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It has been proposed that the Plasmodium falciparum cysteine protease falcipain and aspartic proteases
plasmepsin I and plasmepsin II act cooperatively to hydrolyze hemoglobin as a source of amino acids for
erythrocytic parasites. Inhibitors of each of these proteases have potent antimalarial effects. We have now
evaluated the antimalarial effects of combinations of cysteine and aspartic protease inhibitors. When incubated
with cultured P. falciparum parasites, cysteine and aspartic protease inhibitors exhibited synergistic effects in
blocking parasite metabolism and development. The inhibitors also demonstrated apparent synergistic inhi-
bition of plasmodial hemoglobin degradation both in culture and in a murine malaria model. When evaluated
for the treatment of murine malaria, a combination of cysteine and aspartic protease inhibitors was much more
effective than higher concentrations of either compound used alone. These results support a model whereby
plasmodial cysteine and aspartic proteases participate in the degradation of hemoglobin, and they suggest that
combination antimalarial therapy with inhibitors of the two classes of proteases is worthy of further study.

Malaria is one of the most important infectious diseases in
the world. Infections with Plasmodium falciparum, the most
virulent human malaria parasite, are responsible for hundreds
of millions of illnesses and over a million deaths per year (22).
A major reason for the continued severity of the worldwide
malaria problem is the increasing resistance of malaria para-
sites to available drugs (12). Thus, it is important to identify
new targets for antimalarial therapy and to evaluate new
modes of therapy directed against these targets.

Potential new targets for antimalarial chemotherapy include
parasite enzymes required for the degradation of hemoglobin.
Erythrocytic malaria parasites degrade hemoglobin in an acidic
food vacuole to provide amino acids for parasite protein syn-
thesis (reviewed in references 5 and 16). The food vacuole of
P. falciparum contains the cysteine protease falcipain and the
aspartic proteases plasmepsin I and plasmepsin II (7, 8, 15).
Each of these proteases degrades hemoglobin in vitro, and it
has been proposed that the enzymes act in a concerted manner
to hydrolyze globin to small peptides or free amino acids (5,
16). In a number of in vitro studies, inhibitors of both cysteine
and aspartic proteases had potent effects against cultured ma-
laria parasites (1, 4, 11, 14, 15, 17, 18, 20). In an in vivo study
utilizing a murine malaria model, a peptidyl cysteine protease
inhibitor cured Plasmodium vinckei-infected mice (14). How-
ever, high doses of this inhibitor (200 to 400 mg/kg of body
weight/day) were required for a pronounced antimalarial ef-
fect.

As cysteine and aspartic proteases appear to act coopera-
tively to degrade hemoglobin, and as inhibitors of both classes
of proteases have antimalarial effects, it may be appropriate to
use combinations of inhibitors to treat malaria. Such combi-
nation therapy might improve efficacy and also slow the devel-
opment of resistance to new agents. We now report an evalu-
ation of the in vitro and in vivo antimalarial effects of
combinations of peptidyl cysteine and aspartic protease inhib-

itors. These combinations had strong, apparently synergistic
inhibitory effects on plasmodial development and hemoglobin
degradation in both cultured parasites and in a murine malaria
model.

MATERIALS AND METHODS

Protease inhibitors. L-Transepoxy-succinyl-leucylamido-(4-guanidino)-butane
(E-64) and pepstatin were from Sigma. The vinyl sulfone cysteine protease
inhibitors morpholine urea leucine-homophenylalanine-phenyl vinyl sulfone
(Mu-Leu-Hph-VSPh) and N-methyl piperazine urea-leucine-homophenylala-
nine-phenyl vinyl sulfone (N-Me-pipu-Leu-Hph-VSPh) were kindly provided by
James Palmer, Axys Pharmaceuticals. Protease inhibitors were solubilized as
100X stocks in dimethyl sulfoxide (DMSO). The inhibition of falcipain and its P.
vinckei analogue by protease inhibitors was assessed as previously described by
using the fluorogenic substrate benzyloxycarbonyl-Phe-Arg-7-amino-4-methyl-
coumarin (14, 17). The 50% inhibitory concentrations (IC50s) were determined
from curves plotting the inhibition of the cysteine proteases (each at 30 nM) at
multiple concentrations of each inhibitor.

