monocyclic aromatic
group, 6 and 7, showed poor antimalarial activities towards
both strains. On the other hand, most of the compounds having
a bicyclic aromatic group (3, 8, 9, 12) exhibited much higher
activity than the monocyclic compounds. Especially, 3a, 3b,
Nor-3a, 8b, 12a and 12b showed potent activity against both
strains. It is noteworthy that the 6 compounds were about 10
times more effective against the chloroquine-resistant strain
(K1) than chloroquine itself. There was little difference in
inhibitory activity or toxicity between 3a and Nor-3a. Com-
pound 8b showed potent activity against FCR-3 strain (ECso:
0.92 nM), although its structure resembles that of 3b (ECso: 97
nM). The toxicity of the compounds toward human cells was
also evaluated using MRC-5 cells (human embryonic lung-
derived fibroblast cells). In general, triazaheptane-type com-
pounds (n=1) were less toxic than triazanonane-type ones
(n=2). Compound 12a showed low toxicity to human cells and
its selective toxicity (for K1 versus MRC-5) was the highest
among the compounds tested. We prepared analog of 12a for
structure optimization and evaluated their antimalarial activity
(13) (Table 1). However, the activity and selectivity did not
exceed those of 12a.

Table 1. In vitro Antimalarial activity and cytotoxicity of tri-
amine-type compounds 3-10 and a-acyltriamine-type com-
pounds 11-13
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roquine seems to be better than those of 3a and 12a.%> However,
3a and 12a would be superior to chloroquine against chloroquine-
resistant strains (the P. berghei strain is chloroquine-sensitive).

Table 2. In vivo antimalarial activity of 3a, 12a and ar-
tesunate on P. berghei-infected mice

Comp. (mg?l?;;gr%ute Inhibition (%) | Survival (%)
3a 30x4,s.c. 100 >284.6*
3a 30 x 4, p.o. 99.5 115.4
12a 30 x4, s.c. 100 223.1
12a 30 x 4, p.o. 235 100
artesunate 15 x 4, p.o. 95.2 102.6

Cl
compounds 3-10 compounds 11-13
1Cso 1Cso Cytotoxi- Selectivity
(nM) (nM) city MRC- Index
Comp. | Arp | A, | n| K1 FCR-3 5 (nM) MRC-5/K1
3a CQ CQ1 45 20 8800 200
Nor-3a CQ cCqQ1 44 37 14000 320
3b CQ CqQ 2 21 97 1400 66
4a Q Q 1| 18000 21000 310000 17
5a Bzl Bzlm{ 2 | 19000 17300 90000 4.7
m

6 CQ Py 1 1100 510 470000 430

7 CQ Pyml 1 750 210 30000 40
8a CQ Q1 370 29 9500 36
8b CQ Q 2 37 0.92 2200 61
9a CQ 1Q 1 270 24 9500 36
10a CQ Bzim| 1 3100 230 26000 8.5
1la R=44 1 | 18000 750 > 250000 > 14

imidazolyl

12a 2-naphthyl 1 28 12 34000 1200
12b 2-naphthyl 2 10 4.9 1400 140
13 2-quinolinyl| 1 870 76 5300 6.0
chloro- 570 46 57000 100
quin

CQ: 7-chloro-4-quinolyl; Q: 2-quinolyl; Bzlm: 2-benzimidazolyl;
Py: 2-pyridyl; Pym: 2-pyrimidyl; 1Q: 1-isoquinolyl. Nor-3a: N-
demethylated form of 3a.

