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Nitric oxide (NO) is a pluripotent regulatory mole-
ule possessing, among others, an antiparasitic activ-
ty. In the present study, the inhibitory effect of NO on
he catalytic activity of falcipain, the papain-like cys-
eine protease involved in Plasmodium falciparum
rophozoite hemoglobin degradation, is reported. In
articular, NO donors S-nitrosoglutathione (GSNO),
6)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-
exenamide (NOR-3), 3-morpholinosydnonimine (SIN-
), and sodium nitroprusside (SNP) inhibit dose-
ependently the falcipain activity present in the P.
alciparum trophozoite extract, this effect likely at-
ributable to S-nitrosylation of the Cys25 catalytic res-
due. The results represent a new insight into the mod-
lation mechanism of falcipain activity, thereby being
elevant in developing new strategies for inhibition of
he P. falciparum life cycle. © 2000 Academic Press

Key Words: falcipain; trophozoite papain-like cys-
eine protease; hemoglobinase; nitric oxide; enzyme
nhibition; Plasmodium falciparum.

During the erythrocytic stage of their life cycle, Plas-
odium falciparum trophozoites degrade hemoglobin

s a major source of amino acids for malaria parasite
rotein synthesis. This process includes the transport
f hemoglobin from the erythrocyte cytoplasm to the
arasite acidic digestive vacuole, the precipitation of

Abbreviations used: falcipain, Plasmodium falciparum trophozoite
apain-like cysteine protease; P. falciparum, Plasmodium falciparum;
-Phe-Arg-AMC, N-a-benzyloxycarbonyl-L-phenylalanyl-L-arginine-(7-
mino-4-methylcoumarin); NO, nitric oxide; GSH, glutathione; GSNO,
-nitrosoglutathione; NOC-18, 3,3-bis(aminoethyl)-1-hydroxy-2-oxo-1-

riazene; NOR-3, (6)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexen-
mide; NOR-3*, NO-deprived NOR-3; SIN-1, 3-morpholinosydnoni-
ine; SNP, sodium nitroprusside; DTT, dithiothreitol.
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rotease catalyzed hydrolysis of hemoglobin to small
eptides. Hemoglobin peptide fragments are trans-
orted through the membrane of the acidic digestive
acuole to the parasite cytoplasm, where they are de-
raded to individual amino acids. The initial cleavage
f hemoglobin is catalyzed by plasmepsins I and II, two
alaria parasite aspartic proteases present in the tro-

hozoite acidic digestive vacuole. Then, falcipain, the
. falciparum trophozoite papain-like cysteine pro-
ease also present in the acidic digestive vacuole, de-
rades hemoglobin fragments to small peptides. Fi-
ally, exopeptidase activity, present in the malaria
arasite cytoplasm, converts small hemoglobin pep-
ides to individual amino acids for P. falciparum
rowth and maturation (1, 2).
Both parasite aspartic and cysteine proteases are

romising targets for antimalarial chemotherapy (3–
). In particular, inhibition of falcipain blocks P. falci-
arum development in vitro (6). Furthermore, inhibi-
ion of the Plasmodium vinckei falcipain-homologous
ysteine protease cures murine infection in vivo (7).
Recently, nitric oxide (NO) has been reported to

ossess an antiparasitic activity (8). In this respect,
n inverse relationship has been observed between
alaria severity and NO synthase type-2-induced
O production, in Tanzanian children (9). Of inter-

st, the mosquito Anopheles stephensi limits malaria
arasite development through an inducible synthe-
is of NO (10).
In the present study, NO donors are reported to

nhibit dose-dependently the falcipain activity present
n the P. falciparum trophozoite extract, this effect
eing likely attributable to S-nitrosylation of the Cys25
atalytic residue. These results represent a new insight
n the modulation mechanism of falcipain activity, thus
uggesting a novel strategy for inhibition of P. falcipa-
um life cycle.
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The following reagents Z-Phe-Arg-AMC, GSH, leupeptin, NOC-18,
OR-3, SIN-1, SNP, and DTT were purchased from Sigma Chemical
o. (St. Louis, MO). NO-deprived NOR-3 (NOR-3*) was obtained
toring the NOR-3 solution at alkaline pH and 25.0°C, for 72 h (11).
SNO was prepared by mixing equimolar concentrations of an aque-
us solution of NaNO2 and a freshly prepared GSH solution in 2.5 3
021 M HCl and 1.0 3 1024 M EDTA (pH 1.5). The resulting mixture
as incubated at 25.0°C for 5 min and then neutralized with NaOH.
he GSNO solution was stored at 220.0°C (12). All the other prod-
cts were obtained from Merck AG (Darmstadt, Germany). All chem-

