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The serine repeat antigen (SERA) proteins of the malaria parasites Plasmodium spp. contain a putative
enzyme domain similar to that of papain family cysteine proteases. In Plasmodium falciparum parasites, more
than half of the SERA family proteins, including the most abundantly expressed form, SERAS, have a
cysteine-to-serine substitution within the putative catalytic triad of the active site. Although SERAS is required
for blood-stage parasite survival, the occurrence of a noncanonical catalytic triad casts doubt on the impor-
tance of the enzyme domain in this function. We used phage display to identify a small (14-residue) disulfide-
bonded cyclic peptide (SBP1) that targets the enzyme domain of SERAS. Biochemical characterization of the
interaction shows that it is dependent on the conformation of both the peptide and protein. Addition of this
peptide to parasite cultures compromised development of late-stage parasites compared to that of control
parasites or those incubated with equivalent amounts of the carboxymethylated peptide. This effect was similar
in two different strains of P. falciparum as well as in a transgenic strain where the gene encoding the related
serine-type parasitophorous vacuole protein SERA4 was deleted. In compromised parasites, the SBP1 peptide
crosses both the erythrocyte and parasitophorous vacuole membranes and accumulates within the parasito-
phorous vacuole. In addition, both SBP1 and SERAS were identified in the parasite cytosol, indicating that the
plasma membrane of the parasite was compromised as a result of SBP1 treatment. These data implicate an
important role for SERAS in the regulation of the intraerythrocytic development of late-stage parasites and as

a target for drug development.

Malaria remains one of the most devastating diseases of
mankind, inflicting serious health and economic burdens on
many countries throughout the world. Plasmodium falciparum
is responsible for the most acute form of the disease and is
directly responsible for the death of more than 1 million chil-
dren under the age of 5 years annually (www.who.int/health
_topics/malaria) (37). Recently, the effective control of both
the Anopheles sp. vector and the Plasmodium sp. parasite has
been hindered by the emergence of resistance to treatments
with insecticides and prophylactic drugs, respectively (10, 20,
40, 41). Hence, an effective vaccine and new drugs to treat the
disease are urgently required. One family of proteins with the
potential to serve as targets for both vaccines and therapeutic
compounds are the blood-stage serine repeat antigens (SERAs)
(8, 14, 24).

There are nine genes in the sera family in P. falciparum.
Eight are located in a head-to-tail cluster on chromosome 2,
while one is on chromosome 9 (9, 16, 17). In cultured parasites,
only those sera genes with low or absent expression can be
disrupted, indicating that not all members of this multigene
family are essential for blood-stage growth (3, 30). SERAS and
-6 appear to be the most important SERAS in various strains of
P. falciparum blood-stage parasites because they are expressed
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at higher levels than most family members and all attempts to
disrupt these genes have, to date, been unsuccessful (3, 30).

The SERA proteins are synthesized as ~120-kDa precursors
in late trophozoites (12, 14, 24), with a signal peptide that is
cleaved upon translocation through the endoplasmic reticulum
(33) and then exported into the lumen of the parasitophorous
vacuole (8). The precursor molecule is processed into N-ter-
minal 47-kDa, central 56-kDa, and C-terminal 18-kDa frag-
ments at about the time of schizont rupture and merozoite
release (Fig. 1). The 47-kDa and 18-kDa fragments remain
covalently linked via at least a single disulfide bond, while the
56-kDa fragment undergoes further processing to a 50-kDa
species that can be inhibited by the cysteine protease inhibitors
leupeptin and E64 (11, 12, 14, 26).

The C-terminal end of the central domain of all SERA
proteins shows approximately 20% sequence identity to the
papain family of cysteine proteases (8, 18, 23). Curiously, six of
the nine P. falciparum SERAs (SERA1 to -5 and SERA9) have
a cysteine-to-serine replacement within the putative catalytic
triad; the remaining three SERAs (SERA6 to -8) have the
canonical cysteine as the active-site residue. The noncanonical
serine substitution has provoked debate as to whether or not
the SERAs with an active-site serine are capable of a physio-
logical enzymatic function (23), even though unusual catalytic
triads have been described for P. falciparum as well as other
organisms (4, 6, 27, 35, 43). Importantly, we recently demon-
strated that the recombinant enzyme domain of P. falciparum
SERAS, a “serine-type” SERA, has a chymotrypsin-like activ-
ity (22). This activity was observed at pH 7.5, but not pH 5.5,
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FIG. 1. Schematic of full-length SERAS protein. The location of
the 50-kDa central domain fragment containing the proenzyme (PE)
domain (residues T391 to N828) and the enzyme (E) domain (residues
V544 to N828) is indicated.

and can be prevented by the addition of the serine protease
inhibitor 3,4-dichloroisocoumarin (22).

Although gene disruption studies indicate an essential role
for SERAS and SERAG, their exact function in the parasite
blood stage is still unclear. Since genetic deletion of these
important proteins is not feasible, other approaches to deter-
mining their roles are required. Here we adopted phage dis-
play to identify a short cyclic peptide that binds to the enzyme
domain of one of these essential SERAs, SERAS. The peptide
colocalizes with SERAS in the parasitophorous vacuole of tro-
phozoites and schizonts and arrests late-stage parasite devel-
opment. These data provide the first evidence that a relatively
small molecule can disrupt the function of the SERA proteins
and identify a lead compound for the design of small-molecule
peptidomimetic antimalarial drugs.

MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Sigma unless otherwise spec-
ified.

Proteins, peptides, and antibodies. The SERA5 proenzyme domain (SERASPE),
SERAS enzyme domain (SERASE) (see Fig. 1 for a description of these con-
structs), and SERA4 proenzyme domain (SERA4PE; residues T309 to E726)
were expressed in Escherichia coli and purified following refolding from inclusion
bodies as described previously (22). The reduced and alkylated proteins were
produced by incubation with 20 mM dithiothreitol for 60 min at 45°C followed by
addition of iodoacetic acid to a final concentration of 100 mM. After incubation
in the dark at room temperature for 1 h, the carboxymethylated proteins were
purified by reversed-phase high-performance liquid chromatography (RP-
HPLC) on a Cg Vydac column equilibrated in 0.1% (vol/vol) trifluoroacetic acid
(TFA) and eluted with a 40-min gradient of 0 to 80% (vol/vol) acetonitrile in
0.09% (vol/vol) TFA. Collected fractions containing the modified protein were
pooled, lyophilized, and then solubilized in phosphate-buffered saline (PBS) or
10X RPMI-HEPES. Cyclized SERAS binding peptide (SBP1) (LVCHPAV
PALLCAR) containing an intramolecular disulfide bond was purchased from
Auspep Pty. Ltd. (Melbourne, Australia). A reduced and alkylated form of the
peptide was prepared as described above for the reduced and alkylated proteins,
and the modification was confirmed by matrix-assisted laser desorption ioniza-
tion—time-of-flight mass spectrometry. The cyclized SBP1 was biotinylated using
N-hydroxysuccinimide-biotin per the manufacturer’s procedure (Pierce), and the
modification was confirmed using matrix-assisted laser desorption ionization—
time-of-flight mass spectrometry.

