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Abstract

We previously identified a Plasmodiumfalciparum trophozoite
cysteine proteinase (TCP) and hypothesized that it is required
for the degradation of host hemoglobin by intraerythrocytic
malaria parasites. To test this hypothesis and to evaluate TCP
as a chemotherapeutic target, we examined the antimalarial
effects of a panel of peptide fluoromethyl ketone proteinase
inhibitors. For each inhibitor, effectiveness at inhibiting the
activity of TCP correlated with effectiveness at both blocking
hemoglobin degradation and killing cultured parasites. Ben-
zyloxycarbonyl (Z)-Phe-Arg-CH2F, the most potent inhibitor,
inhibited TCP at picomolar concentrations and blocked hemo-
globin degradation and killed parasites at nanomolar concen-
trations. Micromolar concentrations of the inhibitor were non-
toxic to cultured mammalian cells. These results support the
hypothesis that TCP is a necessary hemoglobinase and suggest
that it is a promising chemotherapeutic target. (J. Clin. Invest.
1991. 88:1467-1472.) Key words: chemotherapy - hemoglobin.
malaria * protease * proteinase inhibitor

Introduction

Infection with Plasmodium falciparum, the most virulent hu-
man malaria pathogen, is estimated to be responsible for over
one million deaths per year (1, 2). Recent efforts at the control
of falciparum malaria have generally been unsuccessful, in
large part due to the increasing resistance of populations of P.
falciparum to available antimalarial drugs (3, 4). Thus, there is
a great need for the identification of novel chemotherapeutic
targets and the evaluation of potential new antimalarial com-
pounds that act on these targets.

Erythrocytic malaria parasites degrade host erythrocyte he-
moglobin as a principal source of free amino acids for parasite
protein synthesis (5). Hemoglobin degradation takes place in
the malarial food vacuole, an acidic organelle that appears to
be analogous to mammalian lysosomes (6). We previously
showed that cysteine proteinase activity is required for hemo-
globin degradation by P. falciparum (7), and we identified a P.
falciparum trophozoite cysteine proteinase (TCP)' that had
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1. Abbreviations used in this paper: AMC, amino-4-methyl-coumarin;
TCP, trophozoite cysteine proteinase.

similar biochemical properties to the lysosomal cysteine pro-
teinase cathepsin L (7-9). We hypothesized that TCP is a hemo-
globinase that is required for the hydrolysis of globin in the
malarial food vacuole.

There is increasing evidence that proteinases can be impor-
tant pharmacological targets. Inhibitors of a host proteinase,
angiotensin-converting enzyme, are used widely to treat cardio-
vascular disease (10, 1 1). Peptide inhibitors of a viral protein-
ase, the aspartic proteinase of HIV-1, specifically inhibit the
HIV- I proteinase and block the proteolytic processing ofHIV-
1 at micromolar concentrations (12-14). In this report we de-
scribe the effects of fluoromethyl ketone peptide proteinase
inhibitors on the enzymatic activity ofTCP and on the develop-
ment and viability of cultured malaria parasites. Our results
support the hypothesis that TCP is a necessary hemoglobinase
and a promising target for chemotherapy. Furthermore, we
identified a compound that was highly active against TCP and
cultured parasites at concentrations far below those shown to
be nontoxic to mammalian cells.

Methods

Parasite culture andpreparation oftrophozoite extracts. Malaria para-
sites were cultured in human erythrocytes (purified of leukocytes and
platelets) as previously described (8). All experiments were with the
Itg2 strain ofP.falciparum except when noted. To prepare trophozoite
extracts, trophozoite-infected erythrocytes (109 to 100' parasites per
preparation) were incubated with 0.1% (wt/vol) saponin in PBS to lyse
erythrocyte membranes and washed three times with ice-cold PBS.
Parasite proteins were then solubilized in water and subjected to two
freeze-thaw cycles; the supernatant after centrifugation (13,000 g, 10
min 4C) was collected and is referred to as trophozoite extract.

