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Inhibitors of Plasmepsin II—potential antimalarial agents
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Abstract—In order to overcome the problem of drug resistance in malaria, it appears wise to concentrate drug discovery efforts
toward new structural classes and new mechanisms of action. We report our results, targeting Plasmepsin 11, a Plasmodium falci-
parum aspartic protease active in hemoglobin degradation, a parasite specific catabolic pathway. The results show that the new
structural class is not only inhibiting PMII in vitro but is also active in a P. falciparum infected human red blood cell assay.

© 2006 Elsevier Ltd. All rights reserved.

Due to changing agricultural habits, increased mobility
of the population and climate changes, malaria is
spreading into formerly unaffected regions. In addition,
the rising tide of resistance to most antimalarial drugs
has caused an increase in mortality and has complicated
disease control. Consequently, malaria is still one of the
world’s most serious infectious diseases, being the most
widespread parasitic disease in man, with 300-500 mil-
lion people affected, leading to more than 1 million
annual deaths, mostly among children.!

These facts and a recent publication reporting that
organisms with reduced sensitivity to artemisinin deriva-
tives, the last resort against multi-drug resistant P. falci-
parum parasites, have been found in field isolates®
illustrate the urgent need to discover and develop new
antimalarial drugs. In order to successfully overcome
the problem with existing drug resistances it appears wise
to concentrate drug discovery efforts toward new struc-
tural classes with new mechanisms of action. Hemoglo-
bin degradation is a parasite specific catabolic pathway,
essential for the survival of P. falciparum, the most lethal
malaria causing parasite in man. The enzymes involved
in this process constitute new and promising drug
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Figure 1. General structure of type I and II tertiary amines.

targets.? It has been shown that the parasites are unable
to proliferate in human red blood cells in vitro in the
presence of inhibitors of aspartic proteases.* Plasmepsin
IT (PMII) was identified as one of at least four parasite
specific aspartic proteases involved in hemoglobin degra-
dation inside the acidic food vacuole.?>

A high-throughput fluorescence resonance energy trans-
fer (FRET) assay was used to measure the enzymatic
activity of the isolated enzyme. Screening of a commer-
cial library led to the identification of low uM inhibitors
of PMII of types I and II (Fig. 1).

Optimization of type I hits improved the potency by a
factor of 250 (ICsq PMII from low uM for 1 down to
6 nM for 2).° In parallel, optimization of type II tertia-
ry amines led to a 60-fold increase in potency (from
low puM for 3 to 101 nM for 4).”" These compounds

T1Csy are the mean of several measurements, explaining some
differences with the ICs, as published earlier.’
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were then tested for antimalarial activity in a cell-based
assay using P. falciparum infected human red blood
cells (iRBC assay).® Compounds 2 and 4 exhibited a
clear antiparasitic activity in this assay, although a
shift between the isolated enzyme assay and the cell-
based assay of a factor of 10 or more was observed
(ICs9 iIRBC/IC5y FRET > 10). It was hypothesized that
the shift might be due to the difficulty of these rather
lipophilic compounds to reach their target in the cellu-
lar assay (Fig. 2).

For type II inhibitors, the importance of the 4-n-pentyl-
benzoyl unit and the length of the spacer for inhibitory
activity against PMII had already been reported.’
Replacing the n-pentyl chain by shorter ones as well as
the introduction of a heteroatom in the chain led to sub-
stantial losses of inhibitory activity toward PMII. It had
also been shown that there was a slight preference for
the C, spacer. Until now, little was known of the effect
modifications at R* and R* would bring to type II PMII

inhibitors (see Fig. 1). In order to evaluate the effect of
the substituent at the tertiary amine, the synthetic path-
way was accommodated as described in Scheme 1 and a
series of reductive aminations was conducted using a
parallel chemistry approach.

The di-n-butyl substitution still resulted in the most ac-
tive compound of the series as seen in Table 1. No fur-
ther conclusion could be drawn except that substituents
should be quite bulky to retain activity. Additional
investigations with respect to the amine substitution
are underway.

Applying these SAR-observations (4-n-pentyl-benzoyl
unit, biaryl system, C, spacer, di-n-butyl substitution)
an attempt to improve the physico-chemical profile of
the compounds was made. This was achieved by add-
ing a polar functionality to the preferred biaryl sys-
tem with the aim to maintain activity against PMII
and to increase activity in the iRBC assay. As
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Figure 2. First optimization of the lead structures.

