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Expression and characterization of the Plasmodium falciparum

haemoglobinase falcipain-3
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In the malaria parasite Plasmodium falciparum, erythrocytic
trophozoites hydrolyse haemoglobin to provide amino acids
for parasite protein synthesis. Cysteine protease inhibitors block
parasite haemoglobin hydrolysis and development, indicating
that cysteine proteases are required for these processes. Three
papain-family cysteine protease sequences have been identified in
the P. falciparum genome, but the specific roles of their gene
products and other plasmodial proteases in haemoglobin hy-
drolysis are uncertain. Falcipain-2 was recently identified as a
principal trophozoite cysteine protease and potential drug target.
The present study characterizes the related P. falciparum cysteine
protease falcipain-3. As is the case with falcipain-2, falcipain-3 is
expressed by trophozoites and appears to be located within the
food vacuole, the site of haemoglobin hydrolysis. Both proteases
require a reducing environment and acidic pH for optimal

activity, and both prefer peptide substrates with leucine at the P,
position. The proteases differ, however, in that falcipain-3
undergoes efficient processing to an active form only at acidic
pH, is more active and stable at acidic pH, and has much lower
specific activity against typical papain-family peptide substrates,
but has greater activity against native haemoglobin. Thus
falcipain-3 is a second P. falciparum haemoglobinase that is
particularly suited for the hydrolysis of native haemoglobin in
the acidic food vacuole. The redundancy of cysteine proteases
may offer optimized hydrolysis of both native haemoglobin and
globin peptides. Consideration of both proteases will be necessary
to evaluate cysteine protease inhibitors as antimalarial drugs.

Key words: cysteine protease, haemoglobin, malaria, papain,
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INTRODUCTION

Malaria, in particular that caused by Plasmodium falciparum,
remains one of the most important infections of humans, and
new antimalarial drugs are urgently needed. During the erythro-
cytic cycle of infection that is responsible for the clinical
manifestations of malaria, P. falciparum trophozoites hydrolyse
host haemoglobin within an acidic food vacuole to provide
amino acids for parasite protein synthesis [1,2]. Cysteine protease
inhibitors block haemoglobin hydrolysis and parasite devel-
opment, indicating that parasite cysteine protease activity is
required for this essential process [3,4]. Proteases of other
mechanistic classes, including aspartic [5] and metallo- [6]
proteases, are also present in the food vacuole, and also appear
to participate in haemoglobin processing. In P. falciparum, three
papain-family cysteine protease genes have been identified.
Falcipain-1 was identified in erythrocytic parasites and shown to
hydrolyse haemoglobin [7,8], but difficulties with heterologous
expression and apparent low abundance of the protease in
trophozoites have limited its characterization. Two more closely
related protease genes, falcipain-2 and falcipain-3, were identified
recently [9]. Falcipain-2 was shown to be the principal trophozoite
cysteine protease identified in earlier studies and an active
haemoglobinase [3,9]. Falcipain-3 has not previously been
characterized.

Since cysteine protease inhibitors block parasite development
in vitro and in vivo, the plasmodial cysteine proteases are
promising chemotherapeutic targets [3,10]. Rational drug dis-
covery requires well-characterized drug targets, so it was an
important priority to determine the biochemical properties and
biological role of falcipain-3. In particular, we were interested in

defining differences between falcipain-2 and falcipain-3, and thus
in explaining the redundant expression of these two similar
enzymes by P. falciparum. We have found that the enzymes have
key biochemical differences and that their joint expression
appears to provide optimal hydrolysis of haemoglobin and
possibly other cellular targets by erythrocytic parasites.

EXPERIMENTAL
Materials

Benzyloxycarbonyl-Phe-Arg-7-amino-4-methyl coumarin (Z-
Phe-Arg-AMC) and Gly-Phe-Gly-semicarbazone were from
Bachem. All other peptide substrates were a gift from Dr David
Tew (GlaxoSmithKline, King of Prussia, PA, U.S.A.). Z-Phe-
Arg-fluoromethyl ketone (Z-Phe-Arg-FMK) was a gift from Dr
Robert Smith (Prototek, Dublin, CA, U.S.A.). All other reagents
were from Sigma or as mentioned in the text.

Parasite culture and preparation of parasites

W2-strain P. falciparum parasites were cultured in RPMI 1640
medium with human erythrocytes and 109, (v/v) human serum
[11]. Synchrony was maintained by serial sorbitol treatments
[12]. To obtain free parasites, infected erythrocytes were washed
with ice-cold PBS, lysed with 0.1 9%, saponin in ice-cold PBS for
5 min, centrifuged (12000 g for 10 min at 4 °C) and washed three
times with ice-cold PBS. To obtain parasite extracts, free parasites
were suspended in extraction buffer [20 mM Bis-Tris/HCI
(pH 6.0), ] mM EDTA, 0.1 mM PMSF and 10 uM pepstatin],
subjected to two freeze/thaw cycles, centrifuged at 12000 g for
10 min at 4 °C and the supernatant was collected. Subcellular

Abbreviations used: Z, benzyloxycarbonyl; AMC, 7-amino-4-methyl coumarin; FMK, fluoromethylketone; BLAST, basic local alignment search tool;
ORF, open reading frame; RT, reverse transcriptase; Ni-NTA, nickel-nitrilotriacetic acid; DTT, dithiothreitol;
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fractions were obtained at 0 °C by modifications of previously
described methods [13,14] using buffers supplemented with
Complete Protease Inhibitor Cocktail tablets (Roche). A
trophozoite pellet was washed three times with PBS and divided
into two equal parts. One half was resuspended in SDS/PAGE
sample buffer [125 mM Tris/HCI (pH 6.8), 49, SDS (w/v),
20 9%, (v/v) glycerol, 144 mM 2-mercaptoethanol and 0.2 %, (w/v)
Bromophenol Blue] to prepare total trophozoite lysate. The
other half was incubated in 59, (w/v) sorbitol for 10 min to lyse
trophozoites. The sample was centrifuged at 12000 g for 10 min
at 4 °C and the supernatant (cytosol fraction) and pellet were
separated. The pellet was washed three times with PBS,
resuspended in PBS, subjected to three freeze/thaw cycles and
centrifuged at 12000 g for 10 min at 4 °C. The supernatant was
collected as the vacuolar fraction and the pellet as the membrane
fraction. The concentration of each subcellular fraction and the
total trophozoite lysate was adjusted to represent 5 x 108
parasites/ul in SDS/PAGE sample buffer and stored at —70 °C.