Proteolytic activity assays. The activity of TCP in trophozoite ex-
tracts was assayed spectrofluorometrically with the peptide substrate
benzyloxycarbonyl (Z)-Phe-Arg-amino-4-methyl-coumarin (AMC), a
specific substrate for TCP (7, 9), the only cysteine proteinase identified
in trophozoite extracts (8). A panel of fluoromethyl ketone inhibitors
known to have had a wide range of effectiveness in the inhibition of
other cysteine proteinases was provided by Prototek, Inc., Dublin, CA
(U. S. patent no. 4,518,528, issued May 21, 1985). Trophozoite ex-
tracts were incubated (in 0.1 M sodium acetate, 10 mM dithiothreitol,
pH 5.5) with the appropriate concentration of inhibitor for 30 min at
room temperature, and then 50 ,M Z-Phe-Arg-AMC was added, fluo-
rescence (380 nm excitation, 460 nm absorbance) was measured contin-
uously over 30 s, and the slope of fluorescence over time (representing
TCP activity) was determined. Correlation coefficients for the slopes
were generally > 0.99, except when activity was very low. Plots of per-
cent control activity against concentration inhibitor (two to six assays
per inhibitor concentration) were used to determine the concentrations
that inhibited 50% activity. The effects ofZ-Phe-Arg-CH2F on human
cathepsin B and human cathepsin L (Enzyme Systems Products, Dub-
lin, CA) were determined with the same fluorescent assay and the same
substrate (Z-Phe-Arg-AMC) as used for assays of TCP.

Hemoglobin degradation assays. Ring-stage parasites grown in
0.25-ml cultures were incubated with inhibitors (solubilized in DMSO;
final concentration DMSO = 1% by volume, a concentration that had
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no observable effect on controls) in RPMI culture media. Aliquots
were removed, smeared, and stained with Giemsa at various time
points. After 24 h ofculture, when the parasites were at the trophozoite
stage, a block in hemoglobin degradation was identified by the appear-
ance of an abnormal, dark-staining food vacuole (see Fig. 2). This ap-
pearance was previously correlated with a block in the hydrolysis of
globin (5), and this correlation has been confirmed in these studies for
Z-Phe-Arg-CH2F (see Fig. 3). The lowest concentration at which
> 50% of parasites had an obvious food vacuole abnormality is re-
ported in Table I. For all inhibitors, the next higher concentration
assayed (3.3 X the reported concentration) caused > 95% ofparasites to
have the food vacuole abnormality. To determine the length ofincuba-
tion with an inhibitor required for an inhibitory effect, ring-stage para-
sites were incubated with the inhibitor for 2, 4, or 6 h, the inhibitor was
removed by multiple washes, and cultures were assayed after 24 h for
the presence of abnormal food vacuoles.

Parasite viability assays. Aliquots from cultures grown with inhibi-
tors as described above were also smeared and stained with Giemsa
after 48 h, when control cultures contained nearly all new ring-stage
parasites. Parasitemias for each culture were determined by counts of
500 erythrocytes each by two individuals. Plots ofpercent control para-
sitemia against concentration (3-12 assays per inhibitor concentration)
were used to determine the concentration at which each inhibitor inhib-
ited 50% new ring formation (LD5o). To determine the length ofincu-
bation with an inhibitor required for an inhibitory effect, ring-stage
parasites were incubated with the inhibitor for 2, 4, or 6 h, the inhibitor
was removed by multiple washes, and cultures were analyzed after 48 h
by comparing the ring parasitemia with that of untreated controls.

