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Plasmodium falciparummerozoite surface proteins (MSP-1 to -11) have been involved in merozoite interaction
with the red blood cell (RBC) surface. Peptides covering complete MSP-4 and MSP-7 amino acid sequences
were synthesized and tested in RBC binding assays. One MSP-4 high activity binding peptide (HABP) and
five MSP-7 HABPs were found having specific binding to RBC surface. MSP-4 and MSP-7 HABP binding
was sensitive to enzymatic treatment; they recognized a 52 kDa erythrocyte membrane protein. MSP-4
HABP had low invasion inhibition, suggesting it might bind to RBCs and also be involved in physiological
mechanisms, while MSP-7 HABPs displayed different invasion inhibition activity (83-24%) in in vitro
tests, suggesting different roles for both proteins during invasion. Structural characteristics found when
comparing the MSP-4 HABP with MSP-HABPs displaying epidermal growth factor-like sequences suggested
that these redundant MSP-family proteins could be a new parasite strategy for evading host genetic variability
and immune pressure.

Introduction
There were areas of high risk malarial transmission in 107

countries by the end of 2004 and some 3200 million people
were living in such areas. It has been estimated that 350 to 500
million episodes of clinical malaria occur annually in these areas,
most being caused byPlasmodium falciparuminfection, causing
more than three million deaths per year.1

The release of this parasite’s asexual blood-stage form
(merozoite) and its replication byproducts during infected red
blood cell (iRBCa) lysis are the main cause of the disease’s
symptomatology.2 Merozoite invasion of RBC is a multistep
process including merozoite rolling, attachment, and reorienta-
tion to allow its apical pole to come into contact with the RBC
surface,3,4 followed by junction and parasitophorous vacuole
(PV) formation.5 It has been demonstrated that the parasite
recognizes RBC during the penetration step via receptor-ligand
interactions,6 which are a critical mechanism in the parasite’s
invasion of RBC; blocking them is thus of the utmost importance
in vaccine development.7

Although very little is known about the particular role of any
individual protein, it has been shown by transcriptome analysis
that most of the eleven merozoite surface proteins (MSPs)
identified to date (MSP-1 to -11) are involved in initial
merozoite interaction with RBC and their invasion.8 Several
members of the MSP family have been postulated as being
excellent candidates for being included in a multiepitope,
antimalarial vaccine based on the above information, added to
abundant experimental evidence.9-12

MSP-1 has been the most characterized MSP protein. It is a
195 kDa protein that undergoes a series of proteolytic cleavages,

thereby producing four polypeptides (MSP-183, MSP-130, MSP-
138, and MSP-142) forming a noncovalently bound complex
present on the merozoite surface.13,14 The MSP-142 fragment
then undergoes a second proteolytic calcium-dependent (Ca++)
processing,15,16being cleaved into 33 kDa and 19 kDa fragments
at the time of merozoite invasion.14 This last fragment (MSP-
119), containing two EGF-like domains named I and II,13 is
anchored to the merozoite’s membrane via a glycosyl-phos-
phatidyl-inositol (GPI) tail and is the only MSP-1 fraction
carried into the newly infected erythrocyte.17

An EGF-like domain I was found between residues 1525 and
1573 of the MSP-1 protein and an EGF-like domain II between
residues MSP-1 protein 1574 and 1639, corresponding to
residues 16-48 and 49-97, respectively, in the 19 KDa MSP-1
fragment.

It has been suggested that MSP-1 EGF-like domains are
crucial for parasite invasion, because serum antibodies from
malaria-exposed people recognize these two EGF-domains,18

and reduced malarial morbidity is associated with antibodies
against the fragment’s N-terminal portion.19

A novel MSP family protein member, designated merozoite
surface protein-4 (MSP-4), was identified and characterized 10
years ago.20

The MSP-4 gene encodes a 272-amino-acid protein, having
a calculated 30.4 kDa and 40 kDa observed molecular mass.
The protein’s N-terminal region is made up of 15 predominantly
hydrophobic amino acids, being characteristic of a secretory
signal (SS) sequence.20 The MSP-4 C-terminus consists of 19
hydrophobic residues, preceded by three consecutive serine
residues. This hydrophobic region’s length and position, together
with the presence of serine residues, is strongly reminiscent of
severalP. falciparumandTrypanosoma bruceisurface proteins
anchored to the merozoite’s membrane via GPI moieties21

(Figure 1a).
Another member of thePlasmodium falciparumMSP family

named (MSP-7) consists of 351 amino acids (41 kDa calculated
mass). A putative 27 amino acid N-terminal signal sequence
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(SS) precedes a 324 amino acid (38 kDa) polypeptide.22 The
protein is mainly hydrophilic (33% charged residues), having a
negative charge cluster from residues 94-148.

Fragments named MSP-722 and MSP-719 in the N-terminal
region were located at Ser177 and Glu195, respectively,
suggesting that the 38.5 kDa precursor undergoes cleavage
between residues 176 (Gln) and 177 (Ser) into a 17.2 kDa
polypeptide in the N-terminal and another 20.7 kDa one in the
C-terminal (20.738, MSP-722). MSP-722 is bound to the MSP-1
complex on the merozoite surface and undergoes further
cleavage between residues 194 (Gln) and 195 (Glu), removing
18 amino acids from the N-terminus and producing MSP-719

23

(18.7 kDa; Figure 1b).
Themsp-7gene is transcribed by mature intracellular asexual

blood-stage parasite stages and accumulates at a time coincident
with MSP-1 expression. MSP-7 cleavage to produce MSP-722

probably occurs prior to merozoite release, because the precursor
is not detected on the merozoite surface with MSP-722-specific
antibodies.22 MSP-7 has been found to be conserved within the
threeP. falciparumlines examined so far, with only four amino
acid substitutions being identified when comparing FCB-1 to
3D7/T9-96 lines.22

