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AbstractÐThe Plasmodium falciparum cysteine protease falcipain is required for the degradation of hemoglobin by erythrocytic
malaria parasites. In prior studies, peptidyl inhibitors of falcipain blocked hemoglobin degradation and development by cultured
parasites and one of these compounds, when administered parenterally, cured Plasmodium vinckei-infected mice. We now report an
evaluation of orally administered peptidyl inhibitors of falcipain in a mouse malaria model. In studies with a ¯uoromethyl ketone,
orally administered morpholine urea-phenylalanine-homophenylalanine-¯uoromethyl ketone delayed the progression of murine
malaria. In studies of a new series of vinyl sulfones, a set of related compounds demonstrated marked inhibition of falcipain and of
parasite biological activities in vitro. One of these compounds, N-methyl piperazine urea-leucine-homophenylalanine-2-naphthalene
vinyl sulfone, cured about 40% of mice when administered orally twice-a-day for four days. Our results suggest that peptidyl
inhibitors of falcipain have promise as antimalarial chemotherapeutic agents. # 1999 Elsevier Science Ltd. All rights reserved.

Introduction

Malaria is one of the most important infectious diseases
in the world. Infection with Plasmodium falciparum, the
most virulent human malaria parasite, is responsible for
hundreds of millions of illnesses and over one million
deaths per year.1 The control of malaria is complicated
by the increasing resistance of malaria parasites to
available drugs.2 There is therefore a great need to
develop new antimalarial agents. Among potential new
targets for antimalarial drugs is the P. falciparum
hemoglobinase falcipain.3 Erythrocytic malaria para-
sites degrade hemoglobin to acquire amino acids for
parasite protein synthesis.4,5 Falcipain is a papain-
family cysteine protease that appears to act in concert
with other enzymes, including two aspartic proteases,6,7

to degrade hemoglobin.4,5 Incubation of erythrocytic
parasites with inhibitors of falcipain blocks hemoglobin
degradation and parasite development.3,8±10 We are
currently studying falcipain inhibitors as potential anti-
malarial agents.

Peptide-based falcipain inhibitors have demonstrated
potent antimalarial e�ects. A number of compounds,
including ¯uoromethyl ketones8,11 and vinyl sulfones,12

inhibited falcipain and blocked parasite hemoglobin
degradation and development at nanomolar concentra-
tions. In initial in vivo studies, when a ¯uoromethyl
ketone was administered parenterally to Plasmodium

vinckei-infected mice, parasite cysteine protease activity
was blocked, and 80% of mice were cured.11 We have
now evaluated the in vivo e�cacy of orally administered
peptidyl inhibitors of falcipain. Fluoromethyl ketone
and vinyl sulfone falcipain inhibitors demonstrated
marked e�ects against murine malaria.

Chemistry

Morpholine urea-phenylalanine-homophenylalanine-
¯uoromethyl ketone (Mu-Phe-Hph-CH2F) (Fig. 1) was
synthesized by scientists at Prototek, Inc. by published
methods.13 Peptidyl vinyl sulfone protease inhibitors
were synthesized from amino acid aldehydes using
Wadsworth-Emmons chemistry, as previously descri-
bed, by scientists at Arris Pharmaceutical (now Axys
Pharmaceuticals).14,15 Alteration in the parent compound
morpholine urea-leucine-homophenylalanine-phenyl vinyl
sulfone (Mu-Leu-HphVSPh) o�ered improved aqueous
solubility with the replacement of the morpholine urea
group with N-methyl piperazine urea (N-Me-pipu-Leu-
HphVSPh) (Fig. 1). Secondly, the phenyl vinyl sulfone
group was replaced with a naphthalene vinyl sulfone
(N-Me-pipu-Leu-HphVS-2Np).