Amplification, cloning and sequence analysis of the falcipain-3
gene

A BLAST (basic local alignment search tool) search of the
National Center for Biotechnology Information P. falciparum
genome database identified a putative cysteine protease gene
(falcipain-3) as most similar to falcipain-2. Primers (forward
S-TTTTCAATTATTTTATTTTTTGTTTGAAC-3'; reverse 5'-
TATTAAGGAAAATCTATTTTATTATTATG-3") flanking
the predicted open reading frame (ORF) were used to PCR-
amplify the target sequence from W2-strain genomic DNA. This
DNA had been purified from schizont-stage parasites by over-
night lysis in a solution containing 10 mM Tris/HCI, 100 mM
EDTA, 0.5% (w/v) SDS and 100 xg/ml proteinase K (pH 8.0)
at 37°C and sequential extraction with phenol and phenol/
chloroform/isoamyl alcohol (25:24:1, by vol.), prior to pre-
cipitation of the DNA with propan-2-ol. The amplified fragment
was purified using the Qiagen gel extraction kit and cloned into
the pCR2.1-TOPO vector using the TA-cloning kit (Invitrogen).
Plasmid DNA containing the PCR fragment (pTOPO-FP3) was
purified from multiple clones using a Qiagen Miniprep kit and
sequenced in both directions by dideoxy sequencing at the UCSF
Biomolecular Resource Center. Sequence data were analysed
using the DNASTAR program for alignment, the PRED-TMR
algorithm and PSORT II for transmembrane segment deter-
mination [15,16].

Southern blotting

P. falciparum genomic DNA (10 ug/lane) was digested with
restriction endonucleases, electrophoresed on a 0.79% (wW/v)
agarose gel and transferred on to a nylon membrane (Amersham
Pharmacia Biotech). A 222 bp fragment, corresponding to the 5’
region of profalcipain-3, was amplified from pTOPO-FP3 (for-
ward 5-GTTTGAACAATGGAATATCATATGGAATA TT-
CACCG-3"; reverse 5'-ATTTGATAAACTATTAGTAAACA-
AGGTCTTGTTATTTTCATTTCT-3"), purified using the
Qiagen gel extraction kit and labelled with [x-**P]dATP
(Amersham Pharmacia Biotech) using the Random Primers
DNA labelling system (Life Technologies). The membrane was
prehybridized in 5xSSPE [SSPE is 0.15M NaCl/0.01 M
NaH,PO, (pH7.4)/1mM EDTA]/0.5% (w/v) SDS/
5 x Denhardt’s solution for 5h at 55°C. Hybridization was
carried out overnight at 65 °C in prehybridization buffer con-
taining the probe. The membrane was washed twice at 25 °C for
Smin with 2xSSC (SSC is 0.15M NaCl/0.15M sodium cit-
rate)/0.1 %, (w/v) SDS, once at 55 °C for 15 min with 2 x SSC/
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0.19% SDS (w/v) and once at 60 °C for 10 min with 0.5 x
SSC/0.1%, SDS (w/v).

Isolation and analysis of RNA

For isolation of total RNA, stage-specific parasites (collected
as described in [9]) were suspended in TRIzoL and processed as
recommended by the manufacturer (Life Technologies). The
RNA pellet was suspended in sterile water [treated with diethyl-
pyrocarbonate (‘ DEPC’)] and treated with DNase I (Boehringer
Manheim) at 37 °C for 30 min. The purity and quantification of
RNA were evaluated spectrophotometrically. Before the reverse
transcriptase-PCR (RT-PCR), RNA was evaluated for genomic
DNA contamination by PCR using primers specific for falcipain-
3, 500 ng of RNA and the conditions used for PCR of cDNA.
DNA-free RNA samples were reverse-transcribed using the
Superscript First Strand Synthesis for RT-PCR (Life Tech-
nologies) as recommended by the manufacturer. Briefly, 10 ug of
each RNA sample was annealed with the oligo(dT),, ,, primer,
extended with Superscript II RT at 42 °C for 70 min, incubated
at 70 °C for 15 min and then subjected to RNase H treatment.

To investigate stage-specific transcription of falcipain genes, a
portion of each falcipain gene (corresponding to the most C-
terminal region of the prodomain and the entire mature domain)
was amplified from each stage-specific P. falciparum cDNA. The
primer pairs used (restriction enzyme sites are in bold type)
were: falcipain-1 (nucleotides 792-1721; forward 5-GAAT-
GCTATGGATCCAAAGAAAGTAAATCAGTTTAG-3"; re-
verse 5-TGGTTAAGCTTACAAGATAGGATAGAAGAC-3),
forward 5-ATAGTTGGATCCAA-
AAAAGAATTAAACAGATTTGCC-3"; reverse 5-TGACA-
AGCTTATTCAATTAATGGAATGAATGCATCAGTACC-
3), and falcipain-3 (616-1488; forward 5-AACAAAGGATC-
CAATAGTTTATATAAAAGGGGTATG-3" reverse 5-TTA-
GTCGACTTATTCAAGTAATGGTACATAAGCTTCTGTT-
3"). Amplifications were carried out under identical conditions in
50 i reaction mixtures [0.5 M each primer, 250 M each ANTP
(Stratagene), 2 mM MgCl, and 2.5 units of Tag DNA polymerase
(Life Technologies)] containing 0.5 ul (1 ul for falcipain-1) of
cDNA template (diluted 1:40).