Enzyme kinetics. Since the most effective fluoromethyl ketone in-
hibitors were rapidly active at low concentrations, calculations for
these irreversible inhibitors were based on second order conditions
(15). The concentration of TCP in trophozoite extracts was titrated
with the inhibitor L-transepoxy-succinyl-leucylamido-(4-guanidino)-
butane (E-64) and the substrate Z-Phe-Arg-AMC (16). For kinetic as-
says, inhibitors were incubated with trophozoite extracts at equimolar
concentrations (both 17 nM), and TCP activity was assayed after
various periods of incubation by adding Z-Phe-Arg-AMC and follow-
ing the increase in fluorescence over 30 s as described above. Half-lives

Table I. Effects ofFluoromethyl Ketones on TCP and on Cultured
Malaria Parasites

Inhibitor concentration yielding

50% inhibition >50% block in
ofTCP hemoglobin LD,0 cultured

Inhibitor activity degradation parasites

nM AM AM

Z-Phe-Arg-CH2F 0.36 0.10 0.064
Z-DPhe-Arg-CH2F 14 1.0 0.65
Z-Phe-Ala-CH2F 28 3.3 1.80
Z-Phe-Phe-CH2F 50 ND* ND
Z-DTyr-Ala-CH2F 600 33 22
Z-DPhe-Ala-CH2F 1,300 100 58
Boc-Asp-CH2F >100,000 >100 >100

A fluorescent assay ofTCP activity and microscopic assays of parasite
development and multiplication were performed with controls and
multiple concentrations of each inhibitor. The concentrations yield-
ing 50% inhibition ofTCP activity, > 50% ofparasites with a block
in hemoglobin degradation, and a 50% reduction in parasite multi-
plication are noted. D represents the D-stereoisomer of the amino
acid after this symbol.
* ND, not done due to limitations of RPMI solubility of Z-Phe-Phe-
CH2F.

of inhibition were calculated from plots of percent control activity
against time. The apparent second order rate constants of inhibition
were calculated based on the equation: I/[E = l/[EJo + kj,,b(t), where
[Elo is the starting enzyme concentration, [E] is the residual enzyme
concentration, khb (also referred to as k,) is the rate constant of
inhibition, and t is time (15). Plots of l/[EJ against t were drawn, and
slopes, representing kb, were calculated.

SDS-PAGE. For the evaluation ofthe hydrolysis ofglobin, synchro-
nized ring-stage parasites were cultured with and without 100 nM Z-
Phe-Arg-CH2F. After 24 h of culture, when the parasites were at the
trophozoite stage, erythrocyte membranes were lysed with 0.1% (wt/
vol) saponin, the parasites were washed three times with PBS to remove
erythrocyte cytoplasmic proteins, and parasite proteins were solubi-
lized in SDS sample buffer and separated by SDS-PAGE under reduc-
ing conditions. For the evaluation of the specific inhibition of TCP,
gelatin substrate SDS-PAGE of soluble trophozoite proteins was per-
formed as previously described (8). Z-Phe-Arg-CH2F (100 nM) or con-
trol (water) was incubated with the trophozoite extract (1 h on ice)
before the addition of nonreducing SDS sample buffer and was also
added to the buffer (0.1 M sodium acetate, pH 6.0, 10mM dithiothrei-
tol) in which the gel lane incubated (overnight at 370) before it was
stained with Coomassie Blue. For the evaluation ofthe effects ofZ-Phe-
Arg-CH2F on TCP in intact parasites, early trophozoites were cultured
in various concentrations (33-1,000 nM) of Z-Phe-Arg-CH2F for 6 h,
erythrocyte membranes were lysed with 0.1% saponin, the parasites
were washed three times with PBS, and parasite proteins were solubi-
lized in nonreducing SDS sample buffer and analyzed by gelatin sub-
strate SDS-PAGE.

Evaluation ofthe toxicity ofpeptidefluoromethyl ketones in mam-
malian cell lines. The cell lines assayed were human foreskin fibro-
blasts, MRC-5 (human fetal lung), Int 407 (human embryonic intes-
tine), and Flow 2000 (human fetal lung). Cultures of actively growing
cells were set up in duplicate on microwell plates and incubated with 1,
10, or 100MAM Z-Phe-Arg-CH2F or, for controls, with equal concentra-
tions ofDMSO (up to 1% by volume), in RPMI culture media. Cyclo-
heximide (1 mg/ml, 10 mg/ml) was used as a control for toxicity. The
cultures were maintained for 4 d, and each day aliquots were removed
and assayed for toxicity by the following assays. (a) Microscopic inspec-
tion and counting: the viability of a culture was assessed based on the
appearance of the cells (toxicity was evidenced by rounded, noncon-
fluent cells) and cell counts (assessed with a hemocytometer after ali-
quots were removed and treated with 0.05% trypsin [wt/vol]). (b) Try-
pan blue: cells were stained with 0.04% trypan blue (wt/vol) and treated
with trypsin as above, and blue colored cells, indicating toxicity, were
counted. (c) 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bro-
mide reduction. The assay, performed according to Denizot and Lang
( 17), relies on the cleavage in only viable cells of the tetrazolium salt
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide by the
mitochondrial enzyme succinate dehydrogenase.

