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Falcipain-2 (FP2) is a papain family cysteine protease and important
hemoglobinase of erythrocytic Plasmodium falciparum parasites.
Inhibitors of FP2 block hemoglobin hydrolysis and parasite devel-
opment, suggesting that this enzyme is a promising target for
antimalarial chemotherapy. FP2 and related plasmodial cysteine
proteases have an unusual 14-aa motif near the C terminus of the
catalytic domain. Recent solution of the structure of FP2 showed
this motif to form a B-hairpin that is distant from the enzyme active
site and protrudes out from the protein. To evaluate the function
of this motif, we compared the activity of the wild-type enzyme
with that of a mutant lacking 10 aa of the motif (21°FP2). A10FP2 had
nearly identical activity to that of the wild-type enzyme against
peptide substrates and the protein substrates casein and gelatin.
However, A19FP2 demonstrated negligible activity against hemo-
globin or globin. FP2 that was inhibited with trans-epoxysuccinyl-
L-leucylamido-(4-guanidino)butane (FP2E-64) formed a complex
with hemoglobin, but A19FP2E-64 did not, indicating that the motif
mediates binding to hemoglobin independent of the active site. A
peptide encoding the motif blocked hemoglobin hydrolysis, but
not the hydrolysis of casein. Kinetics for the inhibition of 2410FP2
were very similar to those for FP2 with peptidyl and protein
inhibitors, but 219FP2 was poorly inhibited by the inhibitory prodo-
main of FP2. Our results indicate that FP2 utilizes an unusual
motif for two specific functions, interaction with hemoglobin, its
natural substrate, and interaction with the prodomain, its natural
inhibitor.

macromolecular interaction | malaria | drug discovery | antimalarial
chemotherapy

M alaria is one of the most important infectious diseases in
the world. Plasmodium falciparum, the most virulent
human malaria parasite, is believed to cause hundreds of millions
of illnesses and over a million deaths each year (1). The control
of malaria has been hindered by increasing resistance of malaria
parasites to available drugs (2). New antimalarial drugs, ideally
directed against new targets, are urgently needed (3). Among
potential new targets for antimalarial therapy are proteases that
hydrolyze hemoglobin. Intraerythrocytic malaria parasites break
down hemoglobin in an acidic food vacuole to supply amino acids
for parasite protein synthesis and to maintain osmotic stability
(4, 5). Multiple proteases appear to participate in hemoglobin
processing (6). Cysteine protease inhibitors block hemoglobin
hydrolysis, indicating that cysteine proteases play a key role in
this process (7). Falcipain-2 (FP2) and falcipain-3 (FP3) are
papain-family cysteine proteases of erythrocytic stages of P.
falciparum that localize to the food vacuole and readily hydrolyze
hemoglobin (8, 9). Disruption of the FP2 gene led to the
accumulation of undegraded hemoglobin in trophozoites, con-
firming a critical role for this enzyme in hemoglobin hydrolysis
(10). Inhibition of FP2 and related proteases led to a block in
parasite development (11, 12) and cured mice with murine
malaria (13, 14), and efforts to develop falcipain inhibitors as
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new antimalarial agents are underway. These efforts will be
facilitated by a detailed understanding of the biochemical prop-
erties of FP2.

The four falcipains are classical papain-family (family C1A)
cysteine proteases. FP2, a nearly identical copy, FP2’, and FP3
are similar in sequence (68% identity between the catalytic
domains of FP2 and FP3) and encoded within a 12-kb stretch of
chromosome 11. These enzymes comprise the FP2 subfamily,
which is represented in all other evaluated species of Plasmodium
(15). Falcipain-1 (FP1) is much less similar in sequence (38%
identity between the catalytic domains of FP1 and FP2), encoded
by chromosome 14, and, as determined by recent gene disruption
studies, not essential for erythrocytic parasites (16, 17). Other
putative P. falciparum family C1 proteases (15, 18) are three
dipeptidyl peptidases, one of which (dipeptidyl peptidase I) was
recently characterized as an exopeptidase (19), and nine serine
repeat antigens (SERAs), one of which (SERA-5, which has
replacement of the catalytic Cys by Ser) was recently shown to
have serine protease activity (20).