The high degree of sequence homology is in marked contrast
with that described for some other MSPs, such as MSP-1, MSP-
2, MSP-8, and MSP-10, but similar to that described for MSP-

3, MSP-5, and MSP-6. The fact that themsp-7gene is conserved
in these parasite lines may suggest that it is not under immune
pressure, although sera from donors naturally exposed to malaria
do contain antibodies reacting with MSP-722.23

In spite of great efforts having been made to find malarial
parasite-derived antigens able to induce an effective immune
response controlling this disease, a lot of territory still needs to
be explored. Our search (using synthetic peptides) has been
focused on receptor-ligand interactions that have revealed that
many proteins fromPlasmodium falciparumasexual and hepatic
stages appear to be involved in the complex process of human
erythrocyte,24,25 hepatocyte, and reticulocyte invasion.26

This work describes MSP-4 and MSP-7 synthetic peptides
binding to human RBC, which may have a biological implication
during such a complex invasion process27 and could be relevant
in vaccine development.28

We thus used a highly specific and robust methodology,
developed in our Institute, with the specific aim of recognizing
high activity binding peptides (HABPs). Only one MSP-4 HABP
and five MSP-7 HABPs are reported here, which specifically
and saturably bound to normal RBC surface molecules. This
binding could be modified when normal erythrocyte surface
molecules were enzymatically treated. In vitro invasion inhibi-
tion assay results with the HABPs so far identified have sug-
gested an important role for these proteins and their correspond-

Figure 1. (a) MSP-4 and (b) MSP-7 peptide human erythrocyte binding activity. MSP-4 and MSP-7 synthetic peptide amino acid sequences are
shown. Tyrosine residues (underlined and shown in italics) were added at the C-terminus of those peptides, which did not contain it, to be radiolabeled.
Peptides having greater than or equal to 2% specific binding activity were considered to be HABPs; all experiments were done in triplicate. The
horizontal black bars represent specific binding activity percentage (slope), and a diagram is presented on the right-hand side showing the molecule,
with corresponding domains, anchoring points, and the molecular weight for each cleavage fragment (in kDa) are shown for MSP-7.

5666 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 23 Garcia et al.



ing HABPs in merozoite invasion and, therefore, in the devel-
opment of a subunit-based, multi-epitope, chemically synthe-
sized, antimalarial vaccine, which is so desperately needed.

Materials and Methods

Peptide Synthesis and Radiolabeling.A total of 14 20-mer
peptides covering the completeP. falciparumMSP-4 sequence and
18 20-mer peptides covering the completeP. falciparumMSP-7
sequence (GenBank accession number AAC32785 and Pf13_0197,
respectively) were synthesized by solid-phase multiple peptide
system (t-Boc strategy) and cleaved by the low-high technique.29

The peptides were lyophilized and purified by reverse-phase high-
pressure liquid chromatography and then characterized by MALDI-
TOF mass spectrometry. One Tyr residue was added at the
C-terminal of those peptides, which did not contain this residue in
their native sequences to enable125I-radio-labeling.

Figure 1 shows synthesized sequences in one-letter code. Their
position in the protein is in the superscript small numbers on top
of the amino acid sequences, and peptide numbers correspond to
our Institute’s serial number. The radiolabeling was performed
according to previously reported assays.30,31In brief, 2 nmol purified
peptides were labeled with 5µL of Na125I (100 µCi/mL, ICN) and
0.3 µmol chloramine-T to a final 20µL volume for 15 min; the
reaction was stopped with 0.3µmol sodium metabisulphite. The
125I-radiolabeled peptides were separated on a Sephadex G-10
column (Pharmacia; 80× 5 mm) and measured on an automatic
gamma counter (Packard Cobra II).

Erythrocyte Binding Assays. The erythrocytes were obtained
from human donors in heparinized tubes; the white blood cells were
removed, as previously described.25,31Cells were washed five times
with HEPES buffered saline (HBS). RBC 2× 107 cell/µL were
poured into polystyrene tubes with increasing125I-peptide concen-
trations (50-300 nM) in the presence or absence of unlabeled
peptide (200 excess) and a 200µL final volume; they were then
incubated for 90 min at room temperature with constant shaking.
Cells were then washed twice with 3 mL of HBS; cell-associated
radioactivity was quantified on an automatic gamma counter
(Packard Cobra II). A total of 14 peptides from the MSP-4 protein
and 18 MSP-7 protein peptides were tested in human erythrocyte
binding assays. The assays were carried out in triplicate in identical
conditions.

The binding assay allowed total binding (cells incubated with
just 125I-peptide) and nonspecific binding (cells incubated with125I-
peptide in the presence of unlabeled peptide) to be determined. The
difference between total binding and nonspecific binding repre-
sented peptide specific binding.26,32 The slope resulting from
graphing specific binding represented the ratio between specific
bound125I-peptide and added125I-peptide.