We examined the in vivo antimalarial activity of compounds 3a
and 12a, which had shown especially good results in vitro. Com-
pounds 3a and 12a were orally (p.o.) or subcutaneously (s.c.)
administered to P. berghei-infected mice. Artesunate, which is one
of principal clinically used antimalarial drugs, was tested as a
positive control. Both 3a (both p.o. and s.c.) and 12a (s.c. only)
(30 mg/kg/day, 4 times) completely eliminated the malaria para-
sites from the mouse body (Table 2). On the other hand, a few
parasites still remained in the case of artesunate. That is to say, the
parasite-inhibitory effects of 3a and 12a are almost equivalent to
that of artesunate, since the molar amounts of 3a (68.3 umol/kg)
and 12a (65.3 pmol/kg) used were larger than that of artesunate
(39.0 umol/kg). The reported in vivo therapeutic efficacy of chlo-

>284.6*:0ne mice of 3a treatment group was still survive
without malaria parasites on day 35.

We also examined the duration of the pharmacological effect of
the test compounds by observing prolongation of life of mice after
the end of administration (Table 2, Figure S1). Mean of survival
days in control group were 7.8 days and artesunate-, 3a-, and 12a-
administered group (p.o. treatment) were dead within 9 days. On
the other hand, administration of 3a or 12a (s.c. treatment) pro-
longed the lives of the mice by 15-35 days. Especially, subcutane-
ously inject in to mice of 3a, one mice of them was survive with-
out malaria parasite in the mice. This result indicates that 3a and
12a are superior to artesunate not only in pharmacological activity
but also in the duration of antimalarial effect. Compounds 3a and
12a are thus considered promising lead compounds for drugs to
prevent malarial relapse.

The Clog P values of chloroquine (free base) and primaquine are
reported to be 5.06 and 2.6, respectively.3® Calculated Clog P
values of 3a, 8b, 12a (free base) were 5.09, 5.08 and 5.36,%
which are slightly higher than that of chloroquine. However, at
least each aliphatic amino group of the prepared compounds
should be protonated under physiological conditions. For example,
the Clog P value of mono-protonated 12a was calculated to be 2.2,
which is an appropriate value from the viewpoint of bioavailabil-
ity.

ITC is an excellent method for evaluation of affinity between
two compounds, because the binding constant, two thermodynam-
ic parameters and binding ratio can be obtained simultaneously.
The interactions of chloroquine with hemin3 or hemin p-oxo
dimer®®-%7 have been determined by ITC. Here, we examined the
affinity between the synthesized compounds and hemin by using
ITC after adjusting the pH to 5.2, which is close to that of the
malaria parasites’ vacuoles.®® Table S1 (Supporting Information)
shows the results. Contrary to our expectation, the differences
among 12a, 8b and chloroquine in terms of binding constant, 4H
and TAS were not large. There did not appear to be a clear rela-
tionship between the antimalarial activity and the binding con-
stant.

Hemin reacts with H202 to form hydroxyl radical (*OH) and oxo-
Fe'Y heme via O-O bond homolysis, and *OH and other oxy radi-
cal species attack the hemin, causing degradation accompanied by

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Medicinal Chemistry Letters

bleaching.®® Therefore, we used the H202-mediated hemin degra-
dation system to evaluate the protective effect of quinolinic com-
pounds at pH 5.2.2 As shown in Figure 2, chloroquine had moder-
ate protective effect and quinine showed almost no effect. In con-
trast, compounds having two m-conjugated planar moieties had
much higher protective activities than chloroquine. These results
strongly suggest that these molecules have high affinity for he-
min. The order of the inhibitory potency is as follows: 12a > 8b >
3a> chloroquine >> quinine.

DFT calculation was carried out for antimalarial compound—
hematin (HO" coordinated ferric heme) complex in order to clarify
the correlation between complex formation equilibrium and anti-
malarial activity. We chose compounds 8a and 8b for comparison
and a hematin (dianion form) with one 8a or 8b molecule (dica-
tion form) was set for calculation. Geometry optimization (func-
tion set: ®B97X-D / 6-31G") successfully converged in both cases
(Table S3). Calculated formed heat in complexation of hematin
with 8b was more than that with 8a with shorter methylene chains
(0.0324 Hartree (85.0 kJ/mol) difference). This result matches
that antimalarial activity of 8b was much higher than that of 8a.
The optimized shape of hematin-8b complex looks like pincer
type one (Figure S3). Next, we examined the complexation with
hemin dimer (B-hematin). Calculation in the case of hemin dimer
8b successfully converged (Table S4), but calculation in the case
of 8a did not converge in spite of several trials. As shown in Fig-
ure S3, the optimized structure of hemin dimer 8b complex was
greatly transformed from the original form of hemin dimer. This
complexation would contribute to the prevention of hemozoin
formation.