Antibodies raised to SERASE and SERASPE were produced by the Walter
and Eliza Hall Institute antibody production facility. All antibody preparations
were affinity purified using protein G resins (Amersham Biosciences), buffer
exchanged into PBS, and sterile filtered prior to use. The specificity of the
monoclonal antibodies (MAbs) for SERAS was validated using immunoblots of
late-stage P. falciparum strain 3D7 schizonts.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting of proteins. Sorbitol-synchronized P. falciparum 3D7 schizonts
(~5% parasitemia) were purified using a Miltenyi Biotec Vario MACS CS
magnetic separation column. Whole parasites were washed in PBS prior to
solubilization in sample buffer, with or without B-mercaptoethanol. Parasite and
recombinant proteins were fractionated in 4 to 12% bis-Tris precast gels (In-
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vitrogen) and electrophoretically transferred onto a 0.2-pm polyvinylidene di-
fluoride membrane. Immunoblotting was performed using previously described
procedures (22).

Construction of phage display libraries. Two sets of phage-displayed random
peptide libraries were constructed for panning against SERAS. One set consisted
of 14-residue peptides with either all residues randomized (linear libraries) or all
residues randomized in the context of a pair of fixed cysteine residues (cyclic
libraries). These libraries are identical to those described previously with pep-
tides fused to the M13 gene VIII coat protein (15) and were prepared essentially
as described by Sidhu et al. (36). The second set of libraries was similarly
constructed, except that the libraries consisted of eight-residue peptides, both
linear and cyclic. In the cyclic libraries, the spacing of the cysteine residues varied
from three to six residues. The randomization of residues for both sets of
libraries was achieved using Kunkel mutagenesis (25), employing degenerate
oligonucleotides in which each randomized residue was encoded by an NNS
codon. Equal aliquots of each linear and cyclic sublibrary for each peptide length
were combined, giving rise to two (8- and 14-residue) pools prior to panning
against SERAS.

Panning of libraries against SERAS. SERASE was incubated overnight at 4°C
to coat five wells of a 96-well microtiter plate (Maxisorp; Nunc) at a concentra-
tion of 2 pg/ml in 100 pl PBS. After being washed with PBS containing 0.1%
(vol/vol) Tween 20 (PBS-Tween 20), wells were blocked on alternate rounds with
either 5% (wt/vol) bovine serum albumin (BSA) or 0.5% (wt/vol) casein for 1 h
at room temperature. The libraries were then added (diluted 1:10 in PBS-Tween
20 containing either 0.1% BSA or 0.5% casein, corresponding to the blocking
agent used) and incubated for 2 h at room temperature. The wells were then
washed 15 times with PBS-Tween 20, and the phage were eluted by incubation
with 0.1 M HCI for 3 min. After neutralization with 1 M Tris-HCI, pH 8.0, the
phage were propagated by incubation overnight with E. coli XL-1 Blue and
M13KO7 helper phage as described previously (15). After each round of pan-
ning, phage were isolated from cell supernatants by precipitation with polyeth-
ylene glycol-NaCl as described by Sidhu et al. (36).

Screening and sequencing of phage clones. Phage screening was performed
exactly as described previously (15). Briefly, individual colonies obtained from
infecting E. coli XL-1 Blue with phage from the final (sixth) round of panning
were grown overnight with M13KO7 helper phage. The cell supernatants were
then screened by enzyme-linked immunosorbent assay (ELISA), using immobi-
lized SERASE. Clones that gave the highest response with low background
binding were then sequenced as described previously (15).

Competition ELISA. Prior to analysis of peptide binding affinities by phage
ELISA, peptides of interest were displayed as gene III fusions following replace-
ment of the gene VIII fragment with the corresponding fragment of the gene I1I
display vector, as described previously (15). Competitive phage ELISAs were
performed essentially as described previously (15), but SERAS or peptides were
used to displace phage-displayed peptide from binding to immobilized SERAS
protein. A 96-well plate was coated overnight at 4°C with 100 wl/well of SERASE
or SERASPE at 2 pg/ml in PBS. After blocking of the plate for 90 min at room
temperature with 200 pl/well of 6% (wt/vol) skim milk powder in PBS, M13
phage particles displaying SBP fused to M13 gene III were added to the wells at
a subsaturating dilution, together with increasing concentrations of competitor in
100 pl of PBS-Tween 20 containing 1% (wt/vol) skim milk (PBS-Tween 20-milk).
After 90 min of incubation at room temperature with shaking, the wells were
washed 15 times with PBS-Tween 20, and an anti-M13 phage polyclonal antibody
conjugated to horseradish peroxidase (Amersham Pharmacia) was added at 100
pl/well at a dilution of 1:2,000 in PBS-Tween 20-milk and incubated for 30 min
at room temperature. The wells were then washed 15 times with PBS-Tween 20,
and the substrate 3,3',5,5-tetramethylbenzidine-hydrogen peroxide (Kirkegaard
& Perry Laboratories, Inc.) was added at 100 wl/well. The reaction was allowed
to proceed for 10 min at room temperature, after which it was stopped by the
addition of 50 wl/well of 2 M phosphoric acid. The absorbance at 450 nm was
then read on a microtiter plate reader.

Parasite culture and growth assays. Parasite cultures and growth assays were
performed as previously reported (21). Briefly, strains 3D7 and D10 and a sera4
knockout mutant (a D10 derivative) (29) were grown as previously described
(39), synchronized twice in sorbitol (1), and used at high initial trophozoite
parasitemias (2 to 3%) to investigate the effect of the biotinylated or nonbioti-
nylated form of the SBP1 peptide on mature, blood-stage parasite development.
Time intervals commenced as judged by the emergence of ring-stage parasites in
control cultures containing PBS or the reduced and alkylated form of SBP1 as an
additive. Unless specified otherwise, thin blood smears of parasites were visual-
ized by light microscopy using Giemsa stain. Values represent the means and
standard errors of the means (SEM) and were derived from at least triplicate
independent experiments.
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Confocal microscopy. Infected red blood cells were prepared as described
previously (38). In brief, twice-synchronized cells were centrifuged at 1,500 rpm,
and the remaining pellet was washed in RPMI-HEPES. Cells were then fixed
with 4% electron microscopy (EM)-grade formaldehyde (Electron Microscopy
Sciences) and 0.0075% EM-grade glutaraldehyde (Electron Microscopy Sci-
ences) in RPMI for 1 hour (fixative concentrations were titrated to the lowest
usable concentration of glutaraldehyde for each blood batch). Fixed cells were
washed in PBS, permeabilized with 0.1% Triton X-100-PBS for 10 min, washed
again in PBS, and then treated with ~0.1 mg/ml of sodium borohydride
(NaBH,)-PBS for 5 min. After being washed in PBS, cells were blocked in 3%
BSA-PBS (blocking buffer) for approximately 30 min. Cells were incubated with
the anti-SERAS5 antibodies (diluted 1:500 in blocking buffer) or the biotinylated
SBP1 peptide (33.5 pg/ml) and allowed to bind overnight at 4°C in 3% BSA-PBS.
Following washing of the cells, the appropriate secondary antibody (either Alex
Fluor 546-goat anti-mouse or -rabbit, Alexa Fluor 488-goat anti-mouse or -rab-
bit [Molecular Probes], or fluorescein isothiocyanate [FITC]-avidin [Zymed])
was added at a 1:1,000 dilution in blocking buffer and allowed to bind overnight
at 4°C. Cells were then washed, incubated with 20 wg/ml Hoechst 33258 (Al-
drich) in PBS for 5 min, and washed again in PBS, and then approximately 5 pl
of cells was settled onto a previously flamed coverslip coated with 0.1% poly-
ethylenimine briefly before the addition of an antifade mounting medium con-
taining 70% glycerol-PBS with 0.1 mg/ml of 1,4-diazabicyclo[2.2.2]octane. Cov-
erslips were inverted onto slides and sealed with petrolatum-lanolin-paraffin
(1:1:1). Images were captured on a Leica TCS SP2 confocal microscope using an
HCX PL APO 63/1.4 objective, and image stacks were processed using Leica SP2
software and subsequently arranged in Adobe Photoshop.

