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Due to increasing resistance to existing antimalarials1 develop-
ment of new safe and effective antimalarial drugs remains an
important goal toward achieving control of malaria. Among poten-
tial new targets for antimalarial chemotherapy are cysteine prote-
ases, enzymes that cleave small peptide substrates by the action of
a nucleophilic cysteine thiol group and that in malaria parasites
play important physiological roles.2 The differences in nature of
parasitic cysteine proteases and its human orthologues have
prompted interest in this class of proteases.2 Also, it has been
shown that cysteine protease inhibitors arrested the erythrocytic
life cycle of Plasmodium falciparum, the most virulent human ma-
laria parasite, by blocking the hydrolysis of the host hemoglobin,
causing abnormally swollen food vacuoles3 and moreover, some
of these molecules have led to cure of malaria in mice.4,5 P. falcipa-
rum parasites contain four typical papain family cysteine proteases
known as falcipains.6 The importance of the role of falcipain-1
(FP1) is yet not clear,6 and the biological role of falcipain-20

(FP20), biochemically very similar to falcipain-2 (FP2), is still uncer-
tain too.7 Better known proteases are falcipain-28,9 and falcipain-3
(FP3),9,10 expressed in trophozoites, localized in the food vacuole
and able to degrade hemoglobin, therefore suggesting to be major
hemoglobinases and targets for cysteine protease inhibitors.
All rights reserved.

ll).
Initial studies with generic peptide cysteine protease inhibitors
like leupeptin and E64 were followed by the finding of more spe-
cific ones and several peptide-based falcipain inhibitors have since
been identified, including carbonyl-containing11 and vinyl sulfone-
containing inhibitors 1a,b (Fig. 1).12 These compounds act by irre-
versible alkylation of the cysteine residue13–15 at the active site via
either 1,2-addition16 in the case of aldehydes17 or conjugate addi-
tion in the case of vinyl sulfones. Consistent structural features
leading to achieve maximal FP2 and FP3 inhibition by the peptidyl
analogues appear to include a leucine residue at the P2 posi-
tion8,10,18 and the unnatural amino-acid homophenylalanine at
the P1 position.16,18 Also, conformationally constrained vinyl sulf-
ones 2 (Fig. 1) have been prepared and demonstrate high FP2 inhi-
bition.19 However, peptidyl inhibitors may have a limited utility as
therapeutic agents since they have some theoretical disadvantages,
including relatively poor pharmacokinetic profiles as their amide
bonds are susceptible to cleavage by other proteases,20 and also be-
cause they can be relatively non-selective and thus promote host
toxicity.21

The incorporation of a non-peptidic scaffold that can constrain
the amino-acid backbone has potential advantages, such as
increasing selectivity by stabilizing a biologically active conforma-
tion and decreasing toxicity to the human host. Examples of
success in the field of peptidomimetics active against cysteine
proteases include the discovery of novel peptide-based ICE
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Figure 1. Potent small molecule cysteine protease inhibitors of peptidic and peptidomimetic nature.
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(interleukin-1b-converting enzyme) inhibitors 3 (Fig. 1)22 and no-
vel human rhinoviruses inhibitors.23 More significantly, studies by
Lin et al. at the Walter Reed Army Institute of research showed that
peptidomimetic analogues 4 (Fig. 1) can be designed with potent
antimalarial activity in vitro.21 In all these studies, the pyridone
ring core was found to be a suitable surrogate for a portion of
the peptide.