FP2 subfamily proteases have two features that are unusual for
family C1A proteases. First, they encode short (=20 aa) N-
terminal extensions of the catalytic domain that, uniquely among
described papain-family proteases, permit folding of the mature
proteins to active enzymes without the participation of the
prodomain (21, 22). The N-terminal extensions of different FP2
subfamily enzymes have rather limited (=20-45%) sequence
identity, but are functionally conserved (22). Second, FP2 sub-
family proteases contain an unusual motif near the C terminus,
between highly conserved active site histidine and asparagine
residues (Fig. 14). A motif of identical size (14 aa) is found in
all studied proteases of this subfamily, although sequence iden-
tity is modest. Inspection of 607 family C1A cysteine protease
sequences on the Merops database (http://merops.sanger.ac.uk;
updated December 30, 2004) identified 40 sequences with in-
sertions encoding >12 aa at this location. Notably, 18 of these
sequences were those of falcipains and homologues from other
plasmodial species. In addition, smaller motifs are present in the
sequences encoding P. falciparum serine repeat antigens (10 aa)
and dipeptidyl peptidase I (8 aa), and larger (>20 aa) motifs are
present in two other putative P. falciparum dipeptidyl peptidase
genes (15, 18).

To evaluate the function of the unusual C-terminal motif, we
compared the biochemical properties of FP2 constructs with and
without this structure. Our results indicate that the motif me-
diates specific interactions with hemoglobin and with the FP2
prodomain.

This paper was submitted directly (Track ) to the PNAS office.
Abbreviations: FPn, falcipain n; AMC, 7-amino-4-methyl coumarin.
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Fig. 1. Structure of the C-terminal motif. (A) C-terminal motif sequences. Sequences of various proteases between the active site His and Asn (asterisks) were

aligned with FP2 using the CLUSTALW program. The sequences deleted in the 21FP2 and 215FP2 mutants and that of the peptide used in this study are indicated.
Amino acids forming the core of the motif in FP2 subfamily proteases are boxed. Amino acids identical to those of FP2 are red. (B) Structure of FP2. A surface
diagram of FP2 shows positively (blue) and negatively (red) charged amino acids (S.X.W., K.C.P., J. Somoza, L. Brinen, P.S.S., P.J.R., and J.H.M., unpublished data).

Key domains of the protease are labeled.

Experimental Methods

Expression, Purification, and Refolding of FP2 and Mutant Enzymes.
FP2 was expressed and purified as described (23). To generate
the A5FP2 mutant (with deletion of 15 amino acids: Gly-182 to
Lys-196), we amplified two fragments from the pTOP-FP2
plasmid encoding FP2, using the primers 4TyrFP2 forward
(5'-CAAGGATCCTATGAAGAAGTTATAAAAAAATAT-
3") and dCFP2 reverse (5'-ATAATAATAACCAAAACCTA-
CAAGCATAACGGC-3") in one reaction and dCFP2 forward
(5'-GGTTATTATTATATAATTAAGAACTCATGGGGA-
3") and FP2RH reverse (5'-TGACAAGCTTATTCAATTA-
ATGGAATGAATGCATCAGTACC-3") in the other. Products
from the two reactions were then combined and used as tem-
plates in an overlap PCR extension (24) using 4TyrFP2 forward
and FP2RH reverse primers. Similarly, to generate the 2!°FP2
mutant (with deletion of 10 amino acids: Glu-185 to Gly-194), we
amplified fragments with the primers dC2FP2 forward (5'-
TTGTAGGTTTTGGTATGAAAGAAAAACATTATTA-
TTATATAATTAAGA-3") and FP2RH reverse in one reaction
and dC2FP2 reverse (5'-TTCTTAATTATATAATAATAAT-
GTTTTTCTTTCATACCAAAACCTACA-3') and 4TyrFP2
forward in another, followed by an overlap PCR extension using
the 4TyrFP2 forward and FP2RH reverse primers. The DNA
fragments from the overlap extension reactions were cloned into
the pGEM-T vector (Promega). The sequences of recombinant
genes were confirmed by standard methods. Purified DNA
fragments were digested with BamHI and HindIII, ligated into
appropriately digested plasmids (pQE-30; Qiagen), and used to
transform M15 (pREP4) Escherichia coli (Qiagen). Proteins
were purified and refolded exactly as described for FP2 (23).

Enzyme Kinetics. The concentrations of 21FP2 and 2!'FP2 were
determined by titration with morpholine urea-leucine—
homophenylalanine-fluoromethyl ketone (Mu-Leu-Hph-
CH_,F). Activity and inhibition of FP2 and mutant enzymes were
studied as described (8, 21). Briefly, peptide 7-amino-4-methyl
coumarin (AMC) substrates (50 uM) were added to 1 nM
enzyme in 100 mM sodium acetate/8 mM DTT, pH 5.5, and
release of the AMC group was monitored continuously for 20
min at room temperature with a spectroflurometer. The kinetic
constants Km, Vmax, and ke, were determined by using PRISM
(GraphPad, San Diego).