Results

Evaluation of in vitro antimalarial e�ects of peptidyl
cysteine protease inhibitors

A number of peptidyl ¯uoromethyl ketone and vinyl
sulfone cysteine protease inhibitors have been shown to
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be e�ective inhibitors of falcipain and to block parasite
hemoglobin degradation and development at nanomolar
concentrations.8,11,12 The most promising ¯uoromethyl
ketone in earlier studies was Mu-Phe-Hph-CH2F, which
strongly inhibited falcipain and, when administered
parenterally, cured murine malaria.11 The optimal vinyl
sulfone was Mu-Leu-HphVSPh, which blocked hemo-
globin degradation and development in cultured P. falci-
parum parasites at low nanomolar concentrations.12

To improve in vivo e�ectiveness, two analogues of Mu-
Leu-HphVSPh were synthesized. In these compounds
(N-Me-pipu-Leu-HphVSPh and N-Me-pipu-Leu-HphVS-
2Np) the morpholine urea group was replaced with N-
methyl piperazine urea to improve aqueous solubility,
and presumably bioavailability. In addition, in one of
the compounds, the phenyl vinyl sulfone group was
replaced with a naphthalene vinyl sulfone. The peptidyl
vinyl sulfones were potent inhibitors of falcipain
(Table 1). The compounds also strongly inhibited
hemoglobin degradation, development, and metabolic
activity in cultured P. falciparum parasites (Table 2).
Antimalarial e�ects correlated with potency against fal-
cipain, as N-Me-pipu-Leu-HphVS-2Np was in each case
the most e�ective inhibitor tested.

Evaluation of the in vivo antimalarial e�cacy of a
peptidyl ¯uoromethyl ketone inhibitor of falcipain

The peptidyl ¯uoromethyl ketone Mu-Phe-Hph-CH2F
was previously shown to be a potent inhibitor of falci-
pain and the P. vinckei analogue of falcipain11 (Table 1).
The compound also blocked parasite development at
low nanomolar concentrations (Table 2). In initial in

vivo studies, Mu-Phe-Hph-CH2F e�ectively controlled
murine malaria infections, although maximal e�cacy
required frequent (four doses/day) dosing.11 To evaluate
the e�cacy of orally administered Mu-Phe-Hph-CH2F
as a chemoprophylactic drug, we supplied the com-
pound with feed to BALB/c mice that were challenged
with P. vinckei infection one day after the initiation of
therapy. Animals that were treated with Mu-Phe-Hph-
CH2F at doses of 100 or 200mg/kg/day demonstrated
antimalarial e�ects, but not full protection. These animals
developed malaria, which was eventually lethal, but the
disease progressed more slowly in treated animals than
in controls (Fig. 2). A dose response was seen, as the
higher dose had a considerably greater e�ect. Higher
doses of 300±400mg/kg/day showed strong antimalarial
e�cacy, but these doses were not well tolerated beyond
about three days, with the development of lethargy and
anorexia, such that the higher doses were not reliably
ingested. At the 100±200mg/kg/day dosing, some ani-
mals were lethargic during treatment, but no severe
toxicity was observed.

Figure 1. Structures of the peptidyl cysteine protease inhibitors discussed in this report.

Table 1. Inhibition of plasmodial cysteine proteases by peptidyl
cysteine protease inhibitors

Inhibitor Inhibitory IC50 (nM)a

P. falciparum P. vinckei

Mu-Phe-Hph-CH2F 3b 5b

Mu-Leu-HphVSPh 10 300
N-Me-pipu-Leu-HphVSPh 5 200
N-Me-pipu-Leu-HphVS-2Np 2 20

aAll assays were performed in an identical manner with a 30 nM con-
centration of either falcipain or the P. vinckei falcipain analogue.
bResults are from a prior study.11
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Evaluation of the in vivo antimalarial e�cacy of peptidyl
vinyl sulfone inhibitors of falcipain

To evaluate the antimalarial e�cacy of orally adminis-
tered vinyl sulfones, we utilized a model for treatment of
murine malaria. Swiss Webster mice were infected with
105 P. vinckei-infected erythrocytes, and treatment was
initiated three days after infection. Animals treated with
N-Me-pipu-Leu-HphVS-2Np twice a day by gastric
lavage showed marked antimalarial e�ects. About 40%
of animals treated with 50 or 100mg/kg twice-a-day
were cured of their infections, and the remainder of
treated animals showed a markedly delayed progression
of malaria, as compared to controls (Fig. 3). N-Me-
pipu-Leu-HphVSPh was a less e�ective antimalarial.
Animals treated with this compound twice-a-day were
not cured, but as was the case with N-Me-pipu-Leu-
HphVS-2Np, they showed a markedly delayed progres-
sion of their infections. In an experiment following the
same protocol as that shown in Figure 3, animals

treated with 100mg/kg of N-Me-pipu-Leu-HphVSPh
twice-a-day survived for a mean of 12.8 days after
infection, as compared to untreated controls, who sur-
vived for 8.3 days. Some animals were lethargic during
therapy with vinyl sulfones, but none demonstrated
major toxicity.