As the bioactive conformation of the inhibitors (e.g. 1b) are not
known, we undertook a modeling study to verify that the proposed
inhibitors 6a and 6c could adopt similar low energy conformations
to the known inhibitor 1b. Similarity between 1b and 6c was as-
sessed using FieldTemplater, a tool for comparing molecules using
their electrostatic and hydrophobic fields.24 Each conformation of
one molecule was aligned to each conformation of the other mol-
ecule to identify the most similar compound on the basis of field
similarity and volume of steric overlap. As can be seen from Figure
2, the most similar conformations of the proposed inhibitor 6c and
the known inhibitor 1b possessed a high degree of similarity (Field
Similarity 0.789, Volume Similarity 0.863). There were many other
‘good’ matches of conformation between these two molecules indi-
cating that these molecules could adopt similar low energy confor-
mations. The proposed molecule 6a was assessed for its similarity
to the a,b unsaturated methyl ester analogue of 1b. Pleasingly,
there was a high degree of similarity between 6a and the a,b unsat-
Figure 2. Pairwise molecular alignment from FieldTemplater of 1b (green) with 6c (
(Hydrogens omitted for clarity. Pictures generated using PyMol25.) The template structur
above and of molecular modeling studies, represents our target peptidomimetic malaria
urated methyl ester analogue (Field Similarity 0.800, Volume Sim-
ilarity 0.846), with many other ‘good’ matches of low energy
conformers.

The synthesis of cysteine protease inhibitors described in this
study involves incorporation of a 2-pyridone ring and different
P1 fragments for recognition and binding to the enzyme and of dif-
ferent Michael acceptor groups capable of reacting with the nucle-
ophilic thiol of the cysteine residue. In this communication, we
focus on conformationally restricted peptidomimetic inhibitors
5a,b and 6a–c of P. falciparum cysteine proteases and the assess-
ment of their antimalarial activity.

Our original synthesis of peptidomimetics was developed in or-
der to achieve target molecules unsubstituted at the P1 position
(Lin’s approach), by direct use of methylbromoacetate as one of
the building blocks (R1 = H). Later on we introduced a substituent
at this position by working from commercially available protected
D-phenylalanine and D-homophenylalanine (R1 = CH2Ph,
R1 = C2H4Ph).

Preparation of the key intermediate 12 (Fig. 3) was achieved by
coupling an amino-protected pyridone ring with a moiety contain-
ing the desired substituent at the P1 position and an ester function,
to allow subsequent chemical transformations. Pyridonyl-alde-
hydes 5, themselves target molecules in this synthesis, were ob-
tained directly from 12, and the remaining target molecules 6a–c
red) and the 1b a,b unsaturated methyl ester analogue (yellow) with 6a (blue).
e presented in Figure 3 (6a–c), designed on the basis of the considerations described
l cysteine protease inhibitor.
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were obtained via a Wittig-type strategy. The synthetic transfor-
mations employed followed previously reported preparations of
related peptidyl and peptidomimetic inhibitors.23,26 The pyridone
8 was obtained from commercially available 3-nitropyrid-2-one,
by selective reduction of the nitro group and subsequent protec-
tion of the primary amine 7 as a carbamate (Scheme 1).
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Scheme 2. Reagents and conditions: (i) HCl, dioxane, hexane, then H2SO4 and NaNO2 aq;
neat, 0 �C, 1 h.
The P1 block 11 was obtained from commercially available Boc-
D-phenylalanine and Boc-D-homophenylalanine (Scheme 2). Boc-
deprotection followed by nitrous deamination afforded a-hydrox-
yacid intermediates 9a and 9b. Esterification under acidic condi-
tions gave the corresponding methyl esters 10a and 10b, which
were then converted into the more reactive triflates 11a and 11b.

The triflates 11a–b were then condensed with the pyridone
fragment 8 to give intermediates 12a–b (Scheme 3) in good yield.
After purification on silica gel, the esters were quantitatively re-
duced to the primary alcohols 13a–b, which were selectively oxi-
dized to the corresponding aldehydes 5a–b27 (Scheme 3), via a
Dess–Martin periodinane oxidation or, more successfully, using
Swern conditions. Olefination of the aldehyde using Wittig– or
Horner–Emmons–Wadsworth methodologies afforded target mol-
ecules 6a–c (Scheme 3).28 This is an approach widely applied to the
synthesis of a,b unsaturated esters29,30 and aryl or alkyl vinyl
sulfones.18,31,32