Results

Inhibition ofTCP activity and parasite development byfluoro-
methyl ketoneproteinase inhibitors. In order to clarify the bio-
logical role of TCP, we studied the effects of a panel of peptide
fluoromethyl ketone proteinase inhibitors (18, 19) on the activ-
ity of TCP, on the degradation of hemoglobin by cultured ma-
laria parasites, and on the viability of cultured parasites (Table
I). For each inhibitor, effectiveness at inhibiting the activity of
TCP correlated with effectiveness at both blocking hemoglobin
degradation and killing cultured parasites. The effects of the
inhibitors varied over a wide range of concentrations, but in
each case the concentration of inhibitor required to block he-
moglobin degradation and kill parasites was approximately
two orders of magnitude greater than that required to inhibit
isolated TCP. The fact that increased concentrations of inhibi-
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Figure 1. Effects of Z-Phe-Arg-CH2F on TCP and on cultured malaria
parasites. Data is presented to demonstrate the inhibitory effects of
a range of concentrations of Z-Phe-Arg-CH2F on (A) the activity of
TCP and (B) the viability ofcultured parasites. Error bars represent
standard deviations of results (2-6 assays per concentration for activ-
ity, 3-12 assays per concentration for parasite viability). In B the
arrow represents the lowest concentration (100 nM) at which > 50%
of parasites had an abnormal food vacuole demonstrative ofa block
in globin hydrolysis (see Fig. 3).

tors were required to demonstrate biological effects can proba-
bly be explained by limitations in the transport ofthe inhibitors
to the malarial food vacuole.

The most potent inhibitor in each assay was Z-Phe-Arg-
CH2F, an effective inhibitor of cathepsin L and other cysteine
proteinases (20). Z-Phe-Arg-CH2F blocked the activity ofTCP
at picomolar concentrations (Fig. 1 A) and its rate constant of
inhibition was approximately equal to those ofthe most potent
inhibitors of other cysteine proteinases (Table II; [21]). Z-Phe-
Arg-CH2F blocked hemoglobin degradation and killed cul-
tured parasites at nanomolar concentrations (Fig. 1 B). Quanti-
tatively similar results were recently obtained with two related
peptide fluoromethyl ketones in assays only of parasite killing
(22). Within 4 h after incubation with 100 nM Z-Phe-Arg-
CH2F, the food vacuoles of parasites incubated with Z-Phe-
Arg-CH2F were abnormally dark-staining, presumably due to a
block in globin hydrolysis, and with longer incubation the para-
sites did not develop beyond the trophozoite stage (Fig. 2).
Under the same conditions used to study the inhibition of
TCP, the concentration of Z-Phe-Arg-CH2F required for 50%
inhibition ofcathepsin L was 400 pM and that for 50% inhibi-
tion of cathepsin B was 2 nM.

Z-Phe-Arg-CH2F blocked hemoglobin degradation rapidly
and irreversibly. When the inhibitor (100 nM) was added to

trophozoites for 2, 4, or 6 h and then removed by multiple
washes, hemoglobin degradation and parasite multiplication
were irreversibly blocked. After 24 h, when control cultures
contained new ring stage parasites, the cultures that had been
briefly incubated with Z-Phe-Arg-CH2F contained no new ring
forms and the parasites contained abnormal food vacuoles de-
monstrative ofa block in hemoglobin degradation. In contrast,
when hemoglobin degradation was blocked by the reversible
cysteine proteinase inhibitor leupeptin, this effect was reversed
by washing (7).