Discussion

We have shown that orally administered peptidyl inhi-
bitors of the P. falciparum cysteine protease falcipain
had potent in vivo antimalarial e�ects in a murine
malaria model. The ¯uoromethyl ketone Mu-Phe-Hph-
CH2F, which previously was shown to be e�ective in
vivo when administered parenterally, was also e�ective
in delaying the progression of murine malaria when
administered orally. A new series of peptidyl vinyl sul-
fone falcipain inhibitors demonstrated strong inhibi-
tion of hemoglobin degradation and development in

Table 2. Inhibition of cultured P. falciparum parasites by peptidyl falcipain inhibitors

Compound Inhibition of

Developmenta Metabolismb Hemoglobin degradationc

(nM) (nM)
10 nM 1nM

Mu-Phe-HPh-CH2F 4 NDd ++ +
Mu-Leu-HphVSPh 4 200 ++ ÿ
N-Me-pipu-Leu-HphVSPh 2 100 +++ +
N-Me-pipu-Leu-HphVS-2Np 0.4 20 +++ ++

aIC50s for the inhibition of development, measured by counting new rings after a 48 h incubation.
bIC50s for the inhibition of [3H]hypoxanthine uptake.
cFood vacuole abnormality at two inhibitor concentrations, scored as discussed in Experimental.
dNot done.

Figure 2. In vivo antimalarial e�ects of an orally administered ¯uoro-
methyl ketone. Mice were begun on therapy with Mu-Phe-Hph-
CH2F, and one day later infected with P. vinckei. Therapy was con-
tinued for 7 days after the initiation of infection, and parasitemias
were evaluated daily. Mice were considered nonsurvivors when para-
sitemias topped 50%. Survival data for untreated control mice (circles,
n=18) and animals treated with 100mg/kg/day (squares, n=12) and
200mg/kg/day (triangles, n=6) are shown.

Figure 3. In vivo antimalarial e�ects of an orally administered vinyl
sulfone. Mice were infected with P. vinckei and three days later begun
on therapy with N-Me-pipu-Leu-HphVS-2Np, which was continued
for 4 days. Parasitemias were evaluated daily, and mice were con-
sidered nonsurvivors when parasitemias topped 50%. Survival data
for untreated control mice (circles, n=7) and animals treated with
100mg/kg/day (squares, n=8), and 200mg/kg/day (triangles, n=7)
are shown.
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cultured malaria parasites. When one of these com-
pounds, N-Me-pipu-Leu-HphVS-2Np, was administered
orally to mice, it markedly delayed the progression of
murine malaria, and cured about 40% of treated animals.

The clinical e�cacy of peptidyl protease inhibitors is
potentially problematic, due to limited bioavailability,
poor pharmacokinetics, and/or the inhibition of host
proteases. However, peptide-based inhibitors of other
proteases, including renin,16 thrombin,17 and leukocyte
elastase,18,19 have been shown to be orally bioavailable
and, in a number of cases, biologically active after oral
administration. For example, a peptide-based renin
inhibitor that is somewhat larger than the compounds
studied in this report was shown to have good oral
bioavailability and in vivo activity in a number of spe-
cies of animals.16 Interestingly, in this case the primary
limiting factor for bioavailability was not stability or
absorption after oral administration, but rather hepatic
elimination. In the case of the human immunode®ciency
virus protease, numerous peptide-based, orally bio-
available compounds have been identi®ed,20±23 and
some of these compounds are already in clinical use.24

Recent success with orally administered peptide-based
compounds is encouraging, as oral e�ectiveness would
add greatly to the utility of a new antimalarial. In addi-
tion, in our studies to date, peptidyl falcipain inhibitors
have shown greater e�cacy than nonpeptides. We are
therefore attempting to optimize peptidyl falcipain
inhibitors as orally e�ective antimalarials. Initial results
with the ¯uoromethyl ketone Mu-Phe-Hph-CH2F in
therapy were promising,11 and we now demonstrate that
this compound has moderate e�cacy when adminis-
tered orally. However, the e�cacy of ¯uoromethyl
ketones was probably limited by poor solubility in vivo,
and this class of compounds is also now known to be
toxic in some animal systems. We therefore have more
recently concentrated on studies of vinyl sulfones.

