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Identifying the minimal functional regions of the proteins which the malaria parasite uses when invading
its host cells constitutes the first and most important approach in an effective design for a chemically
synthesised, multi-antigen, multi-stage, subunit-based vaccine. This work has been aimed at identifying
the PfRh1 protein binding regions (residues 1-2580) belonging to the reticulocyte binding-like (RBL or P.
falciparum Rh [PfRh]) family implicated in the parasite’s alternative target cell invasion routes. Eighteen
peptide regions (called high activity binding peptides — HABPs) binding to red blood cells (RBC) were
identified in peptides mapped in a highly robust, specific and sensitive receptor-ligand assay. These
HABPs were saturable in the experimental conditions assayed here and most had an alpha helix structure.
Polymorphism studies revealed that only six of the eighteen HABPs identified had changes at amino acid
level amongst the seven P. falciparum strains evaluated. Most HABPs’ specific binding became altered
when RBC were treated with neuraminidase, chymotrypsin and trypsin, suggesting differing sensitivity
for RBC membrane receptors. After ascertaining that the Rh1 gene was transcribed and expressed in
late-stage schizonts of the FCB-2 strain, invasion inhibition assays were carried out. When most of these
HABPs were assayed in P. falciparum in vitro culture they were able to inhibit high percentages of FVO
strain invasion compared to low inhibition percentages observed with the FCB-2 strain. This data shows
small Rh1 regions’ participation during invasion and suggests that these units should be included in
further immunological and structural studies.
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1. Introduction groups of families which has shown that EBL protein functional

loss could be compensated for by increased PfRh ligand expres-

Plasmodium falciparum parasite’s life-cycle is a complex pro-
cess which is coordinated and regulated by a set of proteins stored
in three specialised organelles called micronemes, rhoptries and
dense granules [1]. It has been suggested that erythrocyte binding-
like (EBL) and reticulocyte binding-like (RBL or P. falciparum Rh
[PfRh]) homologues could be responsible for interacting with host
cells before tight junction (TJ) formation and facilitating entry
through multiple alternative invasion routes [2-5]. Activating dif-
ferent invasion routes would be regulated by the availability of
receptors on host cell membrane and differential expression of par-
asite proteins, called phenotypical variation [3,4]. Such mechanism
is accompanied by marked functional redundancy between both
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sion [6]. Indeed, genetic disruption of the eba-175 gene in some P.
falciparum strains results from increased PfRh4 transcription and
expression [4]. This mechanism could have evolved to facilitate P.
falciparum evasion of invasion-inhibiting antibodies; there would
thus be greater demand regarding a large number of ligands to
ensure effective immunity [7].

The Rh family consists of PfRh1 (PFD0110w) [8], PfRh2a
(PF13.0198) [9,10], PfRh2b (MAL13P1.176) [9,10], PfRh3
(appearing to be a pseudogene [11] but which is expressed
during sporozoite stage) [12], PfRh4 (PFD1150c) [13] and PfRh5
(PFD1145c) [14]. These proteins are homologues for Plasmodium
vivax reticulocyte-binding protein-1 and -2 (RBP-1 and RBP-2)
[15] and the Plasmodium yoelii Py235 family [16]. Sub-cellular
localisation studies have shown that all Rhs are expressed at the
apical tip (in the rhoptries or micronemes) during the late intra-
erythrocyte stage which is in agreement with their role during
invasion [3,9,10,13]. PfRh4 interacts with RBC by means of a sialic
acid-independent route through specific binding to complement
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Fig. 1. Rh1 synthetic peptide specific RBC binding profile. Binding profile: black bars in front of each peptide represent the percentage of binding activity which has been
defined as the amount of peptide (pmol) specifically bound per added peptide (pmol). Peptides having >2 binding percentage were considered HABPs according to previously
described criteria. A tyrosine residue was added to the C-terminus of those peptides which did not contain this amino acid in their sequence to enable '?%I-labelling. Each
assay was carried out in triplicate. The schematic representation of Rh1 shown to the left of the binding profile indicates the position of the signal peptide (grey) and the
RII-3 RBC binding region previously identified by Gao et al. (black bar); ND, not determined.