Hydrolysis of Protein Substrates. To assess gelatin hydrolysis, equal
quantities (200 nM) of FP2 and 2'°FP2 were incubated with or
without trans-epoxysuccinyl-L-leucylamido-(4-guanidino)bu-
tane (E-64; 1 uM) in 20 mM Bis-Tris, pH 5.8 for 10 min at room
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temperature and then resolved by SDS/PAGE using nonreduc-
ing gels copolymerized with 0.1% gelatin (Sigma). The gels were
then washed in 2% Triton X-100 to remove SDS, incubated
overnight at 37°C in 100 mM sodium acetate, pH 5.5/8 mM
DTT, and stained with Coomassie blue. To assess hydrolysis of
casein (Sigma), FP2 and 219FP2 were incubated with 3 ug of
casein in the presence or absence of E-64 (1 uM) for 2 h at 37°C
in 100 mM sodium acetate, pH 5.5/8 mM DTT, and reaction
products were resolved by SDS/PAGE and staining with Coo-
massie blue. As a second measure of casein hydrolysis, FITC-
casein (Sigma; 10 pg) was incubated with different quantities of
proteases (2-14 pg per 350 ul) at room temperature for 10 min
and fluorescence resulting from hydrolysis was measured (exci-
tation 485 nm, emission 527 nm).

For evaluation of hydrolysis of native human hemoglobin and
human globin (Sigma), the proteins (3 ug) were incubated with
200 nM FP2 or 219FP2 in a 30-ul reaction for 2 h at 37°C in 100
mM sodium acetate/8 mM DTT, pH 5.5, and reaction products
were resolved by SDS/PAGE and staining with Coomassie blue.
As a second assay of hemoglobin hydrolysis, hemoglobin (30 ug)
was incubated with 200 nM enzyme in 100 mM sodium acetate,
pH 5.5/2 mM reduced glutathione at 37°C for 2 h, absorbance
at 410 nm was monitored at 37°C with a spectrophotometer, and
the absorbance of each sample, expressed as percentage of the
absorbance of hemoglobin with buffer only, was subtracted from
100 to yield percent hydrolysis.

Interaction Between FP2 and Hemoglobin. Equal quantities of FP2
or A19FP2 (400 nM) were incubated with E-64 (1 uM) for 10 min
to block their active sites; a lack of activity against Z-Leu-Arg-
AMC after this incubation was confirmed with the spectroflu-
rometric assay described above. The enzymes were then incu-
bated with 3 ug of native hemoglobin in 20 mM Bis-Tris, pH 5.8
for 30 min at room temperature. The proteins were then mixed
with native gel (without SDS) loading buffer (50 mM Tris, pH
6.8/0.1% bromophenol blue/10% glycerol), resolved by 5%
native PAGE, and visualized with Coomassie blue staining.
Plasmon resonance based biomolecular interaction analysis
was done by using a BIAcore 1000 analytical system at room
temperature (25). A carboxymethylated dextran matrix CM 5
sensor chip was preconditioned following the manufacturer’s
instructions. A total of 10 ul of 250 ug/ml hemoglobin was
immobilized on the chip by using 20 mM phosphate, pH 7.3 at
a rate of 5 ul/min. Unreacted N-hydroxysuccinimide ester
groups were inactivated by using 1 M ethanolamine-HCI. The
hemoglobin-coupled flow cell was equilibrated in 20 mM Bis-
Tris, pH 5.8. FP2E-%4 and 210FP2E-%* were then injected over the
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sensor chip at 25 ul/min, and signals, representing binding to
immobilized hemoglobin, were recorded. The background signal
was measured by injecting the same volume of running buffer
over the coupled flow cell, and regeneration of the flow cell was
achieved by sequential salt washes using 1 M NaCl and 4 M
MgCl,. All buffers and samples were filtered (0.2 wm) before
analyses.

Determination of the Complex Ratio of FP2 and Hemoglobin. A
Superose 6 column (Amersham Pharmacia) was precalibrated
(flow rate, 0.5 ml/min) with blue dextran and standard proteins
(thyroglobulin, gamma globulin, ovalbumin, myoglobin, and
vitamin Bj»; Amersham Pharmacia) using 20 mM Bis-Tris, pH
5.8 at4°C. A total of 200 ug of FP2, hemoglobin, and the FP2E-64-
hemoglobin complex were loaded by using the same buffer and
flow rate at 4°C, and masses were determined based on com-
parison with standards.

Dynamic light scattering (26) experiments were carried out
with a Zetasizer Nano ZS (Malvern Instruments) using a
helium-neon gas laser (wavelength, 633 nm; power, 5 mW).
Samples were analyzed in the above-mentioned buffer at a
concentration range of 0.5-2 mg/ml, after filtration with a
0.2-pum filter. All measurements were at 25°C with a 173°
scattering angle. Population distributions were fitted to the
experimental correlation curve by using the CONTIN program
provided by the manufacturer.