Prior studies12 and this report highlight informative
structure±activity relationships among peptidyl falci-
pain inhibitors. Considering amino acid sequences, stu-
dies with both ¯uoromethyl ketones11 and vinyl
sulfones12 (Table 1) have identi®ed Leu±Hph peptides as
excellent inhibitors of falcipain. Interestingly, the P.
vinckei analogue of falcipain di�ers, in that it is about as
sensitive as falcipain to Phe±Hph peptides, but it is
much less sensitive than is falcipain to Leu±Hph pep-
tides.11,12 Thus, while Leu±Hph compounds may be
optimally e�ective against human P. falciparum
malaria, their e�cacy is expected to be understated in
the P. vinckei animal model. Mu-Leu-HphVSPh also
inhibited the human papain-family proteases cathepsins
B, L, S, and O2 (K), although the activity of di�erent
peptides against these similar proteases di�ered mark-
edly.14,15 Precise comparisons of the inhibition of these
enzymes by peptide inhibitors will aid in the design of
selective inhibitors. A protocol for the a�nity puri®ca-
tion of falcipain has recently been developed (unpub-
lished) and detailed comparisons of the inhibition of
puri®ed falcipain and host enzymes by vinyl sulfone
inhibitors are planned.

Considering the amino-terminus of falcipain inhibitors,
benzyloxycarbonyl, morpholine urea, and N-methyl-
piperazine urea groups are all acceptable in terms of
enzyme inhibition.8,11,12 The increased aqueous solubility
a�orded by the morpholine urea andN-methyl piperazine
urea groups should improve in vivo bioavailability; we
have concentrated on N-methyl piperazine urea-contain-
ing compounds in our recent in vivo studies.

Considering the active group of the peptide inhibitors,
the vinyl sulfones appear to be less potent in inhibiting
falcipain than are ¯uoromethyl ketones,8,11,12 but opti-
mal vinyl sulfone inhibitors are nonetheless very potent,
and the vinyl sulfones do not appear to have the toxicity
concerns of the ¯uoromethyl ketones. We previously
showed that phenyl vinyl sulfones are much more
potent than methyl vinyl sulfones.12 In this report we
have shown that the naphthalene vinyl sulfone group
o�ers improved activity, compared to the phenyl vinyl
sulfone, both in terms of the inhibition of falcipain and
the inhibition of biological activities of cultured para-
sites. This result may relate to improved binding of the
naphthalene-containing inhibitor to the `primed' side of
the falcipain active site; binding to both the `primed'
and `unprimed' sides of the active site should improve
inhibitor potency and selectivity.25

Upon in vivo evaluation, N-Me-pipu-Leu-HphVS-2Np
markedly delayed the progression of murine malaria
and cured about 40% of mice treated twice-a-day for
four days. The compound was more e�ective than the
equivalent phenyl vinyl sulfone. We do not yet have
pharmacokinetic information on the half-life of N-Me-
pipu-Leu-HphVS-2Np, though preliminary results with
a related vinyl sulfone demonstrated a half-life of about
30min in mice and rats (J. H. McKerrow, L. Z. Benet,
Y. Zhang, J. C. Engel, personal communication). This
result suggests that improved antimalarial e�cacy with
N-Me-pipu-Leu-HphVS-2Np should be seen with more
frequent dosing. Alternatively, chemical modi®cations
should improve the bioavailability and pharmacoki-
netics of falcipain inhibitors to allow infrequent oral
administration for the prevention and treatment of
malaria. Our present results suggest that peptidyl inhi-
bitors of falcipain are appropriate lead compounds for
antimalarial drug development.

Experimental

Parasites

It strain P. falciparum parasites were cultured with
human erythrocytes at 2% hematocrit in RPMI media
and either 10% human serum or Albumax I serum
substitute as previously described.12 Parasite synchrony
was maintained with serial treatments of cultures with
5% d-sorbitol.26 Frozen stocks of P. vinckei were used
to infect BALB/c or Swiss Webster mice by ip injection.
Parasites were subsequently passaged in mice by the
ip injection of 105±106 P. vinckei-infected erythrocytes.
Parasites from cultures or mice were evaluated on
Giemsa-stained smears.
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Assays of enzyme inhibition