Those peptides having binding activity (slope) higher than or
equal to 0.02 were considered to be human erythrocyte HABPs
(Figure 1), because they had 2% specific RBC binding. Three types
of behavior were presented in binding assays, similar to that reported
in other studies: peptides which did not bind, nonspecific HABPs
(their binding activity was high but they did not present specificity),
and specific activity binding peptides (these included low specific
binding peptides whose slope was less than 0.02).31,33

Saturation Assays.The saturation binding assay was adapted
from previously reported assays.25,31Briefly, RBCs 1.5× 107 cell/
µL were incubated with radiolabeled HABPs (125I-HABP) at 0 to
1800 nM concentration in the presence or absence of unlabeled
peptide (200 excess). An aliquot of supernatant was taken after a
90 min incubation to quantify free125I-HABPs; the cells were then
washed twice with 3 mL of HBS. Assays were performed in trip-
licate and cell-associated radioactivity was measured; aliquots were
then used for cross-linking assays (see below). Affinity constant
values and the number of binding sites were determined using satur-
ation curves; Hill coefficients were calculated from Hill plot.25,31

Cross-Linking Assay. Aliquots containing 2.5µL were taken
from MSP-4 HABP 20494 and MSP-7 26114, 26115, and 26116
for human RBC saturation assays and cross-linked with 10µM

bis-sulfosuccinimidyl suberate (BS3-Sigma Aldrich) for 30 min at
4 °C. The reaction was stopped with Tris-HCl 25 mM (pH 7.4) for
15 min; cells were then washed thrice with HBS to retire cross-
linker excess and free peptide. Samples were then treated with lysis
buffer (5% SDS, 10 nM iodoacetamide, 1% Triton X-100, 100 mM
EDTA, and 10 mM PMSF). Finally, erythrocyte membranes were
pelleted at 15 000g for 30 min and washed twice with HBS buffer.
The pellet was suspended in Laemmli buffer and heated at 90°C
for 2 min. The proteins were separated on 12% SDS-PAGE and
were exposed on BioRad Imaging Screen K (BioRad Molecular
Imager FX; BioRad Quantity One, Quantitation Software) for 5-8
days. The labeled band’s molecular weight was determined by
comparison with the apparent standard weight markers low range
(Fermentas Life Science).

Human RBC Enzyme Treatment. Human RBC enzyme
treatment was modified from the technique described.31 Briefly,
RBC (1.5× 107 cell/µL, 1 mL final volume) suspended in HBS
(pH 7.2) were treated with 150µU/mL neuraminidase (ICN 9001-
67-6), trypsin (Sigma T-1005), and chymotrypsin (Sigma C-4129)
at final 1 mg/mL concentration, 1 h at 37°C with constant shaking.
The samples were then spun at 1000g for 3 min and washed thrice
with HBS. Treated and nontreated erythrocytes were tested in
binding assay with HABPs.

Merozoite Invasion Inhibition Assay. Sorbitol-synchronizedP.
falciparum (FCB-2 strain)34 cultures were incubated until late
schizont stage at final 0.5% parasitemia and 5% hematocrite in
RPMI 1640+ 10% O-positive plasma. Cultures were then seeded
in 96-well cell-culture plates (Nunc) in the presence of test peptides
at 100 and 200µM concentrations. Each peptide was tested in
triplicate. Supernatant was recovered after 18 h incubation at 37
°C in 5% O2, 5% CO2 and 90% N2 atmosphere. The human RBC
were stained with 15µg/mL hydroethidine, incubated at 37°C for
30 min, and washed thrice with PBS. The suspensions were
analyzed by flow cytometry (FACsort) in Log FL2 data-mode, using
CellQuest software (Becton Dickinson immunocytometry system,
San Jose, CA).35 Infected and uninfected human erythrocytes and
infected human erythrocytes treated with ethylene glycol-bis-(â-
aminoethylether-N,N,N′,N′-tetraacetic acid) (EGTA) and chloro-
quine were used as controls.

CD Spectroscopy.HABP secondary structure was determined
by circular dichroism (CD) spectra and recorded for each HABP
at 20°C on Jasco J-810 spectropolarimeter at wavelengths ranging
from 190 to 260 nm in 1.0 cm cuvettes.36 The peptides were
dissolved at 0.1 mM concentration in aqueous 30% TFE solution.
Each spectrum was obtained from averaging three scans taken at a
20 nm/min scan rate with 1 nm spectra bandwidth, corrected for
baseline. The results were expressed as mean residue ellipticity [Θ].

Cross-Competition Assays.The cross-competition assay was
done with MSP-4 peptide 20494cf MSP-4 HABP 34668, MSP-8
26373, MSP-10 31132, as well as low-binding MSP-4 20483
peptide used as control.125I-labeled-HABP 20494 (300 nM) was
incubated with 1× 107 cells for 90 min at room temperature in
the presence of unlabeled MSP-4 34668, MSP-8 26373, MSP-10
31132, and MSP-4 20483 peptides (3-30 µM). Cells were washed
three times with 3 mL of HBS and cell-bound peptide was
quantified, as described above for the binding assay.

Structural Analysis by Molecular Modeling from HABP-
20494-MSP4.For the alignments, we use the CLUSTAL method
based on first deriving a phylogenetic tree from a matrix of all
pairwise sequence similarity scores, obtained using a fast pairwise
alignment algorithm. The multiple alignment is then achieved from
a series of pairwise alignments of clusters of sequences, following
the order of branching in the tree,37 using Geno3D (http://geno3D-
pbil.ibcp.fr).38

The structural models for MSP-10 (residues 417-498, GenBank
accession number AA050199), MSP-8 (residues 495-594, Gen-
Bank accession number AF325160), and MSP-4 (residues 213-
233, GenBank accession number AAC32785) were calculated by
energy minimization strategy using 10 000 steps and 0.001 Å root-
mean-square deviation (rmsd), and molecular dynamics was
performed with 1 femto second (fs) time step and the length of