The antimalarial activity of the target molecules prepared was
measured in red blood cell-based assays. Efficacy was monitored
by parasite {3H}-hypoxanthine incorporation using parasite-in-
fected human erythrocytes.33,34 We have assayed compounds in
triplicate against the chloroquine-resistant parasite strain TM6
and against the chloroquine-sensitive parasite strain 3D7 (Table
1). The screening of our three best peptidomimetics against puri-
fied recombinant FP2 and FP3 (prepared as previously de-
scribed8,10) was performed as previously described by Shenai
et al.18

All our new peptidomimetic derivatives displayed measurable
in vitro antimalarial inhibition, with IC50 ranging from 6 to
40 lM (initial synthetic approach with R1 = afforded compounds
with no measurable antimalarial activity). Compound 6c was the
best inhibitor of this series, followed by the a,b unsaturated methyl
ester 6a, with very close activity to the one presented by aldehyde
5b. As seen previously, the vinyl sulfone 6b and the aldehyde 5a,
bearing a phenylalanine substituent at P2 position, were less active
than their counterparts bearing the longer unnatural segment of
NH
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Table 1
Antimalarial activities of peptidomimetic compounds (R1 6¼ H) versus Plasmodium falciparum parasites and recombinant enzymes FP2 and FP3

N
H

N
O

R2

R1
Cbz

Compound R1 R2 IC50
a (lM)

3D7c parasite strain TM6c parasite strain Rec FP2 Rec FP3

5a CH2Ph CHO 37.3 36.0 — —
5b C2H4Ph CHO 31.0 22.7 10.9 >25.0

6a(E:Z 9:1) C2H4Ph COOMe 27.9 35.3 19.0 >25.0

6b (E) CH2Ph SO2Ph 35.7 36.0 — —

6c (E:Z 1:1) C2H4Ph SO2Ph 5.7 9.0 b b

1a C2H4Ph SO2Ph 0.003d 0.0029 0.0219

Chloroquine 15 nM 150 nM

a Parasites were maintained in continuous culture, according to the method described by Trager and Jensen.33 IC50 values were measured according to the method
described by Desjardins et al.34

b Precipitation of the compound occurred in this case, not allowing reliable analysis.
c 3D7 is a chloroquine-sensitive strain of the parasite P. falciparum, and TM6 is a chloroquine-resistant strain of the parasite.
d Compound tested against Itg2 strain of P. falciparum parasites.12
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homophenylalanine. These results are supportive with the fact that
a longer chain is a more suitable substituent to have in the P1 rec-
ognition site of FP2 inhibitors. Though molecular modeling studies
showed excellent match of conformations between both our pepti-
domimetic 6a and 6c and their peptidic counterparts, antimalarial
activity is more significant with the vinyl sulfonyl analogue, indi-
cating that this electrophilic moiety may be more reactive toward
the nucleophilic thionyl group of the target enzyme. Also, we can
see from our activity results that reversible aldehyde inhibitors
show slightly higher activity against the chloroquine-resistant
strain TM6. Activity of our three best peptidomimetics against puri-
fied recombinant enzymes FP2 and FP3 was found to be week
(IC50 > 10 lM), with higher activity against FP2 than FP3, in line
with previous reports of the selectivity of these types of compounds
against parasite enzymes.35 It is noteworthy that compound 5b
shows both higher antiplasmodial activity and enzymatic inhibi-
tion when compared to compound 6a; however, the solubility
problems encountered for compound 6c under the experimental
conditions used in this assay have not permitted, until the current
time, to obtain a clear correlation between the antiparasitic and
enzymatic inhibitory activities, which would strengthen the
hypothesized mode of action for this class of compounds.

In summary, a new class of peptidomimetics have been synthe-
sized, following a short and optimized synthetic route and incorpo-
rating a new pyridone ring scaffold as a replacement for the
peptidic leucine residue, at the P2 position, within the inhibitor’s
framework. From analysis of the work described in this paper, it
seems that though conformational restriction is reported to be a
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requirement for inhibitors to be recognized by many proteases,36,37

and despite our results being comparable and consistent to others
for peptidomimetic cysteine protease inhibitors reported in the lit-
erature,38 the rigid pyridine moiety chosen here is not a suitable
backbone modification, as structurally comparable unconstrained
peptidyl aldehydes and vinyl sulfones display higher activity.5,12,18
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