Evaluations of cultured malaria parasites. P. falciparum parasites (It strain
except when otherwise noted) were cultured by standard methods (21) in RPMI
culture medium supplemented with 10% serum or AlbuMAX I serum substitute
(Gibco BRL) and a 2% hematocrit of human erythrocytes (17). Parasite syn-
chrony was maintained by serial treatments with sorbitol (10). Parasite metab-
olism was assessed by using a minor modification, as previously described (17), of
a standard assay of the uptake of [3H]hypoxanthine by cultured parasites (3).
Parasite development was assessed by incubating P. falciparum cultures with
inhibitors for 48 h, beginning at the ring stage, and then counting new ring-stage
parasites on Giemsa-stained smears. For both assays, inhibitors were added to
1-ml cultures from 100X stocks in DMSO, and the results were compared with
those from control cultures containing an equal concentration of DMSO. Po-
tential synergy was evaluated by determining the IC50 for the inhibition of
parasite metabolism or development for each inhibitor and then evaluating the
effects of multiple combinations of cysteine and aspartic protease inhibitors.
Concentrations of the two inhibitors that yielded 50% inhibition in activity were
plotted on isobolograms.

To evaluate the effects of protease inhibitors on hemoglobin degradation by
cultured parasites, cultures were incubated with inhibitors for 4 h, and soluble
parasite extracts were then prepared by freeze-thaw and hypotonic lysis as pre-
viously described (14). The hydrolysis of [14C]hemoglobin by extracts was then
quantitated by scintillation counting of supernatants after treatment with trichlo-
roacetic acid (TCA), also as previously described (15). The presence of radio-
active counts in supernatants indicated the hydrolysis of hemoglobin to peptides
or individual amino acids, as proteins and large polypeptides are precipitated by
TCA.

Evaluations of murine malaria. Swiss Webster mice were infected with P.
vinckei by intraperitoneal injection of parasites from a previously infected mouse.
To evaluate the in vivo effects of protease inhibitors on hemoglobin degradation,
mice infected with 20 to 40% parasitemias were treated with a single intraperi-
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toneal injection of protease inhibitors in DMSO or, as a control, DMSO alone.
After 4 h the mice were sacrificed, their blood was collected, soluble parasite
extracts were prepared as previously described (14), and the hydrolysis of
[14C]hemoglobin by extracts from treated and control animals was determined as
discussed above for cultured parasites. Results were standardized for the para-
sitemias and blood volume of each animal.

To evaluate the antimalarial efficacy of treatment with protease inhibitors,
mice were infected by intraperitoneal injection of 1 3 105 to 5 3 105 parasites
(each mouse received the same number of parasites in a given experiment), and
after 3 days treatment was initiated with protease inhibitors or, as a control,
DMSO, each administered intraperitoneally every 12 h for 4 to 7 days. Mice were
evaluated daily for toxicity and for parasitemia by evaluation of Giemsa-stained
blood smears. Animals were sacrificed when parasitemias topped 50%.

RESULTS

In vitro antimalarial effects of cysteine and aspartic pro-
tease inhibitors. Cultured It strain (chloroquine-resistant)
P. falciparum parasites were treated with E-64, which inhibits
falcipain and many other cysteine proteases, and pepstatin,
which inhibits plasmepsins I and II and many other aspartic
proteases (8, 15, 19). As has been previously described (1, 13),
each of these compounds inhibited the metabolism and devel-
opment of cultured parasites, and the combination demon-
strated strong antimalarial synergy. An isobologram describing
the cooperative inhibition of parasite uptake of [3H]hypoxan-
thine by E-64 and pepstatin showed a concave slope, indicating
synergy (Fig. 1A). Similar studies of E-64 and a peptidomi-
metic aspartic protease inhibitor also demonstrated synergistic
inhibition of parasite hypoxanthine uptake (7). However, all of