Plasmodium falciparum Binding to Human Erythrocytes Journal of Medicinal Chemistry, 2007, Vol. 50, No. 235667



bonds of hydrogen constrains with the SHAKE algorithm. The
system was heated to 300 K over 6 pico seconds (ps) using a
constant energy with periodic rescaling of molecular velocities,
using the Discovery program (Accelrys) for all of them, based on
the 3D structure obtained by NMR of theP. falciparumMSP-1 19
ka fragment (protein databank 1CEJ).39

MSP-4 HABP-34668, MSP-10 HABP-31132,40 MSP-8 HABP-
26373,31 and MSP-1 HABP-550132 were also localized and
structurally compared using Insight II (2000) Biopolymer module
software (Accelrys, Inc., Software, U.S.A.) run on an Indigo 2
station (Silicon Graphics). Model quality control was performed
using PROCHECK-NMR software.41

Results

MSP-4 and MSP-7 Peptides Specifically Bound to Human
Erythrocytes. A total of 14 peptides, covering the total length
of the MSP-4 protein and peptide 34668 (213GCGDDKLCEY-
VGNRRVKCKCK233), which was synthesized for correlating
it with HABPs from other proteins that also display an EGF-
like domain (MSP-1, -8, and -10), and 18 peptides covering the
total length of MSP-7 were synthesized, purified, characterized,
and tested in human erythrocyte receptor-ligand binding assays
to determine whether MSP-4 and MSP-7 amino acid sequences
were involved in specifically recognizing human erythrocyte
surface molecules in the same way as otherP. falciparumMSPs.

Only one HABP was found in the MSP-4 protein; peptide
20494 (221EYVGNRRVKCKCKEGYKLEG240) was located in

the protein’s carboxy-terminal region in the EGF-like domain.

Five HABPs were found in the MSP-7 protein: HABP 26101
(41IKNKKLEKLKNIVSGDFVGN Y60) was located in the pro-
tein’s N-terminal region, 26107 (161NLGLFGKNVLSKVKA-
QSETDY180) was located in the central region, and 26114
(301EKDKEYHEQFKNYIYGVYSYA 320), 26115 (321KQN-
SHLSEKKIKPEEEYKKF340), and 26116 (332EKPEEEYKKF-
LEYSFNLLNTM351) were located in the fragment’s C-terminal
region. The localization of HABPs 26101 and 26107 corres-
ponded, respectively, to the 20 kDa fragment’s N- and C-
terminal extremes. HABPs 26114, 26115, and 26116 location
corresponded to the 19 kDa fragment’s C-terminal end (Figure
1b).

Human Erythrocyte HABP Binding Constants. Saturation
binding assays were performed to determine the binding
constants for human RBC interaction with HABPs. Saturation
curve analysis showed that MSP-4 20494 and MSP-7 26101,
26107, and 26116 presented 470, 550, 600, and 450 nM
dissociation constants, respectively. MSP-7 peptides 26114 and
26115 were not saturated in the working conditions used here.
Calculations showed that there were around 24,000 binding sites
per cell for MSP-4 HABPs 20494 and 70 000 to 145 000 binding
sites per cell for MSP-7 26101, 26107, and 26116. Hill
coefficients were higher than one, suggesting positive cooper-
ativity (Figure 2 shows saturation curves and Hill plot).

Figure 2. Saturation assays. The saturation curves resulted from graphing specifically bound125I-HABP cf free125I-HABP concentration. Affinity
constants, as well as maximum number of sites per cell, were obtained from these curves. All experiments were carried out in triplicate. HABP
binding was saturable, and the affinity constants were in the nanomolar range. The Hill plot, which determines binding cooperativity between the
ligand and the receptor is placed inside the main graph, where the abscissa is logF and the ordinate is log(B/Bmax - B). B is pmol bound125I-HABP
andF is free125I-HABP.
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HABP binding constants for MSP-4 20494 contained in the
EGF-like domain I (determined in this study) and MSP-10
31132 contained in the EGF-like domain I40 were very similar
(Hill coefficient andKd). The number of binding sites per cell
was in the same order of magnitude, suggesting that these
peptides could have been binding to the same, similar, or close
erythrocyte surface receptors.

Cross-Linking Assays. Cross-linking assays showed that
MSP-4 HABP 20494 and MSP-7 HABPs 26114, 26115, and
26116 bound to a 52 kDa molecule located on human RBC
membrane. Figure 3 shows that HABP binding was specific
and that125I-peptide binding was inhibited by nonradiolabeled
peptide (i.e., radiolabeled peptide interaction with this protein
was inhibited when the binding was performed in the presence
of unlabeled peptide, indicating that it was a specific interaction).
MSP-7 HABP 26116 showed less intensity in the 52 kDa band
(data not shown).

Binding to Enzyme-Treated Erythrocytes.HABP binding
was performed with enzyme-treated human RBC to determine
each enzyme’s effect on HABP interaction with human RBC
surface. Nontreated human erythrocytes were used as positive
control (Table 1). MSP-4-derived HABP 20494 binding was
moderate when human RBC were treated with neuraminidase
(∼30%) and higher when treated with trypsin (∼50%), sug-
gesting that the receptor is probably associated with glycopho-
rine A42. MSP-7-derived HABP 26101 binding to RBC was not
susceptible to any of the enzymes used here. MSP-7-derived
26114 and 26116 were very susceptible to trypsin and chymo-
trypsin, suggesting that the receptor was probably band 3, while
26107 binding to RBCs was highly susceptible to just trypsin
treatment, suggesting that the receptor was probably the putative
“X” receptor.42

Results observed for MSP-4 HABP 20494 were very similar
to those presented recently for MSP-10 HABP 31132,40 sug-
gesting that peptides containing the EGF-like domain in their
sequence bound to the same or similar erythrocyte receptor, as
the binding of these HABPs was similarly affected by treatment
with the same enzymes.