cals were of analytical grade and were used without further purifi-
ation.
The 3D7A strain of Plasmodium falciparum was cultured accord-

ng to standard methods (13, 14). The trophozoite extract was pre-
ared from infected erythrocytes (5% parasitemia, 3 3 109 para-
ites), as previously reported (14). The falcipain catalytic activity
resent in the trophozoite extract was measured using the fluoro-
enic substrate Z-Phe-Arg-AMC, as described elsewhere (14).
riefly, Z-Phe-Arg-AMC (1.0 3 1024 M final concentration) was
dded to the trophozoite extract (about 1027 M falcipain concentra-
ion), and fluorescence (380 nm excitation, and 460 nm emission) was
easured continuously over 1 min (14). Falcipain concentration was

etermined taking into account values of the catalytic parameters for
he enzyme hydrolysis of Z-Phe-Arg-AMC (14).

To test the possible activating effect of reducing agents on the
alcipain catalytic activity present in the trophozoite extract, the
ysteine protease was incubated with DTT at pH 5.5 and 25.0°C.
TT concentration and incubation time ranged between 1.0 3 1026

and 1.0 3 1023 M, and between 20 s and 30 min, respectively.
hen, Z-Phe-Arg-AMC was added to the trophozoite extract and the

alcipain activity was determined.
The inhibitory effect of NO donors on the falcipain catalytic activ-

ty was determined by incubation of the trophozoite extract with the
eaction buffer (pH 5.5, 0.1 M sodium acetate) and an appropriate
oncentration of GSNO, NOC-18, NOR-3, NOR-3*, SIN-1, SNP, or
eupeptin (ranging between 5.0 3 1027 M and 1.0 3 1023 M), for 30

in at 25.0°C. Then, Z-Phe-Arg-AMC was added to the reaction
ixture and the falcipain activity was assayed.
To verify the effect of a reducing agent on the NO-mediated

-nitrosylation of falcipain (i.e., on cysteine protease inhibition), the
nactive cysteine protease, obtained by 1.0 3 1024 M NOR-3-
retreatment, was incubated with an excess of DTT (1.0 3 1023 M)
or 30 min at pH 5.5 and 25.0°C. Furthermore, the trophozoite
xtract was incubated simultaneously with DTT (1.0 3 1023 M) and
OR-3 (1.0 3 1024 M) for 30 min at pH 5.5 and 25.0°C. Then, the

alcipain catalytic activity was assayed using Z-Phe-Arg-AMC.
Under all the experimental conditions, the fluorescence change

i.e., the product formation) was linear on the assay time. The slope
f fluorescence over time for each inhibitor concentration was com-
ared with that of controls in multiple assays (14).

ESULTS AND DISCUSSION

The catalytic activity of unrelated enzymes is mod-
lated by nitric oxide (NO) through (ir)reversible bind-

ng to metal centers as well as by chemical modification
f reactive residues (e.g., Cys) (15–17). Note that the
O-mediated S-nitrosylation of the Cys catalytic resi-
ue of cysteine proteases, including papain (18),
aspases (19–21), cathepsin-B (14, 15, 22, 23), and
oxsackievirus cysteine protease type-3 (24), blocks

he enzyme activity. Also, the aspartyl HIV-1 protease
ctivity is inhibited by the NO-mediated S-nitrosyla-
191
ion of Cys regulatory residue(s) (11). On the other
and, the NO-mediated S-nitrosylation of the fibronec-
in type-1 and epidermal growth factor-like pair of the
uman tissue-type plasminogen activator endows this
erine protease with new potent vasodilatory and anti-
latelet properties, without affecting the enzyme cata-
ytic (e.g., fibrinolytic) activity (25).