Effect of the Motif Peptide on Hydrolysis of Casein and Hemoglobin
by FP2. Hydrolysis of FITC-casein and hemoglobin by FP2 was
assayed with and without a peptide corresponding to 15-aa
spanning the motif, using the same buffers described above for
measurements of FP2 activities against these substrates. The
peptide was preincubated with 10 wg of FITC-casein or 30 ug of
native hemoglobin for 20 min at room temperature before
addition of 200 nM FP2. For FITC-casein, fluorescence resulting
from hydrolysis was measured as described above. For hemo-
globin, hydrolysis was assessed spectrophotometrically, as de-
scribed above.

Inhibitor Studies. Leupeptin, E-64, and chicken egg white cystatin
were from Sigma, and the FP2 prodomain was produced as
described earlier (21). To produce chagasin, the gene encoding
this inhibitor was cloned into the pQE-30 vector (Qiagen) and
transformed into M15 (pREP4) E. coli (Qiagen). Soluble protein
was coexpressed with GroEL (Qiagen) at 28°C before purifica-
tion with a nickel-nitrilotriacetic acid column (Qiagen). For
reversible inhibitors, different concentrations of compounds
were incubated with 1 nM enzyme in the same buffer as for
activity assays at room temperature, the substrate Z-Leu-Arg-
AMC (4 pM) was added, product formation was monitored
continuously for 20 min, and K; values were determined by
nonlinear regression analysis using PRISM. To determine first-
order inactivation rate constants (kops) for the irreversible
inhibitor E-64, progress curves (fluorescence versus time) were
analyzed by nonlinear regression analysis. FP2 and 21°FP2 (0.6
nM) were incubated with different inhibitor concentrations
(0-600 nM) in the buffer described above with Z-Leu-Arg-AMC
(25 uM). Product formation was continuously monitored for 10
min at room temperature. Plots of kops versus the inhibitor
concentration were used to determine kg by the progress curve
method (27) under pseudo-first-order conditions.

Results

FP2 and 219FP2 Have Similar Activities Against Peptide Substrates. We
constructed two mutants of FP2, one lacking the full C-terminal
motif (*'>FP2) and the other lacking the 10 aa that make up the
core of the motif (*1°FP2) (Fig. 1). The mutants and FP2 were
expressed in E. coli, purified by affinity chromatography, re-
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Table 1. Comparative activity of FP2 and A10FP2

keat/Km, M~ 151
Substrate FP2 A10FP2
Z-L-R-AMC 106,000 + 2,180 103,000 + 3,530
Z-V-R-AMC 5,440 = 168 5,900 = 250
Z-V-L-R-AMC 61,900 = 5,503 64,500 = 2,120

Results include standard deviations from two independent measurements,
each performed in triplicate.

folded in optimized refolding buffer, and further purified by
ion-exchange chromatography (8). FP2 had limited activity
against peptide and protein substrates (kca/Km for Z-Leu-Arg-
AMC = 580 M~!'s7!), indicating that the larger mutation
structurally compromised the enzyme, and this mutant was not
studied further. In contrast, the activity of *!1°FP2 was nearly
identical to that of FP2 against typical peptide substrates,
indicating that the active site was not appreciably altered after
removal of the motif (Table 1).

Loss of the FP2 C-Terminal Motif Ablates Hemoglobinase Activity, but
Activity Against Other Protein Substrates Is Not Altered. We com-
pared the hydrolysis of the protein substrates gelatin and casein
by 21°FP2 and FP2. A19FP2 and FP2 efficiently hydrolyzed both
substrates with similar activity (Fig. 2). However, results were
very different in a comparison of hydrolysis of the biologically
relevant substrates hemoglobin and globin. FP2 readily hydro-
lyzed either substrate under conditions predicted for the P.
falciparum food vacuole, as described in ref. 8, but #19FP2 had
negligible activity against either hemoglobin or globin (Fig. 3).
Thus, the motif is required for hemoglobin hydrolysis by FP2.