Merozoite Invasion Inhibition Assay. The possible role of
MSP-4 and MSP-7 HABPs during merozoite invasion of human
RBC was evaluated inP. falciparuminhibition assays performed

in vitro. These peptides were added to cultures at the schizont
stage, before merozoites were released from infected erythro-
cytes. Results for the MSP-4 protein revealed that HABPs 20494
and 34668 inhibited invasion of RBC by∼20% at 200µM
concentration, while low-binding peptide 20485 inhibited inva-
sion by∼10% at the same concentration. Results for MSP-7
protein HABPs showed that invasion was inhibited by more
than 50% for HABPs 26101, 26107, 26115, and 26116 at 200
µM concentration, while low-binding peptide 26103 presented
20% invasion inhibition (Table 2). The assays were performed
in triplicate; chloroquine and EGTA were used as positive
controls and low-binding MSP-4 peptide 20485 and MSP-7
26103 were used as negative controls.

CD Spectroscopy.CD spectra were obtained in the presence
of 30% TFE for determining HABP secondary structure. 26116-
MSP-7 peptide’s CD profile indicated a clearly ordered structure
typical of anR-helix as characterized by double minima at 208,
220, and 190 nm maximum ellipticity (Figure 4, right-hand
panel). The CD profiles for peptides 26101-MSP-7, 26107-MSP-
7, 26114-MSP-7 (Figure 4, central panel), and 20494-MSP-4
(Figure 4, left-hand panel) had typicalR-helix elements, while
CD profiles for peptide 26115-MSP-7 corresponded to a
completely random structure with a maximum ellipticity below
zero and a minimum of around 200 nm (Figure 4, central panel).
HABP 26115 (having random coil structure) had greater
invasion inhibition activity; however, these results were not
sufficient for establishing a direct structure-invasion inhibition
activity relationship. Previous reports have shown that HABPs
having anR-helical structure present similar or greater inhibition
activity to HABPs having random coil structure.43,44

Cross-Competition Assays.Binding competition assays were
carried out between radiolabeled MSP-4 20494 peptide and the
following nonradiolabeled autologous HABPs: MSP-4 20494,
heterologous MSP-8 26373 and MSP-10 31132. MSP-4 34668
and MSP-4 20483 were used as control peptides. Figure 5 shows
45-75% radiolabeled peptide binding when competing with
MSP-4 20494, MSP-10 31132, MSP-4 34668, and MSP-8 26373
peptides for greater nonradiolabeled peptide concentration. This
experiment also showed that binding inhibition was concentra-
tion-dependent. Binding was 90-100% when competing with
MSP-4 peptide 20483, which is not a HABP, thus not blocking
MSP-4 20494 HABP binding to RBC.

Structural Analysis of MSP-1 19 kDa and Molecular
Modeling Corresponding to MSP-10, MSP-8, and MSP-4
HABPs. Molecular modeling was done for comparing the
different HABP locations in MSP-1, -4, -8, and -10 EGF-like
domains. TheP. falciparumMSP-1 19 kDa fragment (obtained
by X-ray crystallography)39,43,44 consisted of amino acids
presenting the following sixâ-sheets localized between residues

Figure 3. Cross-linking assays. Autoradiographs were obtained from
human erythrocyte HABPs after binding had been cross-linked with
125I-peptide 20494 of MSP-4 and125I-peptides 26114 and 26115 of
MSP-7. Lanes 1, 3, and 5 show total binding (cross-linking in the
absence of unlabeled peptide) and lanes 2, 4, and 6 show inhibited
binding (cross-linking in the presence of unlabeled peptide). This figure
shows that one possible receptor protein (52 kDa) is the same for all
HABPs.

Table 1. MSP-4 and MSP-7 HABP Binding to Enzyme-Treated Human
Erythrocytesa

protein peptide neuraminidase trypsin chymotrypsin
controlb

(%)

MSP-4 20494 73( 5 57( 4 133( 9 100( 5

MSP-7

26101 105( 7 174( 9 223( 10 100( 7
26107 105( 7 0 ( 2 160( 9 100( 4
26114 73( 6 0 ( 3 34( 2 100( 6
26115 57( 4 88( 3 73( 5 100( 6
26116 100( 7 10( 1 0 ( 2 100( 4

a Mean( SD from three experiments.b Binding to normal erythrocytes
was considered to be 100%.

Table 2. Inhibition of Merozoite Invasion of Human Erythrocytes

invasion
inhibitiona (%)

protein
binding
activity peptide 200µM 100 µM

MSP-4
high 20494 20( 2 16( 3

34668 18( 2 3 ( 1
low 20485 11( 2 9 ( 1

MSP-7

high 26101 68( 2 22( 2
26107 59( 1 9 ( 1
26114 24( 3 7 ( 1
26115 83( 3 22( 1
26116 49( 0 9 ( 4

low 26103 29( 3 10( 1
chloroquine (0.5 mg/mL) 100( 3
EGTA (50 mM) 83( 3

a Mean( SD from three experiments.
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16-21, 25-30, 34-36, 41-43, 61-63, and 75-77 and seven
â-turns found between residues 3-6, 22-25, 31-34, 37-40,
49-53, 57-60, and 64-67. The disulfide bridges stabilizing
the structure were Cys6 to Cys22, Cys7 to Cys18, Cys11 to
Cys26, and Cys30 to Cys41 in the EGF-like domain I of this
MSP-1 19 kDa fragment (Figure 6a,b). Because HABP 20494
is located in this EGF-like domain I, only these disulfide bridges
have been taken into account in this manuscript.