Expression, purification and refolding of recombinant falcipain-3

A fragment coding for the most C-terminal 33 amino acid
residues of the prodomain and entire mature domain (—33FP3)
was amplified from pTOPO-FP3 using Vent DNA polymerase
(New England BioLabs) and primers containing BamHI (forward
5’-AACAAAGGATCCAATAGTTTATATAAAAGGGGTA-
TG-3") and Sall (reverse 5-TTAGTCGACTTATTCAAGTAA-
TGGTACATAAGCTTCTGTT-3") cleavage sites. The PCR
product was digested with BamHI and Sa/l, gel purified and
ligated into the expression vector pQE-30 (Qiagen) to generate
pQE-FP3. This construct was used to transform M15(pREP4)
Escherichia coli. pQE-FP3 DNA was isolated from multiple-
expressing clones and the insert sequence was confirmed by
dideoxy sequencing. Expression vector pQE-FP3 provided a His-
tag at the N-terminus of recombinant falcipain-3, allowing
one-step purification of the expression product by nickel-
nitrilotriacetic acid (Ni-NTA; Qiagen) chromatography.
Falcipain-3 was expressed from a positive clone upon induction
with isopropyl p-bD-thiogalactopyranoside (‘IPTG’), inclusion
bodies were prepared and falcipain-3 was purified from
solubilized [in 6 M guanidine/HCI, 20 mM Tris/HCI, 500 mM
NaCl and 10 mM imidazole (pH 8.0)] inclusion bodies by Ni-
NTA chromatography, as described for falcipain-2 [17].
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Refolding of Ni-NTA-purified falcipain-3 was optimized by
testing over 200 buffer combinations in a systematic microdilution
format as described previously [17]. Briefly, denatured-reduced
falcipain-3 was diluted 100-fold (10 xg/ml, final concentration)
in 300 ul of each ice-cold refolding buffer, followed by incubation
at 4 °C for 20 h. For evaluation of refolding efficiencies, 20 ul of
each refolding sample was incubated with assay buffer [100 mM
sodium acetate (pH 5.5) and 10 mM dithiothreitol (DTT)] at
25°C for 30 min. Z-Phe-Arg-AMC was added at a final con-
centration of 50 xM and hydrolysis was monitored as described
below. After identification of the best microplate refolding
conditions [100 mM Tris/HCI (pH 8.0), 1 mM EDTA, 209,
(w/v) sucrose, 250 mM L-arginine, ]l mM GSH and 0.5 mM
GSSG], further testing identified the optimal refolding
buffer [25 mM 3-(cyclohexylamino)propane-1-sulphonic acid
(‘CAPS’), 209, (w/v) sucrose, 250 mM L-arginine, | mM EDTA,
1 mM GSH and 0.5 mM GSSG (pH 9.5)]. Large-scale refolding
was carried out with a 100-fold dilution of 100 mg of
reduced/denatured Ni-NTA-purified protein in 2 1 of ice-cold
refolding buffer at 4 °C for 20 h. The refolded sample was
concentrated to 100 ml using a High-Performance Ultrafiltration
Cell (Model 2000; Amicon) with a 10 kDa cut-off membrane.

For additional purification, the pH of the refolded sample was
adjusted to 5.5 with 3.6 M sodium acetate (pH 2.6) and DTT
was added to a final concentration of 5 mM. The precipitated
material was removed using a 0.22 ym filter (Millipore) and the
sample was incubated at 37 °C for 2 h to allow processing to the
active enzyme. The pH was then readjusted to 6.5 with 1 M
Tris/HCI (pH 8.0) and the protein was applied on to a Q-
Sepharose column (Amersham Pharmacia Biotech) equilibrated
with 20 mM Bis-Tris/HCI (pH 6.5) (maintained at 4 °C). The
column was washed with 5-10 bed volumes of the same buffer
and the protein was eluted with a 0-0.4 M linear NaCl gradient
in a solution of 20 mM Bis-Tris/HCI (pH 6.5) and 1 M NaCl
over 30 min at a flow rate of 1.5 ml/min. Enzyme-containing
fractions, monitored by hydrolysis of Z-Leu-Arg-AMC, were
pooled and concentrated (10 kDa cut-off Centriprep; Millipore).
An equal volume of glycerol was added and the enzyme was
stored at —20 °C. For N-terminal sequencing of the mature
enzyme, processed and purified falcipain-3 was electrophoresed
and transferred on to an Immobilon-P*® membrane (Millipore) and
stained with Coomassie Blue. The band corresponding to
falcipain-3 was excised and sequenced at the UCSF Biomolecular
Resource Center (San Francisco, CA, U.S.A.).

Production of specific antibodies

Antisera were raised against Ni-NTA-purified recombinant
truncated-profalcipain-2 (—35FP2 [9]), falcipain-3 (—33FP3,
prepared as described above) and the mature domain of falcipain-
1 [8]. The recombinant proteins were separated by SDS/PAGE
under reducing conditions on 129, gels. The gels were stained
with Coomassie Blue and washed extensively with PBS. Protein
bands were then excised, emulsified in complete (day 0) or
incomplete (days 14, 35 and 68) Freund’s adjuvant and injected
intraperitoneally into rats. Rats were sacrificed and their serum
collected on day 82.