The Motif Mediates Interaction Between FP2 and Hemoglobin. To
evaluate the interaction between FP2 and hemoglobin, we
preincubated FP2 and A!1°FP2 with the covalent inhibitor E-64 to
prevent proteolysis, and then incubated the proteases with
hemoglobin. Evaluation of the proteins by native PAGE (lacking
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Fig. 2. Hydrolysis of protein substrates by FP2 and 21FP2. (A) Gelatin. Equal
concentrations (200 nM) of FP2 and 2'9FP2 were incubated with or without
E-64, resolved by SDS/PAGE using nonreducing gels copolymerized with
gelatin, incubated in reaction buffer, and then stained with Coomassie blue.
(B) Casein. FP2 and A19FP2 at indicated concentrations were incubated with 3
ng of casein in the presence or absence of E-64 and reaction products were
resolved by SDS/PAGE and staining with Coomassie blue. (C) FITC-casein.
FITC-casein (10 ng) was incubated with different quantities of proteases at
room temperature and fluorescence (FU) resulting from hydrolysis was mea-
sured. Error bars represent standard error of two independent measurements,
each performed in duplicate.
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Fig. 3. Hydrolysis of hemoglobin. (A) Hydrolysis of hemoglobin and globin
by FP2 and 219FP2. Proteins (3 ng) were incubated with 200 nM FP2 or 210FP2
in 20 mM Bis-Tris, pH 5.8, at room temperature, and reaction products were
resolved by SDS/PAGE and staining with Coomassie blue. (B) Spectrophoto-
metric assessment of hemoglobin hydrolysis. Native hemoglobin (30 ng) was
incubated with FP2 or 21°FP2 (200 nM) with the same buffer and conditions as
in A and absorbance at 410 nm, indicative of disruption of hemoglobin, was
monitored over time. The absorbance of each sample, expressed as percent-
age of the absorbance of hemoglobin with buffer only, was subtracted from
100 to yield percent hydrolysis. Error bars represent standard error of two
independent measurements, each performed in duplicate.

SDS) indicated formation of a complex between FP2E-%4 and
hemoglobin, but not #!°FP2E-%* and hemoglobin (Fig. 44).

The interaction was further evaluated by using surface plas-
mon resonance based biomolecular interaction analysis. This
analysis clearly indicated specific interaction between FP2E-64
and immobilized hemoglobin, but not between 21FP2E-¢4 and
hemoglobin (Fig. 4B). An association constant could not be
determined because of apparent unusual kinetics of FP2-
hemoglobin interaction.

To assess the stoichiometry of the FP2-hemoglobin complex,
we evaluated the rates of migration of FP2, hemoglobin, and the
FP2E-%_hemoglobin complex by gel filtration chromatography.
The comparative migration rates of free molecules and the
complex indicated that four molecules of FP2 bind to each
hemoglobin tetramer (Fig. 4C). A dynamic light scattering

Ag o — C-FP2
gs 154 =1L __Nix
-E L 404 [ FP2 + peptide (5ug)
g 54 B FP2 + peptide (10ug)
e o4 — E== FP2 + peptide (20ug)
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Fig. 5. Effect of the peptide encoding the motif on protein hydrolysis. (A)
FITC-casein. The indicated amounts of peptide were preincubated with FITC-
casein before addition of FP2. Hydrolysis of casein was measured as fluores-
cent units (FU). (B) Hemoglobin. Spectrophotometric assessment of hydrolysis
of native hemoglobin by FP2 was assayed with and without the indicated
amount of peptide for the indicated periods of time. For both graphs, error
bars represent the standard error of two independent measurements, each
performed in duplicate.

analysis also indicated a ratio of FP2 and hemoglobin in the
complex of 4:1.

Interaction Between FP2 and Hemoglobin Is Prevented by a Peptide
Encoding the Motif. We evaluated the effect of a peptide encoding
the motif on hemoglobin hydrolysis by FP2. The peptide blocked
hydrolysis of hemoglobin by FP2 in a dose-dependent manner
(Fig. 5B). Interestingly, the peptide had no effect on hydrolysis
of casein by FP2 (Fig. 54). These results confirm that the FP2
motif mediates specific interactions with hemoglobin, but not
with other protein substrates.

The FP2 Motif also Mediates Interaction with the Prodomain. We also
evaluated the impact of removal of the motif on inhibition of FP2
by reversible and irreversible protease inhibitors. Among revers-
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Fig. 4. Interaction between FP2 and hemoglobin. (A) Native gel analysis. Equal concentrations of FP2 or 41°FP2 (400 nM) were incubated with E-64 to block

their active sites and then incubated with 3 ug of hemoglobin (Hb). The proteins were resolved by 5% native PAGE and visualized with Coomassie blue. The
locations of free enzyme, free hemoglobin, and the complex are indicated. (B) Plasmon resonance-based biomolecular interaction analysis. The hemoglobin-
coupled flow cell was equilibrated, and indicated concentrations of FP2E-64 and A19FP2E-64 were injected over the sensor chip. The curves indicate surface plasmon
resonance signals, in response units, representing binding to immobilized hemoglobin after subtraction of background, for the indicated concentrations of
enzymes. (C) Stoichiometry analysis of FP2E-64-hemoglobin by gel filtration chromatography. A curve based on molecular mass standards and the elution times
for FP2E-64, hemoglobin, and FP2E-64-hemoglobin (arrows) are shown. The apparent molecular masses of FP2E-64, hemoglobin, and FP2E-64-hemoglobin were 12.5,
53.7, and 101 kDa, respectively, consistent with a 4:1 ratio of FP2 to hemoglobin in the complex.
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Table 2. Comparative inhibition of FP2 and A10FP2