Trophozoite extract displays catalytic properties
ery similar to those reported for the purified native
alcipain (26). DTT does not affect significantly the
atalytic properties of the freshly prepared trophozoite
ysteine protease over the whole reducing agent con-
entration range explored (i.e., between 1.0 3 1026 M
nd 1.0 3 1023 M) and the time scale investigated (i.e.,
etween 20 s and 30 min).
As shown in Fig. 1, NO and related reactive nitrogen

ntermediates, released from NO donors GSNO,
OR-3, SIN-1, and SNP (12, 27–29), inhibit falcipain
ction. However, the cysteine protease activity is es-
entially unaffected by the NO donor NOC-18 (see Fig.
). In this respect, it may be observed that the half time
or NO release from GSNO, NOR-3, SIN-1, and SNP is
n the same time scale (12, 27–29) as the activity assay.
n the contrary, NOC-18 releases NO very slowly, the
alf time being about 2 days (30).
Falcipain inhibition by NO results to be dose-

ependent, as shown for NOR-3 in Fig. 1. Moreover, as

FIG. 1. Effect of NO on the catalytic activity of freshly prepared
alcipain, the P. falciparum trophozoite papain-like cysteine pro-
ease. Dose-dependent inhibitory effect of NOR-3 on the catalytic
ctivity of falcipain. NO-deprived NOR-3 (NOR-3*; 1.0 3 1025 M)
oes not affect falcipain activity. Addition of DTT (1.0 3 1023 M) to
nactive falcipain, as obtained by preincubation with NOR-3 (1.0 3
024 M) for 30 min, restores the cysteine protease activity (time 5 30
in). The simultaneous addition of DTT (1.0 3 1023 M) and NOR-3

1.0 3 1024 M) to active falcipain prevents the cysteine protease
nhibition (time 5 0 min). GSNO, SIN-1, and SNP (1.0 3 1025 M)
lock falcipain action. On the contrary, NOC-18 (1.0 3 1025 M) does
ot affect the trophozoite cysteine protease catalytic activity. As a
ontrol, leupeptin (1.0 3 1026 M), a typical falcipain inhibitor (14),
uppresses the cysteine protease activity. Each bar represents the
ean 6 SEM of at least four experiments. All data were obtained at

H 5.5 and 25.0°. For further experimental details, see text.



expected, NO-deprived NOR-3 (NOR-3*) does not af-
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ect falcipain activity (see Fig. 1). As a positive control
f enzyme inactivation, leupeptin, a typical falcipain
nhibitor (14), induces the complete suppression of the
rophozoite cysteine protease action (see Fig. 1).

To verify that falcipain inactivation may occur via
-nitrosylation, the reversibility of enzyme inhibition
as been investigated. As expected (22), the incubation
f inactive NOR-3-treated falcipain with DTT com-
letely restores the enzyme activity (see Fig. 1). In
ddition, the simultaneous incubation of DTT and
OR-3 with the trophozoite extract prevents the cys-

eine protease inhibition (see Fig. 1). Although falci-
ain inactivation by chemical modification of Tyr and
rp cannot be ruled out, nitrosylation of these residues

s less likely to occur, given their much lower reactivity
ith respect to Cys residues (15–17).
Based on the NO-mediated inhibition mechanism of

ysteine proteases (31), the inspection of the three-
imensional model of falcipain (32–33), and the anal-
sis of the amino acid sequence of parasite papain-like
ysteine proteases and related enzymes (34), we sug-
est that the Cys25 catalytic residue of falcipain may
ndergo S-nitrosylation.
As a whole, the present data indicate that falcipain is

nactivated by NO donors (e.g., GSNO, NOR-3, SIN-1,
nd SNP), probably through S-nitrosylation, thus rep-
esenting a novel intriguing approach for the inhibition
f P. falciparum life cycle. Note that GSNO and
itroso-L-cysteine have been reported to kill P. falcipa-
um in vitro (35). In particular, the EC50 value for
arasite killing by GSNO and nitroso-L-cysteine (ap-
roximately 4.0 3 1025 M) (35) is consistent with the
oncentration of GSNO, NOR-3, SIN-1 and SNP (rang-
ng between 5.0 3 1027 M and 1.0 3 1023 M) used in the
resent study for the inhibition of falcipain action.
herefore, the use of known NO-releasing drugs, which
re employed in the treatment of coronary artery dis-
ase with limited toxicity (29), appears to be a poten-
ial, useful tool in the therapeutic treatment of ma-
aria. Since cysteine proteases are critical for virulence
r replication of many viruses, bacteria, fungi, and
arasites (5, 36), NO-mediated S-nitrosylation of
athogen cysteine proteases may represent a general
echanism of antimicrobial host defences (37).
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