these protease inhibitors required fairly high concentrations
for their antimalarial effects. In our studies the IC50s for the
inhibition of [3H]hypoxanthine uptake were 8 mM for E-64 and
4 mM for pepstatin (mean values from nine experiments). In
order to develop a combination regimen with a potential for in
vivo efficacy, we evaluated much more potent vinyl sulfone
inhibitors of falcipain. Morpholine urea leucine-homophenyl-
alanine-phenyl vinyl sulfone (Mu-Leu-Hph-VSPh) was previ-
ously shown to inhibit falcipain and block the hemoglobin
degradation, metabolism, and development of cultured para-
sites at low to mid-nanomolar concentrations (17). Combi-
nations of Mu-Leu-Hph-VSPh and pepstatin were strongly
synergistic in inhibiting the metabolism ([3H]hypoxanthine
uptake) (Fig. 1B) and development (formation of new ring-
stage parasites) (Fig. 1C) of cultured parasites. Similar isobo-
lograms demonstrating synergy between Mu-Leu-Hph-VSPh
and pepstatin were also generated for two other P. falciparum
strains, D6, which is chloroquine sensitive, and W2, which is
chloroquine resistant, showing that the effects of the protease
inhibitors were independent of resistance to quinoline antima-
larials (9).

In vitro inhibition of hemoglobin degradation by cysteine
and aspartic protease inhibitors. Cysteine protease inhibitors
block hemoglobin degradation by P. falciparum, causing the
accumulation of undegraded hemoglobin in the parasite food
vacuole (1, 6, 13, 15, 17, 18). Pepstatin and other aspartic
protease inhibitors also have marked antimalarial effects (1, 4,
11), although a direct effect on hemoglobin degradation by
cultured parasites has not been demonstrated. To better char-
acterize the roles of cysteine and aspartic proteases in parasite
hemoglobin degradation, we evaluated the effects of combina-
tions of protease inhibitors on this process. These studies uti-
lized pepstatin and N-Me-pipu-Leu-Hph-VSPh, a compound
that offers improved solubility over Mu-Leu-Hph-VSPh and
has very similar antimalarial effects (the IC50s for 30 nM fal-
cipain were 7 nM for Mu-Leu-Hph-VSPh and 5 nM for N-Me-
pipu-Leu-Hph-VSPh). Hemoglobin degradation was measured

FIG. 1. In vitro synergy of cysteine and aspartic protease inhibitors. Parasites
grown in microwell cultures were incubated with different concentrations of
protease inhibitors, and the effects of combinations of inhibitors were compared
to the effects of each inhibitor used alone. Results were plotted by using an
isobologram analysis based on the IC50 for each inhibitor. Assays measured the
metabolism (uptake of [3H]hypoxanthine) (A and B) and development (forma-
tion of new ring-stage parasites) (C) of cultured parasites. Inhibitor concentra-
tions yielding 50% inhibition of control values with each assay were plotted. The
concave slopes of the isobologram plots indicate synergistic interactions of the
inhibitors.
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as the hydrolysis by parasite extracts of [14C]hemoglobin to
TCA-soluble peptides or free amino acids (15). The relatively
low concentrations of N-Me-pipu-Leu-Hph-VSPh and pepsta-
tin chosen for study caused only modest inhibitions of hemo-
globin degradation after a 4-h incubation (Fig. 2A). A combi-
nation of the same concentrations of these inhibitors caused
much greater inhibition than either agent used alone. A com-
bination including a 10-fold lower concentration of pepstatin
was also strongly inhibitory, while a 10-fold reduction in the
concentration of N-Me-pipu-Leu-Hph-VSPh provided an in-
termediate level of inhibition (Fig. 2A).

In vivo inhibition of hemoglobin degradation by cysteine
and aspartic protease inhibitors. We next evaluated the in vivo
effects of combinations of N-Me-pipu-Leu-Hph-VSPh and
pepstatin on parasite hemoglobin degradation. Mice were in-
fected with the murine malaria parasite P. vinckei, which ex-
presses a cysteine protease very similar to falcipain (14). The P.
vinckei cysteine protease, however, is less sensitive to N-Me-
pipu-Leu-Hph-VSPh than is falcipain (the IC50 for inhibition

of 30 nM enzyme was 200 nM). The expression of aspartic
proteases by P. vinckei has not been studied. Infected mice
received a single dose of protease inhibitors, and after 4 h their
parasites were collected and evaluated for their ability to de-
grade [14C]hemoglobin. Hemoglobin degradation by parasite
extracts was inhibited 59.8% by a 20-mg/kg dose of N-Me-pipu-
Leu-Hph-VSPh and 21.0% by a 50-mg/kg dose of pepstatin
(Fig. 2B). Combination therapy at the same doses yielded
71.6% inhibition of hemoglobin degradation, and combina-
tions including one-fourth of the full dose of either inhibitor
provided about 60% inhibition (Fig. 2B).