Affinity columns were prepared as follows. Recombinant
antigens (10-20 mg each) were desalted on Sephadex-10 columns
equilibrated with 100 mM sodium carbonate (pH 8.4) containing
500 mM NaCl and crosslinked to cyanogen bromide-activated
Sepharose 4B beads in 2-5 ml of the same buffer overnight at
4 °C. The beads were washed extensively with the same buffer
and blocked with 100 mM Tris/HCI (pH 8.0) followed by 1 M
ethanolamine (pH 8.0). The beads were washed again with

500 mM NaCl in PBS and the affinity resins were stored in
binding buffer (PBS, 0.1 9, BSA and 0.01 9%, thimerosal) at 4 °C.
For antibody purification, antisera were diluted 1:50 in binding
buffer, passed twice over the appropriate antigen columns and
washed extensively with 500 mM NaCl in PBS followed by
10 mM sodium phosphate buffer (pH 6.8) containing 150 mM
NaCl. Antibodies were eluted with 3 ml of 100 mM glycine
(pH 2.6) containing 150 mM NaCl and neutralized with 0.3 ml
of 1 M Tris/HCI (pH 8.0) and 0.7 ml of binding buffer. Each
stock of purified antibodies was passed over the other two
antigen columns to eliminate cross-reactive antibodies and stored
at 4 °C.

Immunoblotting

Recombinant proteins, parasite extracts, total trophozoite
lysates, subcellular fractions and affinity purified protease
fractions (prepared as previously described [9]) were separated by
SDS/PAGE on 109, (w/v) gels and transferred on to PVDF
membranes. The membranes were blocked with 0.2 9, I-block
(Tropix), washed with PBS containing 0.19%, Tween-20 and
incubated with antibody stocks (1:20000 dilution) for 1h at
37 °C. The membranes were washed and incubated with alkaline
phosphatase-conjugated goat anti-rat IgG (1:20000 dilution;
Jackson Immunoresearch) at 37 °C for 1 h. After incubation, the
membrane was washed again and the antigen—antibody com-
plexes were developed using a Western-Star chemiluminescence
kit as described by the manufacturer (Tropix).

Characterization of recombinant falcipain-3

Total protein concentration was determined using a Bio-Rad
Protein Assay dye; active enzyme concentration was determined
by active-site titration with Z-Phe-Arg-FMK. Substrate gel
analysis was performed as previously described using SDS/
PAGE under non-reducing conditions with gels co-polymerized
with 0.19, (w/v) gelatin [3]. Fluorometric assays of falcipain-3
activity were carried out in 350 ul of assay buffer, containing
45 nM enzyme, or with adjustments in reagents for particular
experiments as described in the Figure legends. Fluorogenic
substrates (routinely 50 uM Z-Phe-Arg-AMC or Z-Leu-Arg-
AMC) were added and activity was monitored as the release of
fluorescence (excitation 355 nm; emission 460 nm) over 30 min
(15min for pH activity profile) at 25°C with a Labsystems
Fluoroskan II spectrofluorometer. For the analysis of pH stab-
ility, enzymes (90 nM) were added to prewarmed (37 °C) buffer
[l mM GSH and 1 mM EDTA in either 50 mM sodium acetate
(pH 4.0-6.0) or 50 mM sodium phosphate (pH 6.5-7.5)] and
incubated at 37 °C. After appropriate time intervals, 30 ul
aliquots were added to 320 xl of assay buffer containing 25 uM
Z-Leu-Arg-AMC and activities were measured for 10 min as
described above. For all assays, substrate concentrations were
saturating within the time course studied, such that curves for
fluorescence over time remained linear.

Enzyme kinetics

Rates of hydrolysis of varied concentrations of peptide-AMC
substrates were determined at constant enzyme concentration
(45 nM) in 350 ul of assay buffer at 25 °C. Enzyme activity was
monitored as described above and K, V.., and k_ were

max?

determined using the Enzfitter program [18].

t

Hydrolysis of haemoglobin

Recombinant falcipain-3 and falcipain-2 (prepared as previously
described [9]) were evaluated for their ability to hydrolyse native
haemoglobin and acid-denatured globin [19]. For evaluation at
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different enzyme concentrations, 30 ul reactions containing
100 mM sodium acetate (pH 5.5), 1 mM GSH and 3 pg of
haemoglobin or globin were incubated at 37 °C for 2 h (1 h for
globin) and stopped with 5 ul of non-reducing SDS/PAGE
sample buffer [125 mM Tris/HCI (pH 6.8), 49 (w/v), 209%,
(v/v) glycerol and 0.2, (w/v) Bromophenol Blue]. For evalu-
ation at different time intervals, 300 xl reactions in assay buffer
containing 1 mM GSH, 30 ug of native haemoglobin or globin
and 400 nM enzyme (50 nM for globin hydrolysis) were incu-
bated at 37 °C. Aliquots (30 ul) were withdrawn at indicated time
intervals and the reactions were stopped as noted above. Reaction
products were resolved by SDS/PAGE.