The effects of Z-Phe-Arg-CH2F on four different strains of
P. falciparum (Itg2, a Brazilian chloroquine-resistant strain,
FCR3, a West African chloroquine-resistant strain, W-2, a
Southeast Asian chloroquine-resistant strain, and D6, a West
African chloroquine-sensitive strain) were essentially identical.
For all four strains, the concentrations ofZ-Phe-Arg-CH2F re-
quired to block hemoglobin degradation and to kill parasites
were approximately those listed in Table I for strain Itg2.

Z-Phe-Arg-CH2F caused the accumulation of undegraded
globin. The morphological changes in the malarial food vacu-
ole induced by the fluoromethyl ketones (Fig. 2) were accompa-
nied by the accumulation ofundegraded globin. Parasites were
isolated from erythrocytes and their proteins separated by SDS-
PAGE. Globin was undetectable in control parasites, as it was
presumably rapidly hydrolized after transport to the food vacu-
ole. In contrast, globin monomers were the most abundant
SDS-soluble proteins in parasites that had been incubated with
Z-Phe-Arg-CH2F (Fig. 3). These results suggest that Z-Phe-Arg-
CH2F killed parasites through a specific block in globin hy-
drolysis.

Z-Phe-Arg-CH2F specifically inhibited TCP. The effects of
the fluoromethyl ketone inhibitors on cultured parasites ap-
peared to be due to the specific inhibition of TCP. TCP repre-
sented the only cysteine proteinase activity identified on gela-
tin substrate polyacrylamide gels of trophozoite extracts (8)
and this activity was completely ablated by Z-Phe-Arg-CH2F
(Fig. 4). A 6-h incubation of cultured parasites with 100 nM
Z-Phe-Arg-CH2F, the lowest concentration tested that caused a
food vacuole abnormality in the majority ofparasites (Table I),
completely inhibited TCP, and incubation with 33 nM Z-Phe-
Arg-CH2F, which caused an abnormality in < 10% ofparasites,
partially inhibited TCP when the activity of whole parasites
was assayed with gelatin substrate SDS-PAGE (not shown).
These results suggest that the block in the hydrolysis ofglobin

Table II. Kinetics ofInhibition ofTCP by Fluoromethyl Ketones

Inhibitor 11/2 kiOb

minMm's-'

Z-Phe-Arg-CH2F 5.0 4.3 X i0-
Z-DPhe-Arg-CH2F 27 4.4 x 104
Z-Phe-Ala-CH2F 36 5.4 x 104
Z-Phe-Phe-CH2F 26 4.8 X 104

The inhibitors were incubated with trophozoite extracts under sec-
ond-order conditions ([enzyme] = [inhibitor] = 17 nM) and enzyme
activity was determined at various time points with the Z-Phe-Arg-
AMC fluorogenic substrate. Half-lives ofinhibition (t1,2) and appar-
ent second-order rate constants of inhibition (kifhib) were calculated
as described in Methods.
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Figure 2. Effects of Z-Phe-Arg-CH2F on parasite development. Trophozoite-stage parasites were incubated with (A) no inhibitor or (B) 100 nM
Z-Phe-Arg-CH2F and aliquots were smeared and stained with Giemsa at 0, 4, 8, and 24 h after the inhibitor was added. After 4 h and 8 h the
food vacuoles of parasites incubated with Z-Phe-Arg-CH2F were abnormally dark-staining due to a block in globin hydrolysis (see Fig. 3). After
24 h, control parasites developed to multinucleated schizonts, but parasites incubated with Z-Phe-Arg-CH2F had not developed beyond the
abnormal trophozoite forms seen earlier.

caused by Z-Phe-Arg-CH2F was mediated by the inhibition
of TCP.