Semiquantitative analysis of fluorescence intensity was determined using Leica
(SP2) analysis software. Briefly, for fluorescence calibration, a 488-nm argon
laser was set to a standard power level at which control cells with the strongest
fluorescence intensity verged on a saturated signal (i.e., fluorescence intensity of
<250). This ensured that the signal intensity values measured for all other cells
were below the saturated level and could be accurately determined. All mea-
surements were conducted with identical settings, e.g., magnification, photomul-
tiplier tube gain and offset, pinhole size, and averaging. A maximum projection
of each cell was obtained from a standard-thickness six-section scan, and the
mean maximum intensity was measured.

Immuno-EM. Doubly synchronized control, SBP-treated, and biotinylated
SBP-treated (710 pM) parasites were first rinsed in RPMI (without serum) and
then aliquoted into 200-pl Eppendorf tubes. Cells were centrifuged (1,000 rpm,
2 min), the supernatant was discarded, and the pellet was then resuspended in
150 wl of 4% paraformaldehyde and 0.5% glutaraldehyde in RPMI (stock solu-
tions of 16% EM-grade paraformaldehyde and 25% glutaraldehyde [Electron
Microscopy Sciences]) at pH 7.4. Cells were then microwave processed for 2 min
at 15 W, followed by 2 min at 0 W (cooling step) and a further 2 min at 30 W,
using a Leica EM AMW microwave processor (Leica Microsystems). Once fixed,
cells were again centrifuged, the supernatant was discarded, and the pellet was
resuspended in RPMI. Following another centrifugation step and removal of
supernatant, the remaining pellet was pipetted into an Eppendorf tube contain-
ing a 58°C solution of 1.2% DNA-grade agarose, briefly centrifuged, and then
cooled on ice to set. Once the agarose set, a razor was used to cut the Eppendorf
tube away from the set agarose, and small, <1-mm? sample blocks of the fixed
cells in agarose were cut. Sample blocks were further microwave processed using
serial ethanol dehydration with 10, 25, 50, 75, 90, and 100% steps (1 min each at
20 W) followed by serial ethanol-LR White resin infiltration with 10, 30, 50, 75,
100, 100, and 100% resin steps (3 min each at 12 W). Samples in 100% resin were
heat polymerized (58°C) overnight. Hardened blocks were sectioned using a
diamond knife (Delaware Diamond Knives) on a Leica Ultracut R microtome
(Leica Microsystems), and sections were collected on single-slot gold or copper-
palladium grids (Pro Sci Tech). The sections were immunolabeled with SERAS
MADb 2F3 (3.6 mg/ml) at a dilution of 1:200 (in PBS overnight at 4°C), followed
by a serial wash and subsequent labeling with either 18-nm colloidal gold-goat
anti-mouse beads (1:400; Jackson ImmunoResearch) or 10-nm colloidal gold-
streptavidin (1:100; Sigma) for 1 h at 36°C, followed by further contrast staining
with 2% aqueous uranyl acetate. Sections were examined using a Philips CM120
electron microscope at 120 kV, and images were recorded using a Gatan model
791 multiscan charge-coupled device camera. Images were further processed and
plates arranged using Adobe Photoshop.

RESULTS

Expression, purification, and characterization of SERA pro-
teins. High-quality recombinant SERA central domain frag-
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ments were required for phage panning, antibody production,
and use in binding assays. SERA4 and -5 fragments were
oxidatively refolded from the reduced and denatured starting
material by in vitro methods, as described previously (22). In
general, the refolded material eluted earlier from an RP-
HPLC column than the denatured starting material did (Fig.
2a to c), indicative of a change in protein conformation and
consistent with protein refolding. Furthermore, differential mi-
gration of the soluble refolded material under reducing and
nonreducing conditions by SDS-PAGE is indicative that the
refolded proteins are monomers with a disulfide-bond-stabi-
lized conformation (Fig. 2a to c, insets).

Feasibility of selective targeting of SERAS enzyme domain.
Since the central enzyme domains of the most abundant blood-
stage SERA proteins, SERA4, -5, and -6, possess relatively
high sequence identities (66% between SERASE and -4E and
56% between SERASE and -6E), we initially assessed the
feasibility of generating reagents specific for this region. Ac-
cordingly, antibodies were raised to purified recombinant
SERASE and, as a rigorous test of specificity, examined for the
ability to recognize proteins derived from solubilized parasites
that were separated by SDS-PAGE, with or without reducing
agent in the sample buffer. Electrophoresis of nonreduced
samples for extended periods after the dye front left the gel
resulted in differential migration of the various parasite-de-
rived SERAs, which can be discerned following immunoblot-
ting (30).

The identities of bands corresponding to parasite-derived
SERA4, -5, and -6 were confirmed using antibodies raised
against unique sequences in the N-terminal regions of the
corresponding SERA proteins (Fig. 3a, lanes A to C). Clear
differences were observed in the migration of these proteins
under nonreducing conditions, but the observed resolution
between these proteins was lost when SDS-PAGE was con-
ducted under reducing conditions (Fig. 3b).

Importantly, polyclonal antibodies and MAbs raised to re-
combinant enzyme domain fragments of SERAS were found to
specifically recognize parasite-derived SERAS electropho-
resed under nonreducing conditions (Fig. 3, lanes G to I).
Furthermore, polyclonal antibodies targeting the same region
in SERA4 were similarly specific for SERA4 (Fig. 3, lane E).
Together, these results indicate that despite the high level of
sequence identity found in the enzyme domains of various P.
falciparum SERAs, sufficient sequence and/or structural differ-
ences exist to enable their specific targeting.

Panning of phage display libraries. Since it is likely that
future antimalarial agents that target the SERAs will be small
organic molecules, we also attempted to generate reagents of a
much smaller molecular size than that of antibodies that could
specifically recognize the enzyme domain of SERASE. Hence,
phage display was used to identify short peptides that bound
specifically to recombinant SERASE. In these experiments,
two pools of phage-displayed peptide libraries were used for
panning. Both pools contained a mixture of linear and cyclic
peptide sublibraries of either 8 or 14 residues in length, dis-
played as fusions to the M13 gene VIII coat protein.