RESULTS
Molecular analysis of falcipain-3

A BLAST search of the available P. falciparum genome database
identified a third putative cysteine protease sequence, falcipain-3,
that was homologous to the previously described falcipain-1 [7]
and falcipain-2 [9] genes. Primers flanking the predicted ORF
were used to amplify falcipain-3 from W2 strain genomic DNA.
Sequencing of multiple-cloned fragments revealed an identical
1539 bp sequence with an uninterrupted ORF of 1476 bps flanked
by stop codons. The first start codon of the ORF was chosen as
the likely true translation initiation codon based on the first
ATG rule [20,21], the presence of a lower eukaryotic consensus
translation initiation sequence (AXXATGG; where X is any
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Figure 1 Sequence alignment
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nucleotide) [20,22], and a highly AT rich upstream sequence, a
feature of non-coding P. falciparum DNA [23]. The ORF encodes
a fairly typical papain-family cysteine protease of 492 amino
acids that is most similar, among known proteases, to falcipain-
2 (53 9, identity) and falcipain-1 (28 9;). Falcipain-3 shares many
features with falcipain-2, including (1) a 20 amino acid putative
membrane-spanning domain 36 amino acids from the start
methionine residue, a much larger pro-region than that of most
papain-family proteases, (2) the presence of the ERFNIN and
GNFD pro-sequence motifs, which are typical of cathepsin L-
like cysteine proteases [24-26], (3) conservation of papain-family
catalytic residues, (4) nine cysteine residues (predicting four
disulphide bonds) in the mature protease sequence, and (5) an
unusual insert between highly conserved amino acid residues
near the C-terminus (Figure 1).

P. falciparum genomic DNA was digested with five restriction
endonucleases and probed with a falcipain-3 prodomain fragment
that does not contain cleavage sites for any of the endonucleases.
For each endonuclease, a single restriction fragment hybridized
with the falcipain-3 probe (Figure 2). In each case, the fragment
was one of two previously recognized by a mature falcipain-2
probe [9], confirming our prior hypothesis that the recognition of
two fragments by that probe was due to hybridization with both

falcipain-2 and falcipain-3, and that both of these genes are single

copy.
The stage-specific transcription of falcipain-3 was compared
with that of falcipain-1 and falcipain-2 using RT-PCR with RNA
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The deduced amino acid sequences of falcipain-3 (FP3), falcipain-2 (FP2) and papain (Pap) were aligned by the DNASTAR program using the CLUSTAL method [36]. Identities with falcipain-
3 are shaded, predicted transmembrane domains are boxed, amino acids representing the ERFNIN and GNFD prodomain motifs are labelled with asterisks, the positions of mature domain processing

sites are indicated by arrowheads, and catalytic amino acids are highlighted.
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Figure 2 Southern-blot analysis of falcipain-3

P. falciparum genomic DNA (10 zg/lane) was digested by the restriction endonucleases shown,
resolved on a 0.7 % agarose gel, transferred on to a nylon membrane, hybridized with a falcipain-
3 probe and visualized by autoradiography. The positions of size markers (in kbp) are shown
on the left.

Con ER LR ET LT ES LS/ER

Figure 3 Stage-specific transcription of falcipain genes

PCR was performed with stage-specific cDNA and primers specific for falcipain-1 (R), falcipain-
2 (B) and falcipain-3 (G, D). Reactions were performed under identical conditions, using equal
quantitities of reverse-transcribed RNA for each reaction, except that, to allow resolution of
products of low-yield reactions, twice the quantity of cDNA template was used for falcipain-1
reactions and twice the volume of each falcipain-1 reaction was electrophoresed. Products
amplified from early rings (ER), late rings (LR), early trophozoites (ET), mid-late trophozoites (LT)
early-mid schizonts (ES) and late schizonts/early rings (LS/ER) were electrophoresed on a 0.8 %
agarose gel and stained with ethidium bromide. Controls included amplifications using RNA
templates (D) and no template (Con).

collected from highly synchronous parasites. Amplification of
target sequences from cloned genes and genomic DNA indicated
that the falcipain primers were each specific for their respective
targets and that, under the conditions used, they amplified
equivalent quantities of DNA (results not shown). In the RT-
PCR analysis, primers for all three plasmodial proteases amplified
cDNA from erythrocytic parasites (Figure 3). Maximum tran-
scription of falcipain-1 and falcipain-2 occurred in early
trophozoites, consistent with results from previous Northern-
blot analyses [7,9]. Transcription of falcipain-3 peaked in late
trophozoites and early schizonts.
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Figure 4 Immunoblot analysis of falcipain-2 and falcipain-3

In each of the immunablots, proteins were resolved by SDS/PAGE under reducing conditions
on 10% gels, transferred on to PVDF membranes and the membranes were probed with affinity
purified antibodies directed against falcipain-2 (FP-2) and falcipain-3 (FP-3). The positions of
molecular-mass markers (in kDa) are shown on the left. (R) Specificity of antisera. Recombinant
falcipain-2 (lanes 1 and 3) and falcipain-3 (lanes 2 and 4) were probed with antibodies against
the two proteins as labelled. (B) Stage specificity of falcipain expression. Extracts of
synchronized parasites, corresponding to 1.8 x 107/lane and labelled as in Figure 3, were
probed. (C) Presence of falcipains in different cellular fractions. Total trophozoite lysate (TL),
cytosol (C), vacuolar (V) and membrane (M) fractions, each corresponding to 5 x 107
parasites/lane were prepared as described and probed. (D) Presence of falcipains in purification
fractions. Starting trophozoite extract (TE), the eluted fraction (EF) that bound and then was
eluted from a Sepharose-Gly-Phe-Gly-semicarbazone column and the flow-through (FT) material,
that did not bind to column, were probed.

Comparison of the expression of falcipain-2 and falcipain-3 in
erythrocytic parasites

Polyclonal antisera were raised in rats against the three recom-
binant falcipains. Inmunoblots showed that the affinity-purified
antibodies were each specific for their respective recombinant
antigens (Figure 4A). Erythrocytic P. falciparum parasites de-
velop over 48 h from ring to trophozoite to schizont stages.
Immunoblots of parasite extracts from different erythrocytic
stages detected only a very weak falcipain-1 signal in trophozoites
(results not shown), as seen previously [7], but strong reactivity
with falcipain-2 and falcipain-3 in trophozoites and schizonts
(Figure 4B). Falcipain-2 was prominent in early and late
trophozoites, whereas falcipain-3 did not reach maximal levels
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Figure 5 Expression, purification and refolding of recombinant falcipain-3

(A) Truncated profalcipain-3 (—33FP3) was expressed in M15(pREP4) £. coli; uninduced (lane
1) and induced cells (lane 2), purified by Ni-NTA chromatography (lane 3), refolded (lane 4),
processed into the active enzyme and further purified by anion-exchange chromatography (lane
5). Each sample was resolved by SDS/PAGE under reducing conditions on a 12% gel and the
gel was stained with Coomassie Blue. (B) The refolded processed protein, corresponding to lane
5, was also evaluated by SDS/PAGE on a 12% gelatin substrate. The position of molecular-mass
markers (in kDa) are shown on the left in each panel.