In vivo antimalarial effects of cysteine and aspartic protease
inhibitors. To begin to study whether the apparent synergistic
effects of cysteine and aspartic protease inhibitors might be
exploited in the therapy of malaria, we treated P. vinckei-
infected mice with N-Me-pipu-Leu-Hph-VSPh and pepstatin.
Mice were infected with 105 parasites, a quantity which gener-
ally causes fatal disease, and after 3 days they were treated with
relatively low doses of either protease inhibitor alone or a
combination of even lower doses of each inhibitor twice a day
for 7 days (Fig. 3). In a representative experiment, N-Me-pipu-
Leu-Hph-VSPh (20 mg/kg/dose) offered minimal benefit, and
pepstatin (50 mg/kg/dose) cured only 25% of animals. How-
ever, a combination of lower doses of N-Me-pipu-Leu-Hph-
VSPh (10 mg/kg) and pepstatin (20 mg/kg) was very effective,
providing cures in 80% of animals treated for 7 days. Two
other experiments incorporating minor alterations in length of
treatment (4 days) and inoculum size (1 3 105 to 5 3 105

parasites) also demonstrated improved survival and, in non-
survivors, prolonged time to lethal parasitemia in animals
treated with combinations of N-Me-pipu-Leu-Hph-VSPh and
pepstatin.

Both vinyl sulfone cysteine protease inhibitors and pepstatin
are broad-spectrum inhibitors of their respective protease
classes that also inhibit many host proteases (2, 19). It was thus
not unexpected that the combination of inhibitors engendered
some toxicity. Animals treated with higher dose combinations

FIG. 2. Synergistic inhibition of hemoglobin degradation by cysteine and
aspartic protease inhibitors. (A) Cultured P. falciparum trophozoites at 18%
parasitemia were incubated with the indicated concentrations of protease inhib-
itors. (B) Mice infected with 20 to 30% parasitemias of P. vinckei were treated
with a single dose, as indicated, of the protease inhibitors by intraperitoneal
injection. In each case, after 4 h, parasites were collected, soluble extracts of
parasite proteins were prepared, and the abilities of the extracts to degrade
[14C]hemoglobin were evaluated. The hemoglobin-degrading activities of pro-
tease inhibitor-treated samples are plotted as percentages of the activity of
parasites not treated with protease inhibitors. Results shown are mean values
from three independent assays of cultured parasites (A) or from two separate
analyses of mice, each involving a duplicate assessment of hemoglobin degrada-
tion (B). Error bars represent standard deviations of the results.

FIG. 3. In vivo antimalarial synergy of cysteine and aspartic protease inhib-
itors. Mice were infected with 105 P. vinckei-infected erythrocytes, and after 3
days therapy was initiated with injections of protease inhibitors in DMSO every
12 h for 7 days. Survival over time is plotted for mice treated with DMSO alone
(squares; n 5 6), N-Me-pipu-Leu-Hph-VSPh (20 mg/kg/dose) (n 5 4; triangles),
pepstatin (50 mg/kg/dose, (n 5 4; diamonds), or a combination of N-Me-pipu-
Leu-Hph-VSPh (10 mg/kg) and pepstatin (20 mg/kg) (n 5 5; circles). One mouse
treated with the combination, which died of apparent drug toxicity early in the
experiment, was excluded from this analysis. Animals treated with the combina-
tion of protease inhibitors had markedly improved survival compared to those
treated with higher doses of either protease inhibitor administered alone.