4: IC5, PMII (FRET) = 101 nM
ICsp (IRBC) = 1.2 uM

Scheme 1. Reagents and conditions: (a) i—glycine methyl ester hydrochloride, MeOH, Hiinig’s base, reflux 4 h; ii—NaBHy, rt, 1 h; (b) 4-n-pentyl-
benzoyl chloride, CH,Cl,, Hiinig’s base, rt; (c) N,O-dimethyl-hydroxylamine, AlMes, CH,Cl,, rt, 47%, three steps; (d) DIBAL-H, THF, —78 °C, 2 h;

(e) amine, CH3;CN, reflux 4 h; ii—NaBHy, rt, 1 h, 80%, two steps.
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Table 1. Variations in the tertiary amine of type II compounds (ICs, in nM)
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described in Table 2, addition of polarity by introduc-
tion of an ester (15), an acid (16) or an alcohol (17)
did not decrease the shift between the FRET ICsg
and the iRBC ICsy values. Replacement of the ester
by an amide (18-23) resulted in improved activity in
the FRET assay but the shift remained and in addi-
tion the molecular weight of the compounds was
increased.

These results indicated that the physico-chemical prop-
erties of the compounds needed to be adjusted by other
structural variations. In order to keep the compounds
small, the second aryl of the biphenyl moiety was re-
placed with a heteroaryl or an amide. Using a copper
catalyzed coupling according to Buchwald,”!? both the
aryl-heteroaryl (Table 3, 24 and 25) and the aryl-amide
derivatives (26-29) were accessible.

Table 2. Aryl-amine substituents: comparison of the shift between the FRET and the iRBC assay (ICs, in nM)
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Table 3. Aryl-heteroaryl and aryl-amide substituents: comparison of the shift between the FRET and the iRBC assay (ICs, in nM)
o
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In comparison to the biphenyl substitution, where a
shift of more than 10 between the enzyme FRET assay
and the cell-based assay was observed, the shift was sig-
nificantly reduced by replacement of the terminal aryl of
4 by an indole or amides. The aryl-heteroaryl system
was further investigated using a Suzuki coupling in a
parallel chemistry setting.

Introduction of a pyridine (Table 3, 30-32) resulted in
some activity loss by FRET assay in comparison to 4
or 14 but the assay to assay shift was reduced or even
disappeared as shown by 31. One possible explanation
of these findings is that the introduction of polar groups
allowed better cell penetration and/or accumulation in-
side the cells.

Table 4. Increasing hydrophilicity / polarity: comparison of the shift between the FRET and the iRBC assay (ICsy in nM)
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Table 5. Aryl-amine substituents: comparison of the shift between the FRET and the iRBC essay (ICs, in nM)
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The results depicted in Table 3 encouraged the study of
further replacements of phenyl-rings by heteroaryl-sys-
tems as summarized in Table 4.

A distinct SAR can be derived from Table 4: in the pyr-
idine—aryl system 34 and 36 some activity was lost in the
FRET assay compared to 14 and 4 but the assay to as-
say shift was significantly reduced. For 35 and 37, a 10-
fold loss of activity was observed in the FRET assay
compared to 14 and 4 but an inverted shift (ICs
iRBC/ICsy FRET < 1) was observed, the activity in the
iIRBC was better than on the isolated enzyme. This
was also true for the bis-pyridines 38 to 42: there was
no shift when Y = N and an inverted shift was observed
when X = N. The same was true for the pyridine—pyrim-
idine system (43 and 44). This inverted shift could be due
to off target activity, better cell penetration and/or intra-
cellular accumulation.

Having shown that an introduction of polarity by means
of replacing CH-groups in the biaryl system by N-atoms
resulted in reduced ICsq shift between the assays, the ef-
fect of replacing the biaryl system by an aryl-amine
group was examined. Applying the Buchwald-Hartwig
aryl-amination protocol'! in a parallel chemistry setting,
the compounds depicted in Table 5 were synthesized.

These results demonstrated that the introduction of
polarity via an aryl-amine system resulted in reduced
or inverted ICs, shift between the assays. Compounds
down to 207 nM in the iRBC assay could be obtained
(see 55) but the SAR was not as clear as with the biaryl
system.

In conclusion, it was shown that type II compounds are
promising leads to provide PMII inhibitors. The prob-
lem of the 1Csq shift between the isolated enzyme assay
(FRET) and the cell-based assay (iRBC) could be solved
by the introduction of polar groups without significantly
increasing the molecular weight. The bis-heteroaryl moi-
ety was a preferred pattern where hydrophilicity / polar-
ity could be introduced. The pyridine—pyridine biaryl
replacement showed activity in the iRBC assay below
300 nM with a clear SAR. Further work toward the
optimization of the biaryl class by replacement of the
pyridine by small heterocycles is ongoing. It was also
demonstrated that the aryl-amide unit pattern as well
as the aryl-amine are beneficial, resulting in compound
55 with an ICsq of 207 nM in the iRBC essay.
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