Figure 6 Processing of recombinant falcipain-3

Refolded falcipain-3 was incubated in 100 mM sodium acetate (pH 5.5) and 5 mM DTT in the
absence of inhibitors for 0—30 min or in the presence of either PMSF, pepstatin (PEP) or Z-
Phe-Arg-FMK (FMK) for 2 h. Proteins were resolved by SDS/PAGE under reducing conditions
on 12% gels and stained with Coomassie Blue. The positions of molecular mass-markers (in
kDa) are shown on the left.

until the late trophozoite stage. Anti-falcipain-3 antibodies
recognized a number of species in parasite extracts, consistent
with the presence of abundant proform and processing inter-
mediates in trophozoites and schizonts, whereas, for falcipain-2,
only the mature protease was recognized.

To investigate the subcellular distribution of the proteases,
total parasite lysates and cytosol, vacuole and membrane
fractions of trophozoite-stage parasites were evaluated in
immunoblots. Abundant mature falcipain-2 and falcipain-3 were
detected in total lysates and the vacuole fraction (Figure 4C).
Much less of the mature enzymes were identified in the cytosol
fraction (which may have been contaminated with material that
leaked from vacuoles during sample processing). In contrast to
the pattern for the mature proteases, a prominent falcipain-3
proform and a small quantity of a falcipain-2 proform were
present only in the membrane fraction. Thus mature falcipain-2
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Figure 7 Biochemical features of falcipain-3

The hydrolysis of Z-Leu-Arg-AMC by falcipain-3 (FP-3) and falcipain-2 (FP-2) at different pHs
[in 100 mM sodium acetate (pH 3.5—6.0) or sodium phosphate (pH 6.5-8)] (A) and with
different reductants [DTT, L-cysteine (Cys) and GSH; FP-3 only] (B) were assayed as described
in the Experimental section. Results are expressed as the percentage of maximum activity for
each assay. (G) The pH stability of the recombinant enzymes was compared by incubating them
(90 nM) in 1 mM EDTA and 1 mM GSH in either 50 mM sodium acetate (pH 4.0-6.0) or
sodium phosphate (6.5—7.5) at 37 °C for 3 h. Aliquots of equal volume were assayed for the
hydrolysis of 25 «M Z-Leu-Arg-AMC in assay buffer and compared with the activity of control
samples that were not incubated in buffer.

and falcipain-3 are located primarily in a vacuolar fraction, most
likely the parasite food vacuole, and proforms of the proteases
are membrane-associated. The proteases differed in that the
falcipain-3 proform was much more abundant.

The identification of abundant falcipain-3 in trophozoites was
difficult to reconcile with our prior identification of falcipain-2 as
the only cysteine protease purified from trophozoites with affinity
chromatography using a Sepharose-Gly-Phe-Gly-semicarbazone
column [9]. To address this question, we performed the previously
described purification with this ligand and examined the
chromatography fractions by immunoblotting (Figure 4D). Anti-
falcipain-2 antibodies recognized protein that bound to the
ligand and unbound material, anti-falcipain-3 antibodies
recognized only unbound material and anti-falcipain-1 did not
recognize any protein (results not shown). Thus falcipain-3 was
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Table 1
falcipain-2

Kinetic parameters for substrate hydrolysis by falcipain-3 and

Values are means from a representative experiment carried out in duplicate. Data for
recombinant falcipain-2 are from [9]. Substrates not cleaved by falcipain-3: H-Ala-Arg-AMC, Bz-
Val-Gly-Arg-AMG, Boc-Val-Gly-Arg-AMC, Boc-Leu-Gly-Arg-AMC, Boc-Gly-Pro-Arg-AMC, Boc-Val-
Pro-Arg-AMC, Boc-GlIn-Ala-Arg-AMC and Z-Gly-Gly-Arg-AMC. Abbreviations used: Bz-, benzoyl;
Boc-, t-butyloxycarbonyl.

Substrates Enzyme K, (uM) k87 ku/K, (M7
Z-Phe-Arg-AMC FP-3 713 0.009 120
FP-2 9.1 0.412 45100
7-Leu-Arg-AMC FP-3 72.0 0.043 590
FP-2 8.4 0.884 106000
Z-Val-Arg-AMC FP-3 185.0 0.005 26
FP-2 59.6 0.324 5440
7-Val-Leu-Arg-AMC FP-3 274 0.062 2,240
FP-2 3.1 0.190 61900
Z-Val-Val-Arg-AMC FP-3 398 0.008 199
FP-2 6.7 0.027 4030
Boc-Val-Leu-Lys-AMC FP-3 10.9 0.007 623
FP-2 3.4 0.167 49700

not previously identified because it did not bind to the affinity
ligand, and the 5-10 9, of cysteine protease activity (measured
against the Z-Phe-Arg-AMC substrate) that did not bind to the
ligand [9] consisted of falcipain-3, unbound falcipain-2, and
possibly other proteases.