60 |

12a

50 |

40 |

30 |

% Inhibition

20 |

10 quinine

0O 20 40 60 80 100 120
Concentration (uM)

Figure 2. Protective effect of antimalarial compounds against
degradation of hemin by H20..

HDP has a critical role in dimerization of hemin in the food vacu-
oles of malaria parasites to generate hemozoin.® 40-4! Therefore,
we next examined the inhibitory effect of our compounds on the
production of hemozoin by HDP. HDP was obtained by expres-
sion in Escherichia coli and subsequent purification. The amount
of HDP-produced hemozoin

Figure 3. Inhibitory effect of antimalarial compounds on hemozo-
in formation catalyzed by heme detoxification protein (HDP).
I1Cso against FCR-3 strain: Compound 3a (20 nM), 8b (0.92 nM),
12a (12 nM), chloroquine (46 nM).

was determined by absorption spectrometry of an alkaline solu-
tion of isolated hemozoin. Concentration-dependent inhibition by
the test compounds is shown in Figure 3. Compounds 8b and 3a
were much more potent inhibitors than quinine and chloroquine,
and 8b showed very high inhibitory activity at low concentration.
Hence, the extremely high antimalarial activity (FCR-3) of 8b
may be explained mainly in terms of this potent HDP inhibition.
Compound 12a was the most potent protector of hemin decompo-
sition by H202, whereas it was only an intermediate-strength in-
hibitor of HDP-catalyzed hemozoin formation. These results
strongly suggest that the antimalarial effect of the compounds we
developed is due not only to interference with the self-assembly
of heme dimer by direct interaction with hemin, but also to inhibi-

tion of heme dimerization by HDP. Hence, the antimalarial activi-
100 ty of the developed compounds involves at least these two mech-
anisms.
80 In summary, we designed and synthesized a new series of antima-
larial compounds based on the idea that high affinity for heme
- would block hemozoin polymer formation in malaria parasites.
o 60 Compounds with a 7-chloroquinolin-4-yl group and another n-
Qa conjugated moiety at the two terminal amino groups of triamine
E 40 - la or 1b generally exhibited moderate to high antimalarial activi-
2 ‘ '-: _____________ g Ton e s e R ties in vitro. Especially, 3a, 3b, Nor-3a, 8b, 12a and 12b had
'/ - ;;"‘"'. - e potent activities, with ECso toward a chloroquine-resistant strain
20 S (K1) reaching the 108 M level. It is well established that 4-amino-
e 7 . ==m==chloroquine 7-chloroquinolines bearing a basic side-chain are strongly active
:" - m=emiemnm (U | N1 NE
0 ',‘:‘ 2a
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against malaria parasites. However, there has been no explicit
attempt to design molecules with two m-stacking groups that can
pincer heme. On the other hand, there is recent evidence that
quinoline-type drugs may inhibit Hz formation by binding the
surfaces of the crystal.® An alternative mechanism has also been
suggested, i.e., that these compounds could bind to more than one
surface site on the Hz crystal. Compounds 3a and 12a showed
more potent in vivo antimalarial activity than artesunate in s.c.
treatment, and provided longer-lasting protection against P.
berghei-infected mice. The plot of protective activity against he-
min degradation by H202 versus antimalarial activity showed a
good correlation, supporting the validity of our molecular design
concept. However, the order of inhibitory activity on HDP-
catalyzed hemozoin formation was somewhat different from that
of protective activity against hemin degradation. This result indi-
cates that the effect on HDP catalysis is also significant. These
findings results should contribute to the development of antima-
larial drugs with excellent activity against drug-resistant malaria.
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