The previously described MSP-1 19 kDa fragment HABP
5501 (running from Asn1 to Ser 16) presented a disulfide bridge
between Cys7 and Cys18, having aâ-turn between Ser3 and
Gln6 residues. It was located entirely outside the structurally
organized region of the EGF-like domain I (Figure 6c,d). RBC
invasion was inhibited by 60( 8% at 200µM by this peptide.32

The MSP-10 19 kDa fragment was found between residues
Cys1 to Asn85 and previously described HABP 31132 was
located between Lys5-Cys24.40 The disulfide bridge was
formed in this HABP between Cys6 and Cys22. Predicting this
HABP’s structure (based on energy minimization and molecular
modeling) suggested that this HABP had aâ-turn structure
between residues Ser7-Gln10 and two â-sheets between
Ser10-Tyr13 and Gln21-Cys 24 residues (Figure 6c,d). RBC
invasion was inhibited by 65( 2% at 200µM by MSP-10
31132 HABP.40

The MSP-8 19 kDa fragment was localized between Asn1-
Ser87 residues; the also described MSP-8 HABP 26373 was

localized between Cys11-Cys30 and a disulfide bridge was
formed between Cys11 and Cys26 (Figure 6c,d). This HABP
has a totally random structure according to structure prediction.
RBC invasion inhibition by HABP 26373 was 23( 5% at 200
µM.31

The MSP-4 19 kDa fragment was located between Asn1 and
Asn96 residues and HABP 20494 between Glu19 and Gly38.
Disulfide bridges were found in this HABP between Cys12
and Cys28 and Cys 30 and Cys 41. Structural prediction
studies suggested aâ-turn from Val21-Arg24 residues and a
â-sheet between Lys27-Cys30 and Gln21-Cys24 residues
(Figure 6c,d). Inhibition of RBC invasion was 27( 5% at 200
µM.

Alignment of MSP-1, -10, -8, and -4 HABPs Found in the
19 kDa Region.Based on amino acid sequence homologies
and cysteine alignments of these GPI-anchored MSP HABPs,
it was clearly seen in MSP-1 (5501), MSP-10 (31132), MSP-8
(26373), and MSP-4 (20494) HABP alignments (Figure 7) that
when MSP-1 5501 HABP was used as a template, their RBC
binding registers were displaced on the other HABPs by 6-18
residues toward these proteins’ C-terminal end (e.g., MSP-1
5501 in relation to MSP-10 HABP 31132 displaced 10 residues
upward and when compared to MSP-8 HABP 26373 displaced
11 residues). Likewise, MSP-4 HABP 20494 displaced six
residues more toward the C-terminal end when compared to
the MSP-8 26373 HABP and seven more when compared
with MSP-10 31132. MSP-4 20494 displaced 18 residues
backward regarding MSP-1 5501 HABP, suggesting a shift in
these evolutionarily and functionally related MSP HABPs’ GPI-
anchored MSP 19 kDa fragments toward these molecules’
C-terminal.

Discussion

Merozoite invasion of RBC occurs via several highly complex
steps, which starts with merozoite rolling over the RBC
membrane, reorientation toward the apical pole, penetration,
parasitophorous vacuole (PV) formation,5,27,45 all involving
receptor-ligand interactions between both host cell and parasite
surface molecules.6-8,46

It has been recently reported that several members of the MSP
family (such as MSP-1 to MSP-10) are important in protein-
protein interactions47,48and forming lipid rafts on the merozoite
membrane to mediate invasion of RBCs,49 thus making them
excellent targets for anti-malarial vaccine design.

Some MSP family members (MSP-1, -2, -4, -5, -8, and -10)
contain the GPI motif,21,49 allowing them to remain anchored
to the surface; other family members (MSP-3, -6, -7, and -9)

Figure 4. CD spectra. This figure shows graphs for HABP CDs. Peptide 26116-MSP7 displayed a curve characteristic ofR-helix conformation
(right-hand panel) and the same as MSP-4 HABP 20494 (left-hand panel), 26101, and 26107. MSP-7 26114 also showed a curve characteristic of
R-helical elements.

Figure 5. Binding competition of peptide125I-20494. Peptide 20494
was radiolabeled with125I and incubated with RBC in the presence of
different concentrations of unlabeled peptide (MSP-4 20494, MSP-8
26373, MSP-10 31132, and MSP-4 34668 HABPs and low-binding
MSP-4 20483 peptide).
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are not directly bound to the membrane, but remain indirectly
bound to it, being noncovalently associated with anchored
proteins, such as MSP-1.23,49,50

High specific binding regions or HABPs have been identified
for several MSP family proteins, as well as their role inP.
falciparum invasion of erythrocytes in in vitro assays.24,31,32,40

This work identifies and characterizes MSP-4 and MSP-7

proteins corresponding to HABPs in our endeavor to develop a
logical and rational methodology for multi-epitope, multistage,
subunit-based, chemically synthesized, antimalarial vaccine
development.

Specific binding studies regarding MSP-4 synthetic peptide-
derived protein interaction with human erythrocyte surface have
shown that this protein interacts via its EGF-like domain I via

Figure 6. Three-dimensional (3D) structure. (a) MSP-1 19 kDa fragment calculations of the parallel, antiparallel sheet, and antiparallel turns were
determined using DSSP program58 and display the disulfide bridges (S atoms in yellow), the EGF-like domains I and II, as well as the unordered
structures in both domains.39 (b) Connolly representation of the MSP-1 19 kDa molecule structure; blue indicates positively charged atoms, red
indicates negatively charged atoms, and white and golden colors are neutral residues. (c) 3D structure of the 19 kDa MSP-1 fragment in fuchsia,39

and energy-minimization-based 3D structure predicted for the same homologous 19 kDa fragment in MSP-10 shown in green, MSP-8 shown in
blue, and MSP-4 shown in red. The localization of MSP-1 HABP 5501 is shown in pink, MSP-10 31132 is shown in lemon green, MSP-8 26373
is shown in pale blue, and MSP-4 20494 is shown in white. (d) MSP-1 19 kDa 5501 HABP, as determined by NMR, and MSP-1 19 kDa-based
prediction of the 3D structure of MSP-10 31132 HABP (lemon green), MSP-8 26373 HABP (pale blue), and MSP-4 20494 in white. Yellow balls
correspond to cysteines determining EGF-like domains and establishing S-S bridges.