Z-Phe-Arg-CH2F was nontoxic to cultured mammalian
cells. Many of the fluoromethyl ketones studied, including Z-
Phe-Arg-CH2F, are effective inhibitors of cathepsin L and
other host lysosomal cysteine proteinases (20). It might there-
fore be assumed that such compounds would be toxic to host
cells and not appropriate as chemotherapeutic agents. How-
ever, other inhibitors oflysosomal cysteine proteinases, includ-
ing the peptide leupeptin, are nontoxic to mammalian cells and
experimental animals at micromolar concentrations (23). In
order to assess the toxicity of Z-Phe-Arg-CH2F, we incubated
the inhibitor with four different human cell lines-human
foreskin fibroblasts, MRC-5 (human fetal lung), Int 407 (hu-
man embryonic intestine), and Flow 2000 (human fetal lung)

Figure 3. Z-Phe-Arg-CH2F caused the accu-
: 66 mulation of undegraded globin. Synchronized

ring-stage parasites were cultured (A) without
and (B) with 100 nM Z-Phe-Arg-CH2F. After

-31 24 h of culture, when the parasites were at the
trophozoite stage, erythrocyte membranes were

-22 lysed with 0.1% saponin, the parasites were
washed three times with PBS, and parasite

_ -14 proteins were solubilized in SDS sample buffer
and separated by SDS-PAGE (15% polyacryl-
amide gel) under reducing conditions. The gel

A B was then stained with Coomassie Blue. The
positions of molecular weight standards (in

thousands) are labeled. The arrow shows the position of undegraded
globin monomers (the protein migrated identically to human hemo-
globin under reducing conditions) that were seen only in parasites that
were incubated with Z-Phe-Arg-CH2F.

-for 4 d and assessed toxicity daily by cell counts, the micro-
scopic appearance ofthe cells, staining with trypan blue, which
stains only nonviable cells, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide reduction, which produces a
detectable product in viable cells (17). At concentrations of
Z-Phe-Arg-CH2F up to 100 gM, no appreciable toxicity was
noted in any cell line.

Discussion

We previously hypothesized that TCP is required for the degra-
dation of host erythrocyte hemoglobin by P. falciparum tro-
phozoites (7). In order to test this hypothesis we evaluated the
effects of a panel of fluoromethyl ketone peptide proteinase
inhibitors on TCP and on cultured parasites. Though the effec-
tiveness of the peptides varied over a wide range of concentra-
tions, the concentration at which each peptide inhibited hemo-
globin degradation and parasite multiplication correlated with
the concentration at which the peptide inhibited the activity of
isolated TCP. In each case, the inhibition of biological pro-

Figure 4. Inhibition of TCP by Z-Phe-Arg-CH2F.
-97 Gelatin substrate SDS-PAGE (12.5% polyacrylamide
-66 gel) of soluble trophozoite proteins was performed.
-45 In control trophozoite extract (lane A) a clear band at

Mr 28,000 represented TCP. For lane B, Z-Phe-Arg-
_

31

CH2F (100 nM) was incubated with trophozoite ex-
31 tract (1 h on ice) before the addition of electrophoresis

sample buffer and was also added to the buffer (0.1
M sodium acetate, pH 6.0, 10 mM dithiothreitol) in
which the gel lane incubated (overnight at 370) before

-22 it was stained with Coomassie Blue. No evidence of
A B proteinase activity was seen in this lane.
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cesses in intact parasites required about two orders of magni-
tude greater concentrations of the peptides than the inhibition
ofisolated TCP activity. The fact that increased concentrations
of peptides were required to demonstrate biological effects can
most likely be explained by limitations in the transport of the
inhibitors across erythrocyte and parasite membranes to the
malarial food vacuole. Since the inhibition of TCP correlated
with a block in hemoglobin degradation and parasite multipli-
cation, our results support the hypothesis that TCP is required
for hemoglobin degradation and normal parasite development.