Expression, refolding and processing of falcipain-3

A DNA fragment coding for the most C-terminal 33 amino acid
residues of the prodomain and entire mature domain of falcipain-
3 (—33FP3) was amplified, ligated into the pQE-30 vector and
used to transform M15(pREP4) E. coli. Recombinant falcipain-
3 was expressed as an insoluble protein, purified from inclusion
bodies by Ni-NTA chromatography under denaturing conditions
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Figure 8 Hydrolysis of haemoglobin and globin

and refolded in an alkaline buffer (Figure 5). Optimization of
refolding conditions utilized a systematic microdilution approach
as previously described [17]. Refolded falcipain-3 was processed
to a smaller enzymically active species of the size predicted for
mature falcipain-3 upon exposure to an acidic buffer (Figure 6).
Based on comparison of dye quantitation and active-site titration
results, 43 9, of recombinant falcipain-3 was enzymically active.
The requirement for acidic pH for the efficient processing of
falcipain-3 contrasted with results for falcipain-2, which was
rapidly processed during refolding at alkaline pH [9]. In both
cases, processing was autocatalytic as it was blocked by inhibitors
of cysteine proteases, but not by those of other proteolytic classes
(Figure 6). N-terminal sequencing of processed falcipain-3
revealed a single cleavage site between Lys®*? and Thr?*?
(Figure 1).

Biochemical features of falcipain-3

Falcipain-3 had typical properties of a papain-family cysteine
protease, including an acidic pH optimum, requirement for a
reducing environment for maximum activity (Figure 7) and
inhibition by standard cysteine protease inhibitors (results not
shown). Although the enzymes both demonstrated acidic pH
optima, falcipain-3 was considerably less active than falcipain-2
at pH 7.0-8.0, but more active at pH 4.0-4.5 (Figure 7A). A
comparison of the pH stability showed that falcipain-3 was more
stable at moderately acidic pH, and less stable at neutral pH than
was falcipain-2 (Figure 7C). Evaluation of the hydrolysis of
typical papain-family peptide substrates revealed marked
differences between falcipain-2 and falcipain-3 (Table 1). Both
enzymes preferred substrates with Leu at the P, position, and
the enzymes shared the P, rank order of Leu > Phe > Val.
However, for all tested substrates k /K, was markedly lower
for falcipain-3, due both to higher K and lower &, values. For
falcipain-3, but not falcipain-2, inclusion of a P, Val increased
k.../K, 4-8-fold, indicating a role for P, interactions in opti-
mizing catalytic activity.
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(R) Indicated concentrations of falcipain-2 (FP-2) or falcipain-3 (FP-3) were incubated with 3 zg of native haemoglobin (Hb) or 3 xg of globin (Gb) in 100 mM sodium acetate (pH 5.5) containing
1 mM GSH at 37 °C, for 2 h (1 h for globin). (B) Equal concentrations of the enzymes (400 nM and 50 nM for the Hb and Gb assays respectively) were incubated with 30 zg of Hb or Gb in
100 mM sodium acetate (pH 5.5) containing 1 mM GSH at 37 °C, and aliquots were taken at the indicated time points. The reactions were stopped, the proteins resolved by SDS/PAGE on 15%

gels and the gels were stained with Coomassie Blue.
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Table 2 Hydrolysis of haemoglobin and globin by falcipain-2 and falcipain-
3 at various GSH concentrations

Reactions were carried out at 37 °C with 400 nM falcipain-2 and falcipain-3 for haemoglobin
reactions and 50 nM of the enzymes for globin reactions in 100 mM sodium acetate (pH 5.5)
containing various concentrations of GSH (0.1—10 mM). Samples were removed at various time
points and analysed as described in Figure 8(B). The remaining substrate on the Coomassie
Blue-stained gels was quantified by densitometry and compared with that at the start of each
reaction. Values are from a single representative experiment and show the time (min) required
for falcipain-2 and falcipain-3 to bring about 50% hydrolysis of haemoglobin and globin.

Falcipain-2 Falcipain-3
GSH (mM) Haemoglobin Globin Haemoglobin Globin
0.1 > 120 50 > 120 49
0.2 > 120 40 120 48
0.5 102 34 48 46
1.0 85 32 46 43
2.0 46 34 28 33
5.0 28 28 16 27
10.0 18 20 15 23

Haemoglobin hydrolysis by falcipain-3

The presumed principal natural substrate for falcipain-3 is
haemoglobin, as large quantities of this protein must be
hydrolysed by erythrocytic parasites [1,2]. Haemoglobin hy-
drolysis is probably a co-operative process, including cysteine,
aspartic and metalloprotease activities, but a detailed charac-
terization of this process is not yet available. We recently showed
that recombinant falcipain-2 degraded native haemoglobin under
acidic and mildly reducing conditions likely to be present in the
food vacuole, and that denatured globin was cleaved much more
readily than was haemoglobin [9]. To gain insight into the
relative roles of falcipain-2 and falcipain-3 in haemoglobin
hydrolysis, we compared their activities against haemo-
globin and globin. Interestingly, although falcipain-3 was much
less active than falcipain-2 against the tested peptide substrates,
it was more active against native haemoglobin (Figure 8 and
Table 2). At physiological concentrations of GSH (0.5-2.0 mM),
hydrolysis of native haemoglobin was about twice as rapid for
falcipain-3 as for falcipain-2. Both enzymes degraded globin
much more readily than native haemoglobin, and the rate of
hydrolysis of globin was similar for the two proteases (Figure 8
and Table 2).

The above analysis suggests that falcipain-3 is a more efficient
haemoglobinase than falcipain-2, but, since the proteases have
markedly different activities against peptide substrates, their
relative abundance was uncertain. We therefore quantified the
two enzymes in trophozoites using a quantitative immunoblotting
technique. Known quantities of the two recombinant enzymes
were immunoblotted and quantities of the proteases in late
trophozoites were determined using the immunoblots of recom-
binant proteins as standards. Densitometric assessment led to the
estimate that the concentration of falcipain-2 in trophozoites is
1.8 times that of falcipain-3. As falcipain-3 appears to cleave
native haemoglobin about twice as rapidly as falcipain-2, the
relative contributions of the two enzymes to the hydrolysis of
native haemoglobin appear to be similar.