Figure 7. Alignments. Comparison of MSP-1, -10, -8, and -4 HABPs sequences.
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HABP 20494. This interaction’s specificity was shown in
saturation assays where a 470 nM dissociation constant was
found, indicating that a small amount of peptide activated the
receptor. Around 24 000 binding sites were found per cell
(Figure 2).

Binding assays, using erythrocytes pretreated with different
enzymes for MSP-4 HABP 20494, revealed that specific binding
became reduced to a greater extent (∼50%) when erythrocytes
had been previously treated with trypsin, decreased to a lesser
extent (∼30) when treated with neuraminidase, whereas treat-
ment with chymotrypsin did not reduce binding. These results
suggested that the HABP 20494 receptor could be associated
with glycophorin A or C; however, further studies are needed
for elucidating the nature of such interaction with erythrocyte
surface.

MSP-4 protein cross-linking assays showed that HABP 20494
had specific binding to a 52 kDa membrane protein (Figure 3),
probably the dimer form of one of these glycophorins.

Binding competition assays revealed that the binding of
radiolabeled peptide MSP-4 20494 HABP was concentration-
dependent, regarding nonradiolabeled peptide 20494. Binding
was inhibited by 50% at 30µM nonradiolabeled peptide 20494.
Inhibition remained around 50% when varying nonradiolabeled
peptide concentration. MSP-4 peptide 34668 only achieved 60%
binding at 30µM, while 75% binding was achieved with MSP-
10 peptide 31132 at 30µM and 78% with MSP-8 peptide 26373
at 30µM. No inhibition was noted with MSP-4 peptide 20483
(which is not a HABP). These results reinforce the idea of
conserved structure for HABPs contained in EGF-like domains,
as well as showing that binding to RBC was not inhibited with
peptides, which did not present this structure.

HABP 5501 was found in the N-terminal unordered or
nonstructurally organized region of the EGF-like domain I of
MSP-1 19 kDa fragment. MSP-10 peptide 31132 was also
located in this MSP-10 N-terminal region.31,32,40Interestingly,
HABP 20494 was situated in the structurally organized EGF-
like domain I of MSP-4, and HABP 26373 was also located in
this structurally ordered EGF-like domain I of MSP-8.

This result suggested the importance of this domain’s structure
to governing biological functions, such as binding and invasion
of RBCs supported by other studies showing the importance of
forming the EGF-like domain in MSP-4 protein antigenicity.12,51

The fact that MSP-1 5501 HABP was located 10 residues
upstream from MSP-10 31132 HABP and 26373 MSP-8 HABP
and that MSP-4 HABP 20494 was 6 residues downstream of
the last two HABPs mentioned above and 18 residues down-
stream of 5501 MSP-1 HABP, suggest a new strategy main-
tained by theP. falciparumparasite using redundant highly
homologous members from the same family displaying minimal
structural changes to avoid the differences posed by the receptors
or host genetic variability and immune response.

These differences have a great structural and functional impact
because they displayed different RBC invasion inhibitory ability
at the same concentration as MSP-1-derived 5501 HABP having
a mainly random structure with only oneâ-turn, which was
able to inhibit RBC invasion by 60( 8%. This was quite similar
to 31132 MSP-10-derived HABP, which only had oneâ-turn
and oneâ-sheet, both of them located in the unordered or
nonstructurally organized region of the EGF-like domain I,
inhibiting merozoite invasion of RBC by 65( 2%.

MSP-8 26373-derived HABP (entirely included in EGF-like
domain I structurally ordered or organized region) only inhibited
merozoite invasion of RBC by 23( 5%. MSP-4-derived HABP
(completely included in the same ordered EGF-like domain I,

six residues downstream and displaying oneâ-turn and one
â-sheet) inhibited merozoite invasion by 20( 2%.

Very interestingly, the two HABPs displaying the highest
invasion inhibition activity (MSP-1 5501 and MSP-10 31132)
have their disulfide bridges between Cys-7 and Cys-18 (5501)
and Cys-6 and Cys-22 (31132), while those having low
inhibitory activity have their disulfide bridges between the
cysteine residues located further back in the structurally
configured or ordered EGF-like domain I in such a way that
MSP-8 26376 has the S-S bridge between Cys-11 and Cys-26
and MSP-4 20494 between Cys-12 and Cys-28.

The data clearly show that, despite the fact that all these
peptides bound with high affinity to RBC, only those located
in the N-terminal unordered region located between Cys-7 and
Cys-18 and Cys-6 and Cys-22 were highly relevant in RBC
invasion, stressing the importance of localization in these
HABPs’ functional activity and the structural configuration
determined by these intracysteine domains.