In the cyclic libraries, a pair of cysteine residues were fixed
at different positions, with the remaining residues randomly
mutated, while in the linear libraries, all residues were ran-
domized. The level of molecular diversity of each individual
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FIG. 2. RP-HPLC and SDS-PAGE characterization of the various
SERA central domain fragments used in this study. RP-HPLC profiles
for various SERA domain fragments (SERA4PE [a], SERASPE [b],
and SERASE [c]) were obtained using a gradient of 0 to 100% buffer
B from 0 to 12 min at a flow rate of 0.5 ml/min on a Cg 2.1 (internal
diameter)- by 100-mm column (buffer A was 0.05% [vol/vol] trifluoro-
acetic acid, and buffer B was 0.05% [vol/vol] trifluoroacetic acid in
acetonitrile). Each graph is an overlay of the chromatograms obtained
before and after refolding. The earlier eluting peak for SERA4PE,
-5PE, or -5E (a to c) contains the refolded protein. Insets show the
SDS-PAGE Coomassie-blue stained gels for each protein fragment,
either in the presence of reducing agent (lanes 1) or without the
reducing agent (lanes 2) in the sample buffer. The locations of molec-
ular weight standards are indicated on the left side of each gel. OD,
optical density.
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FIG. 3. Reagents targeting specific SERA enzyme domains can be
generated. Magnet-purified 3D7 parasite material was electropho-
resed with (a) or without (b) reducing agent in the sample loading
buffer until the 50-kDa marker had reached the bottom of the gel.
Proteins were then blotted onto polyvinylidene difluoride membranes
and probed with a panel of antibodies raised to SERA4, -5, and -6.
Lanes A, B, and C were probed with rabbit polyclonal antibodies
raised to regions of unique linear protein sequence in the 47-kDa
N-terminal domains of SERA4, -5, and -6, respectively (12). Lanes D
and E were probed with prebleed serum and rabbit polyclonal anti-
bodies raised to the in vitro-refolded SERA4 central domain fragment,
respectively. Lanes F and G were probed with prebleed serum and
rabbit polyclonal antibodies made to the in vitro-refolded SERAS
central domain fragment, respectively. Lanes H and I were probed
with MAbs 3ES8 and 2F3, which react with epitopes within the SERAS
enzyme domain. MAb 3ES8 recognizes a disulfide-bond-stabilized con-
formational epitope, while MAb 2F3 recognizes a linear surface-ex-
posed epitope.

SR

library was estimated to range between 10® and 10'° peptide
sequences.

Following six rounds of panning, 48 individual clones from
each pool were propagated and tested for the ability to bind to
SERAS. All of the clones from the 8-residue library were
positive (optical density at 450 nm of >1.5) and displayed
essentially no binding to the blocking protein, while approxi-
mately one-third of the clones from the 14-residue library pool
were positive. From these positive clones, approximately 16
from each library pool were selected and sequenced to deter-
mine the identities of the displayed peptides. In the case of the
clones from the 8-residue libraries, the same peptide sequence
(HCWHYKFC [SBP7]) was present in every clone sequenced
(Table 1), while in the 14-residue libraries a number of differ-
ent peptide sequences were obtained (SBP1-6), with multiple
copies of some of the sequences observed (Table 1). In addi-
tion, the different positions of the cysteine residues in these
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TABLE 1. SERAS binding sequences selected from naive libraries”

SBP Sequence (no. of clones with sequence)

“The sequences shown are from all clones sequenced following six rounds of
panning.

sequences suggested that each peptide had emerged from dif-
ferent sublibraries within the pool.

Closer examination of the 14-residue peptide sequences in-
dicated strong similarities between some of the peptides. In
particular, peptide sequences 1 and 2 contained the motif
XXCXPXVPAGHCXX (where X represents any amino acid
and ¢ represents a hydrophobic residue), while peptide se-
quences 3 and 4 contained the motif XRAVCPXXVCXWXX.

Affinities of SBPs. To determine the relative affinities of
peptides binding SERAS, each peptide sequence was first sub-
cloned into a gene III phage display vector. Display via gene III
eliminates the problem of avidity effects associated with display
through the high-copy-number gene VIII coat protein.

Purified phage preparations for each of the gene III-fused
peptides were titrated and tested for the ability to bind to
immobilized SERASE in an ELISA. Only very weak signals (at
the lowest dilutions) were observed for each sequence except
SBP1, which suggested that it bound to SERASE with a sig-
nificantly higher affinity than those of the other peptides (Fig.
4a). No binding was observed for several irrelevant peptides of
various lengths displayed as gene III fusions (Fig. 4a). Since
peptide sequences SBP2 to -7 had apparently low affinities for
SERAS, they were not investigated further.

To determine the affinity of SBP1 for SERAS, a variety of
competition ELISAs were performed. In the first, SERASE
was immobilized onto the plate and binding to phage-displayed
SBP1 was competed with either soluble SERASE or a synthet-
ically derived form of the cyclic SBP1 peptide. Over several
experiments, the 50% inhibitory concentration (ICs,) mea-
sured was consistently on the order of fivefold lower (approx-
imately 200 nM versus 1 uM) when the protein was used as
competitor than when the synthetic peptide was used (Fig. 4b).
When the experiments were repeated using the longer
SERASPE protein (which is comprised of the pro- and enzyme
domains of SERAS) immobilized on the plate, the ICs, ob-
served with the synthetic peptide competitor (890 nM) was
very similar to that observed for immobilized SERASE (Fig.
4b). However, when the SERASPE protein was used as a
competitor in this experiment, the affinity was somewhat lower
(ICsy = 1.7 pM) (Fig. 4). Combined, these results suggest that
the affinities of SBP1 for immobilized proteins (SERASPE
versus SERASE) are very similar, while for proteins in solution
the affinity for the shorter SERASE protein is higher than that
for SERASPE.

Analysis of specificity of SBP1 binding to SERAS. To exam-
ine the specificity of the interaction between SBP1 and
SERASE, the gene Ill-displayed peptide was tested in an
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ELISA for the ability to bind to various forms of the recom-
binant enzyme domains from SERAS and SERAA4, the only
other SERA for which we can produce a correctly folded
recombinant protein. SERA4 possesses high amino acid se-
quence identity with SERAS throughout the enzyme domain
and, like SERAS, belongs to the “serine-type” SERA group.

Although the phage-displayed SBP1 peptide readily recog-
nized the refolded SERAS fragment in this assay, as demon-
strated by a strong titration signal, the same peptide failed to
recognize either refolded or reduced and alkylated fragments
of SERA4 (Fig. 4c). Moreover, SBP1 was also unable to bind
the reduced and alkylated form of SERASE, indicating that
the protein-peptide interaction was dependent upon the disul-
fide-bond-stabilized conformation of SERAS (Fig. 4c).

The binding of SBP1 to SERAS was found to be further
dependent upon the peptide’s cyclic conformation, which is
stabilized by a single intramolecular disulfide bond. Hence, in
competition ELISAs, the reduced and alkylated SBP1 syn-
thetic peptide could not outcompete the gene III-displayed
peptides binding to immobilized SERASE. In fact, no compe-
tition was observed, even at the highest competitor concentra-
tion (70 wM) tested (data not shown).

These results indicate that SBP1 binds specifically to SERAS
(though the limited number of recombinant SERA proteins
available for testing presently limits our analysis) and demon-
strate that the correct disulfide-bonded conformations of both
the protein and peptide are critical for the interaction.