Inhibitor FP2 A10FP2

Ki, nM
Leupeptin 0.18 = 0.11 0.23 = 0.07
Chagasin 1.7 £ 0.53 3.1+1.2
Cystatin 6.5+ 14 95=*23
Prodomain 0.33 = 0.14 898 + 71

Kassy M~ Tes~1
E-64 12.28 (+=1.40) x 103 9.98 (+1.97) X 103

Results include standard deviations from two independent measurements,
each performed in triplicate.

ible inhibitors, the peptidyl inhibitor leupeptin and the protein
inhibitors cystatin and chagasin were all potent inhibitors of FP2
and 219FP2, with nearly identical kinetics (Table 2). Similarly,
inhibitory kinetics for the irreversible inhibitor E-64 were very
similar for FP2 and 2!19FP2 (Table 2). Very different results were
seen with evaluation of inhibition by the FP2 prodomain (amino
acids Leu-36—Asp-243). As reported, the prodomain was a
subnanomolar inhibitor of FP2, consistent with the potent
inhibitory activity of papain-family prodomains against their
cognate proteases (21). In contrast, the prodomain was much less
effective against 21°FP2, with inhibition only at concentrations
approaching the micromolar range. These data indicate that, in
addition to its role in mediating FP2-hemoglobin interaction,
the motif is required for inhibitory interaction between the
prodomain and catalytic domain of FP2.

Discussion

FP2 and closely related cysteine proteases of malaria parasites
have an unusual motif near the C terminus. Insight into this
motif came from solution of the structure of FP2 (S.X.W.,
K.C.P., J. Somoza, L. Brinen, P.S.S., P.J.R., and J.H.M.,
unpublished data). The 14-aa motif forms two extended
B-strands that are connected by an abrupt turn and protrude
from the enzyme surface. A deep cleft is found between the
base of the motif and the protease core. This structure
suggested a role for the unique FP2 motif in interacting with
other proteins. Because FP2 plays a principal role in the
hydrolysis of hemoglobin by erythrocytic parasites (10), a
logical hypothesis is that the unusual motif facilitates this
process. To test this hypothesis, we removed the motif and
compared the biochemical properties of FP2 constructs with
and without this structure. Our results show that the motif
does, indeed, mediate hemoglobin hydrolysis by FP2. In ad-
dition, the motif mediates inhibition of FP2 by its prodomain.

Removal of the motif did not alter the ability of FP2 to
hydrolyze a number of peptide or protein substrates or to be
inhibited by peptidyl or protein inhibitors. Strikingly, however,
removal of this motif left the protease unable to hydrolyze its
natural substrate, hemoglobin, and relatively insensitive to in-
hibition by its natural inhibitor, the prodomain. Thus, the motif
mediates the activity of FP2 that is most relevant biologically, the
hydrolysis of hemoglobin, which is a central process of erythro-
cytic trophozoites (4). Furthermore, it mediates control of this
activity by its relevant inhibitor, the prodomain. FP2 may also
have other functions in erythrocytic malaria parasites. It cleaves
ankyrin and protein 4.1 at neutral pH, and the protease may
hydrolyze erythrocyte cytoskeletal proteins to mediate egress of
mature parasites from erythrocytes (28). The role of the motif
in hydrolysis of other proteins of potential biological relevance
has not yet been explored.

Of interest, genes encoding other plasmodial family C1
proteases also include motifs between conserved active site
amino acids near the C terminus. For other members of the
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FP2 subfamily, it is likely that the encoded motifs share the
functions of the FP2 motif, because a number of members of
this subfamily have been shown to be hemoglobinases (15).
Sequence conservation among the motifs of FP2 subfamily
proteases is not high, but, as in the case of the N-terminal
extension that mediates protein folding (22), the presence of
these unusual motifs in all related proteases probably indicates
a conserved function. For genes encoding more distantly
related enzymes, including FP1, dipeptidyl peptidases, and
serine repeat antigens, C-terminal motifs vary greatly in
sequence and size, and specific functions of predicted motifs
are undefined. Nonetheless, the presence of a motif at this
location in genes encoding all plasmodial family C1 cysteine
proteases, but few other family C1 proteases, is intriguing.