DISCUSSION

We have identified and characterized the P. falciparum cysteine
protease falcipain-3. This enzyme is the second P. falciparum
cysteine protease that has been definitively characterized as a
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trophozoite haemoglobinase and thus is another important
potential drug target. The relative importance of falcipain-3 was
initially underappreciated, as it has much less activity against
commonly used peptide substrates than the previously described
haemoglobinase, falcipain-2. However, on a molar basis
falcipain-3 is a more effective haemoglobinase than falcipain-2,
and both proteases rapidly hydrolyse globin to small fragments.
Since the mature proteases are present at similar abundance in
trophozoites, they are both likely to play key roles in the
hydrolysis of haemoglobin to free amino acids.

Although falcipain-3 is very similar to falcipain-2, with 659,
identity of mature protease domains, the enzymes have important
differences, which suggest differences in their biological roles.
The stability and activity of falcipain-3 are greater at acid pH
and less at neutral pH than are those of falcipain-2. These
differences are likely to explain the fact that specific antibodies
recognized abundant proforms of falcipain-3, but not falcipain-
2, in trophozoites. Falcipain-3 is apparently not as readily
processed until it is transported to the acidic food vacuole. The
pH stability and activity of falcipain-3 suggest that this protease
is particularly suited for activity in the food vacuole, where
haemoglobin is degraded. In addition, falcipain-3 was the more
active cysteine protease against native haemoglobin, further
suggesting that this protease plays a key role in the initial
cleavages of haemoglobin that have previously been shown to be
blocked by cysteine protease inhibitors [3,27]. The greater activity
and stability of falcipain-2 at neutral pH suggest that this
protease may have roles in addition to haemoglobin hydrolysis.
Of interest in this regard is the observation that cysteine protease
inhibitors block the release of merozoites from mature schizont-
infected erythrocytes and thus halt parasite development [28-30].
In addition, a neutral cysteine protease activity [31] and recom-
binant falcipain-2 [32] were recently shown to cleave the
erythrocyte cytoskeletal proteins, ankyrin and protein 4.1, at
neutral pH. Thus falcipain-2 may act against both haemoglobin
and erythrocyte proteins under different conditions. Similar
diverse roles have been proposed for the P. falciparum aspartic
protease, plasmepsin II, which cleaves haemoglobin at acidic pH
and spectrin at neutral pH [33]. Indeed, both falcipain-2 and
falcipain-3 are present through most of the erythrocytic life cycle
and so both proteases may perform a number of functions.
Falcipain-1 is also present in trophozoites, albeit apparently at
much lower levels than the other two falcipains. Although
recombinant falcipain-1 was shown to be capable of haemoglobin
hydrolysis [8], its biological role is unknown. A BLAST search of
the available P. falciparum genome database identified no other
falcipain-like sequences, although a number of more distantly
related putative papain-family genes were present.

The three falcipains and their known analogues from other
plasmodial species make up a family within the papain super-
family with a number of unique features. These enzymes all have
unusual prosequences that are 2-3 times the length of those
of papain and most related enzymes. The C-terminal regions of
falcipain prodomains are quite well (> 309;,) conserved with
papain, but the N-terminal regions are unique. The falcipain
prosequences all contain a putative type II membrane-spanning
domain as defined by a hydrophobic stretch of 17-20 amino
acids preceded by multiple positively charged residues [34].
Interestingly, unusually long proforms and similarly conformed
membrane-spanning sequences are also present in the P.

falciparum aspartic proteases, plasmepsin I and plasmepsin II,

and these proteins have been shown to insert into membranes
[35].

Our results support a model [5] in which plasmodial haemo-
globinases are delivered to the parasite plasma membrane by the
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secretory pathway and then directed to the food vacuole as
components of cytosolic vesicles. This model additionally offers
the intriguing possibility that the active domains of these enzymes
may, as predicted for type II membrane proteins, extrude from
the plasma or parasitophorous vacuole membrane, thus allowing
action against erythrocyte cytoskeletal proteins. Falcipain-2,
which is more readily processed at neutral pH, is more likely to
be activated in extravacuolar compartments, although our data
suggest that most of the enzyme is transported to the food
vacuole. Falcipain-3 is less active and less capable of auto-
hydrolysis at neutral pH and thus, this enzyme is likely to be
activated only after it reaches an acidic intracellular compart-
ment. This suggestion is supported by the identification in
trophozoites of only small quantities of falcipain-2 proforms, but
abundant membrane-associated proforms of falcipain-3. In any
event, our model suggests that a unique prosequence signalling
system may both target plasmodial proteases to the food vacuole
and deliver them to the proximity of erythrocyte cytoskeletal
targets.

The characterization of falcipain-3 will aid in the full de-
scription of the mechanism of haemoglobin hydrolysis by malaria
parasites. In addition, it highlights an unforseen level of com-
plexity that should impact on drug discovery projects directed
against plasmodial cysteine proteases. Since it appears that
falcipain-2 and falcipain-3 are both key haemoglobinases, drug
discovery efforts should take into account the inhibition of
both enzymes. Indeed, it is likely that potent inhibition of both
falcipain-2 and falcipain-3 will be required to effectively inhibit
parasite haemoglobin hydrolysis and thereby block parasite
development.

We thank Chi Chang, Belinda Lee and Michael Whitmore for expert technical
assistance. This work was supported by grants from the National Institutes of Health
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