SBP1 localizes to the parasitophorous vacuole in fixed par-
asite cells. It was previously determined using immuno-EM
(24) and confocal microscopy (7) that SERAS localizes to the
parasitophorous vacuole in trophozoites and schizonts. Al-
though SERAS5 has no obvious glycosylphosphatidylinositol
anchor motif or transmembrane spanning region, studies uti-
lizing antibodies targeting the N-terminal 47-kDa domain (Fig.
1) have shown that the molecule remains associated with the
merozoite surface postrupture (7). To assess whether SBP1
could target SERAS within a parasite, a biotinylated form was
used in confocal microscopy studies. The peptide was found to
colocalize with SERAS in a manner similar to that of MAb 3ES8
(Fig. 5), which recognizes a conformational disulfide-bond-
dependent epitope within the SERAS enzyme domain (Fig. 3).
Late trophozoites (Fig. 5A) and schizonts (Fig. 5B) probed
with either biotinylated SBP1 (Fig. 5, column 1) or MADb 3ES8
(Fig. 5, column 2) produced fluorescence patterns that showed
substantial overlap (Fig. 5, column 4), confirming the colocal-
ization of SBP1 and SERAS.

SBP1 delays rupture in late-stage parasites in both a dose-
and conformation-dependent manner. Since SBP1 was found
to localize with SERAS in fixed late-stage parasites, we next
assessed the effect of the peptide on parasite growth in culture.
The addition of increasing amounts of cyclized SBP1 to doubly
synchronized cultures of P. falciparum strain 3D7 parasites (32
h) resulted in a direct linear accumulation of late-stage para-
sites that had not ruptured 6 h after ring-stage parsites were
first detected in the control cultures (Fig. 6). Notably, when the
same peptide was carboxymethylated to remove the constrain-
ing influence of the disulfide bond, no accumulation of late-
stage parasites was observed over the same concentration
range. Instead, parasites incubated in the presence of the mod-
ified SBP1 peptide transitioned to ring stages at approximately
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FIG. 4. Biochemical analysis of SBP1. (a) SBP1 displayed on M13
gene VIII and gene III binds SERAS. Binding of representative clones
expressing each of the SBPs as gene VIII fusions (supernatant diluted
1:3) (black bars) or gene III fusions (purified phage diluted 1:10)
(hatched bars) was measured by ELISA. Only SBP1 fused to gene III
binds SERAS. (b) Determination of the affinity of binding of SBP1 to
SERAS. The binding affinities of SBP1 for various SERAS constructs
were determined using competition ELISA. Assays were performed
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FIG. 5. SBP1 colocalizes with SERAS within the parasitophorous
vacuole of mature blood-stage parasites. Late trophozoites (A) or
schizonts (B) were probed with biotinylated SBP1 (column 1; green)
and MADb 3ES8 (column 2; red). Parasite nuclei (column 3) were stained
(blue) using the DNA stain Hoechst 33258. Areas of colocalization for
SBP1 and SERAS are observed as yellow areas (column 4) in the
superimposed fluorescence patterns for biotinylated SBP1 and MAb
3ES8. The transmission images of parasites viewed using light micros-
copy are shown in column 5. Bar, 2 pm.

the same rate as control parasites to which no peptide was
added (Fig. 6).

The percentage of retention of late-stage parasites observed
for the highest SBP1 concentration investigated (710 wM) was
similar in magnitude to that caused by several protease inhib-
itors (E64 and a 1:1 mixture of antipain and leupeptin) used at
concentrations known to compromise the parasite rupture/
release process (56% = 6% and 28% * 4% late-stage parasites
remaining following treatment with 10 uM E64 and 10 pM
antipain-leupeptin, respectively) (28, 34, 42).

Kinetics of accumulation of late-stage parasites incubated
with SBP1. Given that the level of accumulation of late-stage
parasites was found to be significant when SBP1 was used at
high dosages (Fig. 6), we further investigated the effect of the
peptide on parasite development over time (Fig. 7). Parasites
were incubated in culture medium containing either SBP1, the
reduced and alkylated form of SBP1 (both at 710 pM), or PBS.
The number of accumulated late-stage parasites was deter-
mined at 3-h intervals over a 12-h period after ring-stage par-
asites were first detected in the control cultures.

Over most of the time course, the numbers of accumulated
late-stage parasites in cultures incubated with SBP1 remained
significantly greater than those detected in control cultures
(i.e., those treated with reduced/alkylated SBP1 or PBS). The
maximum differences between these curves were observed be-
tween 3 and 9 h after rupture of the control parasites, and the

with the phage-displayed peptide interacting with immobilized recom-
binant SERASE (solid symbols) or SERASPE (open symbols). The
competitors were synthetic SBP1 (open and closed circles), SERASE
(solid squares), and SERASPE (open squares). (¢) Specificity of SBP1
binding to SERAS. SBP1 binding to SERASE (circles), SERA4PE
(squares), reduced/alkylated SERASE (diamonds), and reduced/alky-
lated SERA4PE (triangles) was examined by a direct binding ELISA.
Each protein was used to coat a 96-well plate at a fixed concentration,
and binding of SBP1 displayed on M13 phage was determined. Only
nonreduced SERAS binds to SBP.
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FIG. 6. SBP1 causes an accumulation of P. falciparum strain 3D7
late-stage parasites. Parasites were cultured until approximately 6 h
postrupture, as determined by the first appearance of ring-stage par-
asites in control (PBS) cultures. Percentages of late-stage parasites
remaining were calculated by subtracting the values obtained for the
PBS control cultures from those obtained for either the SBP1 (circles)-
or reduced and alkylated SBP1 (squares)-treated cultures. Mean and
standard error of the mean (SEM) values were determined from at
least triplicate experiments.

relative delay period (i.e., the time taken for SBPI1-treated
parasites to reach an equivalent percentage of late-stage par-
asites to that determined for the control cultures) was esti-
mated to be approximately 6 h (Fig. 7a). A similar delayed time
course was also observed for D10 parasites, another cultured
strain of P. falciparum, grown in the presence of SBP1 (Fig.
7b). Beyond 12 h postrupture, the numbers of late-stage par-
asites in cultures treated with SBP1 approached zero and ap-
proximated the numbers of parasites of a similar stage ob-
served in the control cultures (Fig. 7a and b).

We also examined the effect of SBP1 on the D10 sera4
knockout line (29) (Fig. 7c). SERA4 belongs to the “serine-
type” SERA subgroup (7, 22), as does SERAS, and is the next
most strongly expressed member of the SERA family in wild-
type blood-stage parasites (30). In these experiments, a more
pronounced effect on the rupture process of these compro-
mised parasites would be anticipated if the functions of both
SERA4 and SERAS were degenerate. However, the similar
outcomes obtained for the sera4 knockout and wild-type par-
asites suggest that there may not be a high level of degeneracy
in the function of various SERAs from the same (serine-type)
subgroup, though further investigation is required to more
reliably establish this observation.

The effect of SBP1 on the intraerythrocytic development of
late-stage parasites was also reflected in the subsequent ring-
stage parasitemias (Fig. 8). Although the percentages of par-
asitemia for both the SBP1- and the reduced and alkylated
SBP1 (control)-treated parasites were found to increase with
time, the SBP1-treated parasites were found to be approxi-
mately 50 to 70% of the ring-stage parasitemias for the control
parasites at each time point.