Our data indicate that FP2 captures hemoglobin via its
C-terminal motif before subsequently cleaving the substrate at
the protease active site. The structure of FP2 indicates a
protruding configuration for the motif, surrounded by a pre-
dominant negative charge (Fig. 1B; S.X.W., K.C.P., J. Somoza,
L. Brinen, P.S.S., PJ.R., and J.H.M., unpublished data). Nega-
tively charged residues adjacent to the motif, including Asp-154,
Asp-155, Glu-167, and Asp-170, extend from the motif to the
active site. We propose that hemoglobin, which has many
charged surface residues, first binds at the motif, is brought
closer to the active site through charge-charge interactions, and
is then hydrolyzed by the standard mechanism for papain-family
cysteine proteases.

The function of the motif in mediating catalysis despite its
separation from the active site somewhat resembles that of the
hemopexin domain of matrix metalloproteases. The he-
mopexin domain is required for both the efficient cleavage of
collagen (29) and the formation of complexes with both
inhibitors and proteases to mediate biological activities (30).
Thus, as is the case for the FP2 motif, the hemopexin domain
serves to facilitate biologically relevant protein—substrate and
protein—inhibitor interactions. However, the hemopexin do-
main is ~20 times larger than the FP2 motif and, unlike the
motif, is separated from the catalytic domain by a hinge region.
Therefore, it appears that FP2 and matrix metalloproteases
use similar means of biological control, but the specific
mechanisms by which the proteases mediate interactions with
substrates and inhibitors are very different. Another papain-
family protease, cathepsin K, forms a pentameric complex with
chondroitin sulfate to facilitate hydrolysis of collagen (31).
Analogous to our results with FP2 and hemoglobin, structural
requirements for complex formation between cathepsin K and
chondroitin sulfate are required for hydrolysis of the biological
substrate (collagen), but not gelatin. The cathepsin K Y212C
mutation specifically prevents collagen (but not gelatin) hy-
drolysis, and leads to the bone disease pycnodysostosis (32).
Another parallel is the inhibition of serine proteases by the
protein inhibitor hirudin. Hirudin inhibits thrombin via bind-
ing both at and distant from the active site of the protease (33).
In an analogous fashion, for FP2 interaction at a location
distant from the active site is necessary for potent inhibition
by the prodomain.

Why does FP2 contain a unique motif that mediates both the
hydrolysis of hemoglobin and inhibition by the prodomain?
This mechanism did not evolve simply to facilitate hemoglobin
hydrolysis, because other papain-family enzymes without C-
terminal motifs, including those of organisms without hemo-
globins (e.g., papain), can efficiently degrade hemoglobin.
Papain-family prodomains are also potent inhibitors of their
cognate proteases. It seems that the utilization of a specific
motif at this region to mediate enzyme—substrate interaction
is an unusual but conserved feature of plasmodial cysteine
proteases. It is possible that an evolutionary bottleneck oc-
curred, with the presence of an ancestral plasmodial cysteine
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protease that was relatively inactive and required augmenta-
tion to mediate specific efficient proteolytic functions, such as
the facilitation of hemoglobin hydrolysis by the FP2 motif.
Other plasmodial proteases may use their motifs to mediate
other functions, and it will be of interest to test this possibility
once the functions of other proteases are elaborated. Our
results demonstrate a unique feature of plasmodial proteases
that might be exploited in drug design. In the case of FP2, a
unique motif is required for hemoglobin hydrolysis, and

1. Breman, J. G. (2001) Am. J. Trop. Med. Hyg. 64, 1-11.

2. White, N. J. (2004) J. Clin. Invest. 113, 1084-1092.

3. Rosenthal, P. J. (2003) J. Exp. Biol. 206, 3735-3744.

4. Francis, S. E., Sullivan, D. J. & Goldberg, D. E. (1997) Annu. Rev. Microbiol.
51, 97-123.

5. Lew, V. L., Tiffert, T. & Ginsburg, H. (2003) Blood 101, 4189-4194.

6. Klemba, M. & Goldberg, D. E. (2002) Annu. Rev. Biochem. 71, 275-305.

7. Rosenthal, P. J. & Miller, L. H. (2001) in Antimalarial Chemotherapy: Mech-
anisms of Action, Resistance, and New Directions in Drug Discovery, ed.
Rosenthal, P. J. (Humana, Totowa, NJ), pp. 325-345.

8. Shenai, B. R,, Sijwali, P. S., Singh, A. & Rosenthal, P. J. (2000) J. Biol. Chem.
275, 29000-29010.

9. Sijwali, P.S., Shenai, B. R., Gut, J., Singh, A. & Rosenthal, P.J. (2001) Biochem.
J. 360, 481-489.

10. Sijwali, P. S. & Rosenthal, P. J. (2004) Proc. Natl. Acad. Sci. USA 101,
4384-4389.

11. Rosenthal, P. J., Wollish, W. S., Palmer, J. T. & Rasnick, D. (1991) J. Clin.
Invest. 88, 1467-1472.

12. Shenai, B. R, Lee, B. J., Alvarez-Hernandez, A., Chong, P. Y., Emal, C. D.,
Neitz, R. J., Roush, W. R. & Rosenthal, P. J. (2003) Antimicrob. Agents
Chemother. 47, 154-160.