Assays of the hydrolysis of the ¯uorogenic substrate
benzyloxycarbonyl-phenylalanine-arginine-amino-4-meth-
yl-coumarin (Z-Phe-Arg-AMC) were performed in a
microplate format as previously described.12 P. falci-
parum trophozoite extracts containing falcipain and P.
vinckei extracts containing the falcipain analogue were
prepared as previously described.11 Equal concentra-
tions of protease (30 nM, as determined with the stoi-
chiometric cysteine protease inhibitor l-transepoxy-
succinyl-leucylamido-(4-guanidino)-butane (E-64))27 were
used in each assay. Fluoromethyl ketone and vinyl sul-
fone inhibitors were added to reactions (in 0.1M
sodium acetate and 10mM dithiothreitol, pH 5.5, room
temperature) from 100� stocks in DMSO 30min before
the substrate was added. Inhibitor concentrations were
studied at least in duplicate at multiple concentrations
in three separate experiments. The rate of hydrolysis of
Z-Phe-Arg-AMC (increase in ¯uorescence/time, mon-
itored continuously over 30min) in the presence of the
protease inhibitors was compared with the rate of hydro-
lysis in negative controls incubated with an equivalent
volume of DMSO, and the concentrations yielding 50%
inhibition were extrapolated from plots of mean percent
control activity over inhibitor concentration.

Assays of hemoglobin degradation

To assess the e�ects of inhibitors on the accumulation
of hemoglobin in P. falciparum trophozoites, synchro-
nized ring-stage parasites were incubated at 37� in
microtiter plate cultures with di�erent concentrations of
inhibitors added from 100� stocks in DMSO. After 24 h
of incubation, Giemsa-stained smears were made from
the parasite cultures, and parasites were evaluated for
the presence of the dark-staining, swollen food vacuole
that has previously been correlated with a block in
hemoglobin degradation.3,9 The food vacuole abnorm-
ality was scored as +++ (marked food vacuole swel-
ling in nearly all parasites, with minimal development
beyond the trophozoite stage), ++ (less marked
abnormality in nearly all parasites), + (mild food
vacuole abnormality, with continued development in
many parasites), and ÿ (no appreciable abnormality).

Assays of parasite metabolic activity and development

To assess the e�ects of inhibitors on the metabolic
activity of cultured P. falciparum parasites, we utilized a
modi®cation of a standard assay of the uptake of
[3H]hypoxanthine,28 as previously described.12 To assess
the e�ects of inhibitors on the development of cultured
P. falciparum parasites, cultures were incubated with
protease inhibitors (from 100� stocks in DMSO) for
48 h, beginning at the ring stage. Culture medium was
changed after 24 h, with maintenance of the appropriate
inhibitor concentration. After 48h, when control cultures
contained nearly all new ring-stage parasites, Giemsa-
stained smears were made from the cultures, new ring
forms per 1000 erythrocytes were counted, and the
counts were compared with those from control parasites
cultured in the equivalent (1%) concentration of DMSO.

For both assays, concentrations yielding 50% inhibition
were extrapolated from plots of mean percent control
activity over inhibitor concentration.

Evaluation of the in vivo antimalarial e�ects of protease
inhibitors

In evaluations of the ¯uoromethyl ketone protease
inhibitor Mu-Phe-Hph-CH2F, a model for chemo-
prophylaxis against malaria was utilized. BALB/c mice
were begun on therapy by the inclusion of ®nely ground
inhibitor in feed. Available feed was limited to 3 g per
mouse per day, such that all feed was ingested each day,
and inhibitor ingestion per cage could be quantitated.
However, it was not possible to determine the individual
doses ingested by each of 6 mice in each cage. Control
animals were fed an equal amount without the protease
inhibitor. Mice were infected with 106 P. vinckei-infec-
ted erythrocytes by ip injection 1 day after therapy
with Mu-Phe-Hph-CH2F was initiated, and therapy was
continued for seven days after the initiation of infection.
In evaluations of vinyl sulfone protease inhibitors, a
model for the treatment of malaria was used. Swiss
Webster mice were infected with 105 P. vinckei-infected
erythrocytes by the ip injection of parasites from a pre-
viously-infected mouse. Three days later treatment was
initiated with vinyl sulfones, which were administered
by gastric lavage (50±100 ml in peanut oil) every 12 h
for 4 days. Control animals received an equal volume of
peanut oil without inhibitor. For all murine malaria
experiments, mice were evaluated daily for toxicity and
for parasitemia by evaluation of Giemsa-stained blood
smears. Animals were sacri®ced when severe toxicity
was identi®ed or when parasitemias topped 50%.
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