SBP1 interferes with the intraerythrocytic development of
late-stage parasites. Confocal microscopy was used to obtain
further insight into the nature of late-stage parasites that had
accumulated due to treatment with SBP1. Antibodies specific
to SERAS and targeting the central enzyme domain (MAb
3ES8) (Fig. 9a, rows a and c) or the C-terminal 18-kDa domain
(anti-5P18) (Fig. 9a, rows b and d) were used in conjunction
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FIG. 7. Time course analysis of the effect of SBP1 on late-stage
parasite numbers. P. falciparum strains 3D7 (a), D10 (b), and D10
sera4 knockout (c) were cultured in the presence of SBP1 (@), reduced
and alkylated SBP1 (A), or PBS (M). The time that ring-stage parasites
were first detected by microscopy in the control cultures was called 0 h.
Parasite cultures were sampled every 3 h for 12 h from this time point.
SBP1 and reduced and alkylated SBP1 were used at a concentration of
710 puM. The mean and SEM calculated for each data point were
determined from at least triplicate experiments.

with a fluorescent DNA stain (Hoechst 33258) (Fig. 9a and b)
to determine the distribution of SERAS and the number of
nuclei within SBP1-treated parasites. At the 54-h time point
(i.e., 6 h after the detection of the first ring-stage parasites in
the control cultures), parasites were found to have a SERAS
fluorescence pattern of much weaker intensity than that seen
for the control parasites. In fact, a considerable increase in the
gain function of the photomultiplier tube on the confocal mi-
croscope was required to view the fluorescence patterns for
these compromised parasites (Fig. 9b, compare top and bot-
tom rows). While the observed fluorescence patterns were
variable, many of these parasites exhibited a partial “rim-like”
appearance, as seen in late trophozoite stages (for example,
see Fig. 9a, rows a and b). Most compromised parasites also
failed to exhibit a fluorescence pattern that surrounded devel-
oping merozoites, as typically seen in control schizonts when
the parasitophorous vacuole fills with merozoites (for example,
see Fig. 9a, rows c and d).

The fluorescence intensity values obtained for parasites
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FIG. 8. Time course analysis of the effect of SBP1 on ring-stage par-
asitemia. 3D7 trophozoites at 2% parasitemia were incubated with 710
uM SBP1 (@) or 710 pM reduced and alkylated SBP1 (A). The time at
which ring-stage parasites were first detected, using microscopy, in the
reduced and alkylated control cultures was called 0 h. Parasite cultures
were then sampled every 3 h for 12 h. Values represent the means and
SEM calculated from at least triplicate experiments.

probed with MAb 3ES8 and anti-5P18 were used to semiquan-
titatively demonstrate that SERAS levels in the SBP1-compro-
mised parasites were significantly lower than those found in
control parasites (Fig. 9c). Since anti-5P18 was raised against
the C-terminal domain of SERAS, its binding to SERAS is
unlikely to be inhibited by SBP1 (which targets the enzyme
domain), and hence, the reduced signal reflects lower SERAS
levels. However, when the SBP-treated parasites were probed
with MADb 3ES, which targets the enzyme domain of SERAS,
not only was the fluorescent signal lower than that of the
control parasites (Fig. 9c), but it was also lower than that
obtained with anti-5P18, suggesting that in this case SBP1 may
be inhibiting interaction with MAb 3ES. This is consistent with
competition ELISA studies demonstrating that SBP1 can in-
hibit MAb 3ES8 binding to SERAS (data not shown) and pro-
vides further evidence for the specificity of SBP1’s biological
activity.

The numbers of nuclei observed within control and SBP1-
treated late-stage parasites were compared at 48 h and 54 h
(i.e., 0 and 6 h, respectively, after the detection of the first
ring-stage parasites in the control cultures). These data pro-
vide a cross-sectional view of the effect that SBP1 has on the
intraerythrocytic development of compromised parasites (Fig.
10). At 48 h, approximately equal numbers of late-stage para-
sites were observed (Fig. 10a) for both control and SBP1-
treated late-stage parasites. However, most control parasites
were comprised of greater than eight nuclei per parasite,
whereas parasites grown in the presence of SBP1 largely con-
tained three or four nuclei per parasite. At 54 h, a time at
which significant accumulation of late-stage parasites was ob-
served in SBP1-treated cultures (Fig. 7), a large increase in
late-stage parasites containing three or four nuclei was ob-
served, while the control schizonts decreased in number due to
rupture (Fig. 10b). Presumably, the arrested parasites did un-
dergo rupture, possibly due to premature cell death, as their
numbers decreased significantly toward the end of the time
course (Fig. 7).

Interestingly, viable merozoites were still being produced in
the SBP1-treated parasites. We think that these may have been
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derived from a population of parasites that possessed more
than six nuclei. It seems that these parasites may not be com-
promised developmentally, enabling progression to ring-stage
parasites (Fig. 10c and d and Fig. 8). Such parasites may have
been able to complete schizogony, possibly because they were
more mature at the time of SBP1 addition to cultures.

In order to further investigate the effect of SBP1 on live
parasites from culture, we attached a biotin moiety to the
N-terminal amine group of the peptide. This peptide was
found to affect parasite intraerythrocyte development in a
manner similar to that of the unmodified peptide, with the
majority of late-stage parasites found to contain two to five
nuclei 54 h into the life cycle (Fig. 11a). The majority of the
control parasites were comprised of more than eight nuclei, as
shown at the 44-h time point (Fig. 11a), with the majority of
these late-stage parasites being ruptured before the 54-h time
point (data not shown).

Parasites that were grown in the presence of the biotinylated
form of SBP1 were then investigated using immuno-EM. The
distribution of avidin-gold particles was found to be localized
to the parasitophorous vacuole and parasite cytosol in com-
promised parasites (Fig. 11b, top and bottom rows). Indeed,
the localization of biotinylated SBP1 was very restricted, and
additional gold particles were not found in the erythrocyte
cytosol of infected parasites or in uninfected erythrocytes cul-
tured in the presence of the peptide (data not shown). Infected
and uninfected erythrocytes not incubated with the peptide
also were not labeled with the avidin-gold particles (data not
shown). Moreover, parasites cultured with biotinylated SBP1
and then probed with MAb 2F3 (reactive with the enzyme
domain of SERAS), followed by an anti-mouse gold particle
conjugate, revealed the presence of SERAS in both the para-
sitophorous vacuole and parasite cytosol areas, whereas in
untreated parasites, SERAS5 was generally restricted to the
parasitophorous vacuole (Fig. 11b, top row).

DISCUSSION

Due to their abundance, distribution in the parasitophorous
vacuole, and time of expression late in blood-stage develop-
ment, the SERAs have for some time been implicated in the
processes of intraerythrocytic development, rupture, and/or
merozoite release from mature schizonts. Recently, we dem-
onstrated that an enzyme domain within the SERAS molecule
has activity on nonphysiological peptidyl substrates under in
vitro conditions (22). This outcome suggests that SERAS has
the potential to act upon parasite/host substrates within in-
fected erythrocytes in a similar manner.