P.falciparum trophozoites transport erythrocyte cytoplasm
to a central food vacuole where erythrocyte cytoplasmic con-
tents, which consist primarily ofhemoglobin, are degraded (5).
The peptide fluoromethyl ketone inhibitors induced a charac-
teristic morphological abnormality in the food vacuole. After
incubation with the appropriate concentration ofpeptide, food
vacuoles were abnormally large and dark staining. It appeared
that erythrocyte cytoplasm was transported normally to the
food vacuole, but that the degradation of cytoplasmic compo-
nents was blocked. To determine whether the peptides induced
a specific block in globin hydrolysis, we examined the proteins
of Z-Phe-Arg-CH2F-treated parasites using SDS-PAGE. After
treatment with Z-Phe-Arg-CH2F, and the development of the
characteristic food vacuole abnormality, parasites contained
large quantities ofglobin monomers. Thus, the development of
the food vacuole morphological abnormality upon treatment
with Z-Phe-Arg-CH2F appeared to result from a specific block
in globin hydrolysis.

We showed that Z-Phe-Arg-CH2F was a very potent inhibi-
tor ofTCP using both a fluorescent assay and gelatin substratc
PAGE. Since TCP was the only cysteine proteinase identified
in trophozoite extracts (7, 8) and since it was fully inhibited by
the specific peptide inhibitor Z-Phe-Arg-CH2F, we propose
that the biological effects ofZ-Phe-Arg-CH2F were due specifi-
cally to the inhibition of TCP. Since the inhibition of parasite
development and multiplication induced by Z-Phe-Arg-CH2F
correlated with the inhibition of hemoglobin degradation, our
data support the hypothesis that TCP is an essential tropho-
zoite hemoglobinase.

As TCP appears to be a necessary trophozoite hemoglobin-
ase, and as hemoglobin degradation is a process unique to in-
traerythrocytic malaria parasites, TCP is a promising target for
antimalarial chemotherapy. Z-Phe-Arg-CH2F, the most potent
TCP inhibitor we studied, acted rapidly and irreversibly, and
had identical effects on four different strains of P. falciparum
that varied in geographic origins and chloroquine sensitivity.
Z-Phe-Arg-CH2F was effective at nanomolar concentrations
that were approximately equal to effective concentrations of
the antimalarial quinine in similar assays of cultured parasites
(24). The effective concentrations ofZ-Phe-Arg-CH2F were far
below those that were nontoxic to four human cell lines. It is
not known why Z-Phe-Arg-CH2F and other potent inhibitors
ofhost cysteine proteinases such as leupeptin (23) are nontoxic
to mammalian cells. In studies of intact organisms, another of
the fluoromethyl ketones studied, Z-Phe-Ala-CH2F, was rela-
tively nontoxic to mice, with an LDse (360 mg/kg) roughly
50OX the oral dose necessary to inhibit cathepsin B activity and
block the development of experimental arthritis in rats (25,
26). The lack of toxicity of Z-Phe-Arg-CH2F and Z-Phe-Ala-
CH2F might be due to inefficient transport of the compounds
into mammalian cells. Parasite-infected erythrocytes (and sub-
sequently malarial food vacuoles) may attain significantly

higher levels of the fluoromethyl ketones than most host cells
due to the increased permeability of erythrocytes induced by
infection with malaria parasites (27). Alternatively, the inhibi-
tors may reach inhibitory levels in mammalian cells (as was the
case with Z-Phe-Ala-CH2F in an experimental arthritis model
in rats [26]), but these cells may be able to tolerate the inhibi-
tion of cysteine proteinases, perhaps due to the presence of
numerous other intracellular proteolytic systems, including
other classes of lysosomal proteinases (28).

In summary, our results support the hypothesis that TCP is
required by P. falciparum trophozoites for the degradation of
host hemoglobin. The results further suggest that TCP is a suit-
able target for antimalarial chemotherapy, as malaria parasites
appear to be much more susceptible than host cells to the inhibi-
tion of cathepsin L-like enzymes. Z-Phe-Arg-CH2F, the most
potent inhibitor ofTCP that we identified, effectively blocked
parasite development at concentrations far below those shown
to be nontoxic to mammalian cells. Thus, Z-Phe-Arg-CH2F
and other peptide and nonpeptide inhibitors ofTCP appear to
be worthy of further testing as a potential antimalarial drug.
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