This information, having great functional impact, also has
tremendous implications on immunological responses against
the MSP-1 19 kDa fragment. Monoclonal antibodies (MoAb)
produced against the 19 kDa fragment, as has been elegantly
shown by Anthony Holder’s group, are able to block merozoite
invasion of RBC (such as monoclonal antibody 12.8) and
recognize MSP-1 19 kDa fragment residues 5-13 and 14-18.
Moreover, MoAb 12.10, also blocking merozoite invasion of
RBC, recognized 19 kDa fragment residues 5-7 and 15-18.52

All these residues are MSP-1 5501 HABP components. MoAb
1E1, interfering with the blocking of invasion by MoAbs 12.8
and 12.10, recognized parental MSP-1 42 kDa fragment -5 to
-3 residues, prior to this fragment’s cleavage site.53 Another
noninvasion-inhibitory MoAb2F10 was primarily bound to EGF-
like domain II in residues 49-56 and 66-73.52

All of this biological, immunological, and structural data, plus
MSP 19 kDa fragment homology with some other members of
the MSP family anchored to the merozoite’s membrane, strongly
suggests that the relevant MSP-1 and MSP-10 protein regions,
directly involved in RBC binding and able to induce a
protection-inducing immune response, were located in the
N-terminal region of the EGF-like domain I. MSP-1 HABP 5501
and MSP-10 HABP 31132 (residues 5-24) were located
between residues 1-24 of this N-terminal region.

These HABPs present a high ability to inhibit merozoite
invasion of RBC (∼65%), while MSP-8 HABPs 26373 (residues
11-30) and MSP-4 20494 (residues 19-38), presenting low
RBC invasion inhibition ability (∼20%), were found to be
displaced toward the ordered or structurally organized segment
located toward the C-terminal region’s 19 kDa fragment. This
data clearly and strongly suggest that a protective immune
response should be mainly directed against HABPs localized
in the N-terminal, unordered region of these MSP molecules,
such as MSP-1 5501 and MSP-10 33112.

It has been reported that merozoites expose a multiprotein
complex on their surface during invasion; this is composed of
proteolytically processed, noncovalently associated products
from different membrane-associated proteins. It has been
suggested that these complexes or co-ligands are involved in
evading the immune response or in merozoite invasion of
erythocytes.54-56

The foregoing suggested that a cooperative effect was
presented during invasion between binding regions (or HABPs)
derived from the different proteins forming the multiprotein
complex. This could explain the low invasion inhibition activity
of some HABPs; an individual HABP could have a lower effect
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on inhibition compared to the inhibitory result of the whole
protein or a group of HABPs.

All the above suggests that these MSP family members use
their corresponding binding motifs’ redundancy as immune
response distractors or as alternative routes for invasion. This
last phenomenon has been elegantly shown with erythrocyte
binding ligand (EBL) and rhoptry (RhopH) proteins that when
one of them (such as erythrocyte binding antigen 175 (EBA-
175) is knocked-down or the receptor for this molecule on host
cells is removed by enzymatic treatment or is not expressed,
then the other proteins replace it during invasion, as happens
between Rh-4 and EBA-175.57

Regarding MSP-7, this mainly hydrophilic protein (33%
charged residues) has a negative charge from residues 94 to
148.22 Specific studies of MSP-7 protein-derived synthetic
peptides binding to human erythrocyte surface have suggested
that this protein’s interaction occurs via its C-terminal region,
even though it also has HABPs in the N-terminal and intermedi-
ate regions. Previous studies have shown that this protein is
cleaved and only the C-terminal region fragment is maintained;23

this contained three of the five HABPs found, highlighting this
region’s importance.

MSP-7 HABPs 26114 and 26116 binding assays using
erythrocytes pretreated with different enzymes have shown that
specific binding has greater sensitivity when erythrocytes have
been previously treated with trypsin and chymotrypsin, while
binding was resistant to neuraminidase treatment. These results

suggested that these HABPs’ receptor could have been associ-
ated with band 3 or “X” receptor.42

Interestingly, MSP-4 HABP 20494 and MSP-7 HABPs
26114, 26115, and 26116 recognized an∼52 kDa protein on
RBC membrane (Figure 3). It may have been that the HABPs
bound to the same receptor at different binding sites; however,
further studies are needed for determining the receptor’s exact
nature.

MSP7 protein HABPs’ importance in invasion-inhibition
assays should be stressed, as dependence on peptide concentra-
tion was noted (inhibiting invasion by 24-83% at 200µM
concentration). HABP 26115 was able to inhibit merozoite
invasion of RBC by up to 83%, once more suggesting this
conserved region’s importance following protein cleavage.

The most abundant complex at the merozoite surface to be
shed is made up of MSP-1, 83 kDa, 30 kDa, and 38 kDa
fragments, MSP-6 and MSP-7 (and probably some other
proteins) that are noncovalently associated.

It has been clearly demonstrated that MSP-7 precursor
interacts with MSP-1 83, 30, and 38 kDa fragments but not
with 42 kDa or its corresponding 33 kDa and 19 kDa cleavage
products (Figure 8a,b)47 being a member of the proteins
noncovalently bound to the merozoite membrane via binding
to other membrane-anchored proteins like MSP-1 in detergent-
resistant membrane (DRM) protein lipid rafts (Figure 8a,b).49

While MSP-6 requires processing for binding to the previ-
ously assembled MSP-1 complex, MSP-7 precursor does not
require processing and is capable of interaction with all but 42
kDa MSP-1 cleavage products, as established before.

Conclusions
MSP-4 and MSP-7 HABPs, as identified in this assay, are

relevant in merozoite invasion of RBC, and structure-function
correlations were found for some MSP members. This led to
suggesting a new mechanism for explaining protein redundancy,
thereby making them excellent new HABPs to be included in
further studies for developing a subunit-based, multi-epitope,
multistage, chemically produced, antimalarial vaccine, a goal
our institute has been pursuing for the last three decades.
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