This hypothesis is consistent with the outcomes of previous
studies demonstrating that serine/cysteine protease inhibitors,
such as E64 (34) and antipain-leupeptin (42), can inhibit the
release/rupture process(es). However, such compounds gener-
ally have broad-range specificities, with the potential to inhibit
the functions of a large number of intra- or interclass pro-
teases. Hence, the observed effects of these protease inhibitors
could not be restricted to individual molecules such as the
SERAs. A more specific approach has been to use anti-SERA
antibodies. While these have similarly been shown to have an
effect on the parasite rupture/release process, their mechanism
of action is not obvious, as they do not target epitopes within
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FIG. 9. Confocal microscopy of late-stage strain 3D7 parasites treated with SBP1. (a) Parasites were observed at a time equivalent to 54 h
during the extended parasite cycle following SBP1 (710 wM) treatment. Cells were probed with either anti-SERAS MAb 3ES8 (3ES8) or rabbit
anti-SERAS5 P18 domain (C-terminal domain) (5P18) and stained with FITC-labeled anti-immunoglobulin secondary antibodies (green) and the
fluorescent DNA stain (blue) Hoechst 33258. Transmission bright-field images (BF) of parasites and the merge of transmission and fluorescent
images (BF-Merge) are shown in the last two columns. Bar, 5 um. Note the “rim-like” distribution of SERAS in rows a and b stained with different
antibodies and the presence of four nuclei in both parasites. In rows ¢ and d, there is a partial distribution of SERAS around a few developing
merozoites and, again, just three or four nuclei are observed. (b) Parasites cultured with (upper row) and without (lower row) SBP1 were probed
with polyclonal rabbit antibody 5P18, and images were taken at standardized settings on a confocal microscope. A scale which relates the observed
fluorescence intensities of FITC-labeled parasites as a color scale to digital values (i.e., fluorescence intensity values) assigned by the confocal
microscope software is shown at the bottom. The fluorescence intensity value calculated for each example of a FITC-labeled parasite is displayed
in parentheses at the beginning of each row. Bar, 5 um. (c) Comparison of mean fluorescence intensity values determined for parasites cultured
with and without 710 wM of SBP1. Fluorescence intensity quantifications were performed with standardized settings on a confocal microscope (see
Materials and Methods). The mean fluorescence intensity values (arbitrary units [AU]) obtained for SBP1-treated parasites and control parasites
probed with anti-5P18 polyclonal antibody are shown as black bars, and those for parasites probed with MAb 3ES8 are shown as gray bars.
Randomly selected parasites from multiple fields were used to determine the mean (and SEM) fluorescence intensity values (n > 30).
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FIG. 10. Treatment with SBP1 affects numbers of nuclei and ring-stage parasites. The graphs show quantitation of the number of nuclei/
infected erythrocyte (a and b) and the number of ring-stage parasites (c and d) for parasites obtained from control (black) and SBP1-treated (710
wM) (gray) cultures at time intervals 48 h (a and c) and 54 h (b and d) within the extended parasite cycle. Total parasite numbers are shown for
a single set of experiments. Late-stage parasites were differentiated from ring-stage parasites by observation of the food vacuole. The time that
ring-stage parasites were first detected by microscopy in the control cultures was called 48 h. Parasite numbers were determined for an identical
number of microscope fields viewed for both SBP1-treated and control parasites. Nuclei were stained with Hoechst 33258 and viewed using a

confocal microscope, as described in Materials and Methods.

the enzyme domain (31, 32). Furthermore, because of their
multivalency and large size, the observed inhibitory activity
may be a consequence of agglutination, steric hindrance, or
some other effect(s). Another, more specific strategy for prob-
ing SERA protein function is through gene knockout studies.
Indeed, Aly and Matuschewski demonstrated that a “cysteine-
type” SERA was critical for the release of Plasmodium berghei
sporozoites from oocytes within the mosquito stage of the
parasite life cycle by using a parasite line with this sera deleted
(2). However, attempts to disrupt the P. falciparum sera5 gene
have to date been unsuccessful.

Specific targeting of SERAS with short bioactive peptides. In
this study, we have demonstrated that two of the abundantly
expressed SERAs in blood-stage parasites (SERA4 and -5)
have unique surface conformations within their central enzyme
domains. This has enabled the targeting of antibody and pep-

tidyl reagents to specific SERAs for functional investigation. In
order to determine the importance of SERAS, in particular, in
blood-stage development, we generated a small peptide
(SBP1) that specifically associated with the enzyme domain of
this protein. SBP1 is a 14-residue (1,500-Da) molecule that is
cyclized via a disulfide bond and was identified by panning of
randomized peptide libraries displayed on the surfaces of
phage against SERAS. Although a variety of peptide se-
quences were identified that bound to SERAS, only SBP1
bound with an affinity (approximately 1 pM) high enough to
enable further analysis. The functional effects of SBP1 on late-
stage parasites were found to be dependent upon the disulfide-
bond-constrained conformation of the peptide and were con-
sistent with the results of our in vitro binding studies, which
revealed that the carboxymethylated form was unable to bind
SERAS. Furthermore, confocal microscopy demonstrated that
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FIG. 11. Biotinylated SBP1 also inhibits intraerythrocytic devel-
opment of parasites and localizes to the parasitophorous vacuole
when cultured with parasites. (a) Quantitation of the number of
nuclei/infected erythrocyte for parasites cultured in the presence of
710 wM of either SBP1 (gray bars) or biotinylated SBP1 (black bars)
after 54 h (i.e., 6 h after the observation of the first rings in control
parasites). The data for control parasites (hatched bars) were taken
at 44 h (i.e., prior to the observation of the first rings in the control
parasites), as these parasites ruptured before the SBP1-treated par-
asites. Late-stage parasites were differentiated from ring-stage par-
asites by observation of the food vacuole. Parasite numbers were
determined for an identical number of microscope fields viewed for
SBP1-treated, biotinylated SBP1-treated, and control parasites. Nu-
clei were stained with Hoechst 33258. Data were derived from
triplicate independent experiments. (b) Immuno-EM images of syn-
chronized parasites cultured in the presence of biotinylated SBP1
(710 pM). Sections were probed with MAb 2F3 (to detect SERAS)
and avidin (to detect biotinylated SBP1) and visualized using 18-nm
and 10-nm gold beads, respectively (top row), or probed using
avidin and gold beads (10 nm) only (bottom row). Scale bars are
indicated, and arrows (white arrows, 18-nm gold beads; black ar-
rows, 10-nm gold beads) are used to assist in viewing some of the
gold beads in these sections.
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SBP1 had a similar distribution to that of SERAS within the
parasitophorous vacuoles of late-stage parasites, suggesting
that it could be used for targeting parasite-derived SERAS in
vivo.

Significantly, treatment of synchronized cultures with SBP1
results in the retention of late-stage parasites at levels similar
to those observed for the protease inhibitors E64 and antipain-
leupeptin. Parasites cultured in the presence of general pro-
tease inhibitors have been reported to progress no further than
schizonts and typically form merozoite clusters, which do not
progress to the ring stage (28, 34, 42). In contrast, no such
clusters were observed in SBP1-treated parasites. Instead,
SBP1 was found to affect the intraerythrocytic development of
the late-stage parasites, which resulted in their accumulation
during time course assays with several cultured strains of P.
falciparum. Closer investigation revealed that SBP1 severely
compromised a subpopulation of parasites, which failed to
complete schizogony, resulting in lower ring-stage parasitemias
than those observed for control parasites. A second population
of possibly more mature parasites were less susceptible to
treatment with SBP1, resulting in delayed schizont rupture
before progression to the ring stage.