2256 SEMENOV ET AL. ANTIMICROB. AGENTS CHEMOTHER.



than those discussed above (20 mg/kg/dose of N-Me-pipu-Leu-
Hph-VSPh and 50 mg/kg/dose of pepstatin) developed lethal
toxicity, although malaria infections were well controlled. Of
10 mice treated in two experiments with the combination dose
shown in Fig. 3, 3 animals died without demonstrable para-
sitemia, indicating probable combination drug toxicity due to
the inhibition of host cysteine and aspartic proteases. In addi-
tional experiments, lower doses of the two inhibitors caused
less toxicity but also yielded diminished antimalarial efficacy,
indicating dose responses of combination therapy for both
toxicity and antimalarial effects.

DISCUSSION

Our results indicate that combinations of cysteine and as-
partic protease inhibitors have strong antimalarial effects, both
against cultured P. falciparum parasites and against murine P.
vinckei infections. The in vitro effects of these inhibitors on
parasite metabolism and development were clearly synergistic,
as indicated by markedly concave slopes on isobolograms. We
hypothesized that the two classes of protease inhibitors were
synergistic due to the inhibition of two classes of proteases that
cooperatively degrade hemoglobin. In order to test this hy-
pothesis, we evaluated the effects of cysteine and aspartic pro-
tease inhibitors on plasmodial hemoglobin degradation. In in
vitro studies with P. falciparum, a combination of cysteine and
aspartic protease inhibitors exerted greater inhibition of he-
moglobin degradation than would be predicted for a simple
additive effect. These studies likely understated the true effects
of the inhibitors on hemoglobin degradation, as the assay only
identified hydrolysis of hemoglobin to small TCA-soluble pep-
tides. Pepstatin had a relatively small effect on hemoglobin
degradation when used alone, suggesting that, as has been
previously proposed (5), plasmepsins I and II may be respon-
sible primarily for early cleavages of hemoglobin that do not
yield TCA-soluble peptides. In addition, pepstatin is a hydro-
phobic peptide that may not be transported efficiently to the
food vacuole, and so vacuolar concentrations of the inhibitor
may not have been high enough to maximally inhibit plas-
mepsins I and II. Thus, the maximal inhibitory effect of cys-
teine and aspartic protease inhibitors on plasmodial hemoglo-
bin degradation is likely to be greater than that suggested by
our studies with pepstatin and the [14C]hemoglobin degrada-
tion assay. In any event, our results suggest that cysteine and
aspartic protease inhibitors exert their synergistic antimalarial
effects via a synergistic inhibition of hemoglobin degradation.

In vivo studies utilized a P. vinckei murine malaria model. As
shown in vitro, combinations of cysteine and aspartic protease
inhibitors caused a more marked inhibition of hemoglobin
degradation by murine parasites than would be predicted for
an additive inhibitory effect. We next evaluated the ability of
protease inhibitor combinations to treat murine malaria. The
combinations demonstrated potent antimalarial efficacy. At
doses that were ineffective when either compound was used
alone, the combined protease inhibitors cured the majority of
infected animals. These results suggest that combinations of
cysteine and aspartic protease inhibitors are synergistic in the
inhibition of plasmodial hemoglobin degradation in vivo and in
the treatment of murine malaria.

The apparent synergistic antimalarial effects of cysteine and
aspartic protease inhibitors were accompanied by an apparent
synergistic toxicity. This increased toxicity was likely due to the
inhibition of host cysteine and aspartic proteases. Clearly, ther-
apy with broadly active cysteine and aspartic protease inhibi-
tors will have limitations, and our current results do not yet
offer specific new compounds for therapeutic trials. Optimal

antimalarial therapy will utilize highly specific inhibitors of
falcipain and plasmepsins I and II that should prevent toxicity
due to the inhibition of host enzymes. Efforts to develop such
compounds are currently under way.

Our results offer strong support to models suggesting that
plasmodial cysteine and aspartic proteases act cooperatively to
degrade hemoglobin. Combination therapy with cysteine and
aspartic protease inhibitors is therefore rational, and our
present results suggest that it is likely to offer potent antima-
larial efficacy. In addition to improved efficacy, the use of
protease inhibitor combinations should decrease the rate of
development of parasite resistance to new compounds. As new
selective inhibitors of falcipain and plasmepsins I and II are
identified, the evaluation of their combined in vitro and in vivo
antimalarial effects is warranted.
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