13. Rosenthal, P.J., Lee, G. K. & Smith, R. E. (1993) J. Clin. Invest. 91, 1052-1056.

14. Olson, J. E., Lee, G. K., Semenov, A. & Rosenthal, P. J. (1999) Bioorg. Med.
Chem. 7, 633-638.

15. Rosenthal, P. J. (2004) Int. J. Parasitol. 34, 1489-1499.

16. Sijwali P. S., Kato, K., Seydel, K. B., Gut, J., Lehman, J., Klemba, M., Goldberg,
D. E., Miller, L. H. & Rosenthal, P. J. (2004) Proc. Natl. Acad. Sci. USA 101,
8721-8726.

17. Eksi, S., Czesny, B., Greenbaum, D. C., Bogyo, M. & Williamson, K. C. (2004)
Mol. Microbiol. 53, 243-250.

18. Wu, Y., Wang, X., Liu, X. & Wang, Y. (2003) Genome Res. 13, 601-616.

Pandey et al.

disruption of motif-hemoglobin interaction should offer a
novel means of inhibition of parasite development.

We thank Kevin Lee for expert technical assistance and Greg Faust for
assistance with dynamic light scattering experiments. This work was
supported by National Institutes of Health Grants AI35800 and AI35707
and grants from the Medicines for Malaria Venture and the Sandler
Family Supporting Foundation. S.X.W. is supported by a postdoctoral
fellowship from the American Heart Association. P.J.R. is a Doris Duke
Charitable Foundation Distinguished Clinical Scientist.

19. Klemba, M., Gluzman, I. & Goldberg, D. E. (2004) J. Biol. Chem. 279,
43000-43007.

20. Hodder, A. N., Drew, D. R., Epa, V. C., Delorenzi, M., Bourgon, R., Miller,
S. K., Moritz, R. L., Frecklington, D. F., Simpson, R. J., Speed, T. P., et al.
(2003) J. Biol. Chem. 278, 48169—-48177.

. Sijwali P. S., Shenai, B. R. & Rosenthal, P. J. (2002) J. Biol. Chem. 2717,
14910-14915.

22. Pandey, K. C,, Sijwali, P. S, Singh, A., Na, B. K. & Rosenthal, P. J. (2004)

J. Biol. Chem. 279, 3484-3491.

23. Sijwali, P. S., Brinen, L. S. & Rosenthal, P. J. (2001) Protein Expr. Purif. 22,
128-134.

24. Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K. & Pease, L. R. (1989) Gene
77, 51-59.

25. Karlsson, R., Roos, H., Fagerstam, B. & Persson, B. (1994) Methods Enzymol.
6, 99-110.

26. Burchard, W. (1992) in Laser Light Scattering in Biochemistry, eds. Harding,
S.E., Sattelle, D. B. & Bloomfield, V. A. (Royal Soc. Chem., Cambridge, U.K.),
pp. 3-22.

27. Tian, W. X. & Tsou, C. L. (1982) Biochemistry 21, 1028-1032.

28. Dua, M., Raphael, P., Sijwali, P. S., Rosenthal, P. J. & Hanspal, M. (2001) Mol.
Biochem. Parasitol. 116, 95-99.

29. Nagase, H. & Woessner, J. F. (1999) J. Biol. Chem. 274, 21491-21494.

30. Itoh, Y., Takamura, A., Ito, N., Maru, Y., Sato, H., Suenaga, N., Aoki, T. &

Seiki, M. (2001) EMBO J. 20, 4782-4793.

. Zhenqgiang Li., Wu-Shiun, Hou., Carlos, R. E. T., Bruce, D. G. & Dieter, B.
(2002) J. Biol. Chem. 277, 28669-28676.

32. Hou, W. S., Bromme, D., Zhao, Y., Mehler, E., Dushey, C., Weinstein, H.,
Miranda, C. S., Fraga, C., Greig, F., Carey, J., et al. (1999) J. Clin. Invest. 103,
731-738.

33. Grutter, M. G., Priestle, J. P., Rahuel, J., Grossenbacher, H., Bode, W.,
Hofsteenge, J. & Stone, S. R. (1990) EMBO J. 9, 2361-2365.

2

—_

—_

3

PNAS | June 28,2005 | vol.102 | no.26 | 9143

BIOCHEMISTRY