Those parasites that were severely compromised arrested
predominantly at the three- to four-nucleus stage of develop-
ment, with the greatest accumulation of parasites observed
between 0 and 6 h after rupture of the control parasites. The
times over which large numbers of late-stage parasites accu-
mulated were observed to be similar to those reported for the
retention of merozoite bundles by use of protease inhibitors
such as chymostatin and leupeptin (28). We found that by 12 to
15 h after rupture of the control parasites, the majority of both
subpopulations of compromised parasites had disappeared in
the presence of SBP1. This observation is consistent with the
disappearance of merozoite bundles from cultures incubated
with protease inhibitors over a similar time course (5, 13, 28).
Although it was thought that the merozoite bundles disap-
peared via dissociation (28), we believe that parasites that
arrested in the presence of SBP1 did not complete their in-
traerythrocytic development and went on to rupture rather
than dissipate via dissociation.

Further investigation of the late-stage parasites grown in the
presence of SBP1, using confocal microscopy, revealed that
many contained a residual or incomplete “rim-like” fluores-
cence typical of the pattern seen in late trophozoites/early
schizonts. Furthermore, the fluorescence pattern observed for
many of these parasites was not as comprehensive and was of
a much lesser intensity than that observed for control parasites
at similar stages of the life cycle. A quantitative assessment of
the levels of SERAS present in these arrested parasites sup-
ported this observation and revealed that SERAS levels were
significantly lower, perhaps limiting its ability to fulfill its func-
tion in parasite development.

The interaction of SBP1 with live parasites was character-
ized using immuno-EM of parasites that had been cultured in
the presence of a biotinylated form of the peptide. The reac-
tivity of the peptide with the parasite-infected erythrocytes was
found to be very specific and revealed that the peptide was able
to cross the erythrocyte and parasitophorous vacuole mem-
branes to localize in the parasitophorous vacuole, where
SERAS is known to be located. Furthermore, the integrity of
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the parasite plasma membrane appears to have been compro-
mised following SBP1 treatment, as both SERAS and the pep-
tide were also identified in the parasite cytosol, a site where
SERAS is not normally localized. The molecular mechanism
behind this event is not known, but these results imply that
blocking SERAS function results in the breakdown of the
plasma membrane and eventually the complete rupture of
these compromised parasites. Recently, another similar rup-
ture phenotype was observed in parasites that have inducible
expression of a mutant form of SERA5 (A. Hodder et al.,
submitted for publication). This phenotype was generated after
mutating a single amino acid (i.e., Ser’®® to Ala) within the
catalytic triad of SERAS and, again, probably resulted from a
loss of function in this protein.

As mentioned previously, not all parasites grown in the pres-
ence of SBP1 were severely compromised, and some com-
pleted schizogony to release merozoites and produce rings.
Similar studies have found that the timing of the addition of
compounds such as protease inhibitors to culture can be cru-
cial in determining whether or not schizonts are effectively
compromised (19, 28). We know from our studies that if SBP1
was added to cultures once late-stage parasites had begun to
divide, then it was much less effective at interfering with the
intraerythrocytic development of these parasites (data not
shown). These observations may reflect that some time is re-
quired before a critical amount of SBP1 is able to cross the
erythrocyte and parasitophorous vacuole membranes and ar-
rest the intraerythrocytic development of susceptible parasites.

Future improvements in SBPs. Although numerous pep-
tides were found to bind to SERAS in the initial phage screens
(Table 1), only SBP1 bound with a high affinity. This suggests
that significant avidity effects associated with fusion of the
peptide libraries to the major M13 coat protein, the gene VIII
protein, enabled selection of the other, weaker binding pep-
tides. Alternatively, these other peptides may be expressed
poorly when fused to gene III and hence only appear to bind
more weakly. It was, however, somewhat surprising that SBP2,
which appeared to be related to SBP1 because of the position-
ing of 8 identical or similar residues out of 14 total residues,
appeared to bind with a much lower affinity. The SBP2 se-
quence was unusual in that it contained two additional cysteine
residues compared to SBP1, at positions 2 and 14. It is possible,
therefore, that the phage-displayed form of this peptide may
exist in a number of conformations, with various combinations
of the disulfide linkages (and/or free cysteines) between the
four cysteines present. Hence, only a small percentage of the
total combinations may be in the “active” conformation, which
could account for the weaker binding observed. It may be
possible to further improve the affinity of SBP1 for SERAS
through the construction of secondary libraries in which resi-
dues are randomized around the sequence motif (XXCXPXV
PAGHCXX) conserved in SBP1 and SBP2. In the same man-
ner, peptides with increased affinity may also be obtained from
secondary libraries based around the conserved motif (XRAV
CPXXVCXWXX) observed in SBP3 and SBP4.

The competition ELISA results indicated that SBP1 binding
to SERAS in solution, but not to immobilized SERAS, may be
affected by the presence of the N-terminal prodomain. One
explanation for this may be that in solution the prodomain is
more flexible and can fold over the protein shielding the SBP1
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epitope, but when the protein is immobilized onto the plate,
the prodomain may be fixed in a more distorted conformation
that allows easier access to the SBP1 epitope.

While the potency of the SBP1 peptide is relatively low (i.e.,
concentrations of >10 uM were required to mediate an effect
in parasites), it should also be remembered that in order for
the peptide to interact with SERAS, it must cross both the
erythrocyte and parasitophorous vacuole membranes. There-
fore, the passage of SBP1 through these membranes to access
SERAS may decrease the bioavailability of SBP1 and increase
the time required to reach a critical concentration that affects
the intraerythrocytic development of parasites. Accessibility
to the parasitophorous vacuole could perhaps be improved by
coupling the SBP1 peptide (or affinity-matured forms) to mem-
brane-penetrating sequences such as that of Antennapaedia.
Again, an affinity-matured form of the peptide or one that is
more stably constrained might lead to improvements in po-
tency. If such peptides can be developed from this promising
lead molecule, they should provide excellent tools to further
elucidate the role of SERAs. This is particularly important
given that gene disruption studies of what are perhaps the
more important SERAs have to date been unsuccessful.

SERAS as a drug target candidate. The present results have
provided the first real insight into the importance and function
of SERAS in the biology of blood-stage parasites. Further-
more, we have shown that by specifically targeting SERAS,
parasite development can be impaired. However, the molecu-
lar mechanism(s) by which SBP1 causes parasites to arrest has
not been determined, nor have the identities of the residues
involved in the association between SBP1 and SERAS been
determined. We recently solved the structure for the SERAS
enzyme domain (Hodder et al., submitted), and structural
studies of the SERA-SBP1 complex that are currently under
way should resolve this issue and allow us to determine
whether SBP1 binds directly within the putative active site,
sterically inhibits access to the substrate, or prevents another
type of protein-protein interaction outside the catalytic cleft
region.

Nevertheless, the present data provide strong evidence that
the SERAs should be considered potential antimalarial drug
candidates. Since we have now shown that relatively small
molecules targeting the enzyme domain of SERAS are effec-
tive at interfering with parasite biology, future studies aimed at
the identification of even smaller, more drug-like compounds
can now be considered feasible.
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