1 receptor (CR1) [17]. Rh2a and Rh2b share a region comprising
over 80% of the protein, only differing in the carboxy-terminal
region [9,10]. Rh2b mediates invasion through a chymotrypsin-
sensitive, trypsin/neuraminidase-resistant receptor which has
been called the Z receptor and contains (together with PfRh2a)
specific erythrocyte binding regions [2,18,19]. PfRh5 differs from
other members of the Rh family regarding its small molecular

size and being expressed in P. falciparum strains using different
invasion routes, thereby providing a focus for new anti-malarial
therapies. It has been found recently that PfRh5 has interacted with
the erythrocyte membrane [14,20], specifically with antigen from
the Ok blood group called basigin [21]. It has also been suggested
that Rh5 interacts with a novel cysteine-rich protein called the P.
falciparum Rh5 interacting protein (PfRipr) which is located in the
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Fig. 2. Determining HABP 36381, 36427 and 36455 physical-chemical constants. Increasing amounts of radiolabelled peptide were added in the presence or absence of the
same unlabelled peptide. Curves represent specific binding. In the Hill plot (inset), the x-axis represents log F=free peptide and the y-axis log (B/Bmax — B), where B is the

amount of bound peptide and Bmax the maximum amount of bound peptide.

micronemes [22]. Antibodies directed against two regions of the
PfRipr protein have shown different degrees of inhibition (37-80%)
depending on the invading strains, whether sialic acid-dependent
or -independent [22].

This article focuses on one member of the PfRh family called
Rh1, a high molecular weight protein having a signal peptide in
its sequence towards the amino terminal and a transmembrane
sequence in the carboxy-terminal. PfRh1 binds erythrocytes via
a neuraminidase-sensitive and trypsin-, chymotrypsin-resistant
protein called the Y receptor [23]. Analysis of Rh1 expression,
together with that of other members of the family, has shown
that sialic acid-dependent parasites lines, such as Dd2, MCamp
and FCR3, express high levels of Rh1 and low levels of PfRh2a/2b.
Alternatively, sialic acid-independent strains, such as 7G8 and HB3,
express high PfRh2a/2b levels but low levels of Rh1 or a non-
functional protein (i.e. 3D7), suggesting that proteins from this
family are differentially expressed between parasite lines having
different invasion phenotypes [8,23].

Unfortunately, the high diversity of RBL family sequences has
hampered predicting functional regions within these proteins to
date, contrary to that reported for the EBL family which contains a
common erythrocyte binding region called domain binding ligand
(DBL) [24]. Few Rh1 studies have been aimed at identifying the
functionally important minimum binding regions involved in bind-
ing to erythrocytes [25,26]. Binding assays with Rh1 protein regions
expressed in COS-7 cells have shown that only a long ~334 residue-
long region (500-833), called RII-3, interacts with RBC in the same
way as native PfRh1 protein [25]. Antibodies against the RII-3
region have been able to block invasion in T994, W2mef, FCR3 and
Dd2 strain, confirming that parasites using a sialic acid-dependent
invasion pathway are sensitive to the antibody targeting the PfRh1

binding domain [25]. Valbuena et al. [26] have reported that two
synthetic peptides, 26332 (1°1VFINDLDTYQYEYFYEWNQ'20) and
26336 (18!NTKETYLKELNKKKMLQNKKZ299), derived from the 7G8
strain, have high erythrocyte binding ability and were able to block
invasion in vitro by up to 87%.

Based on genomic and functional findings and the large number
of key interactions during invasion involving Rh family member’s
active participation (particularly the Rh1 protein), fine mapping of
this protein’s minimum functional regions is important for further
immunological evaluation as candidates for a broad spectrum vac-
cine, covering all the parasite’s alternative invasion routes. Eighteen
20-residue-long sequences, called high activity binding peptides
(HABPs), were identified, some of them presenting sub-micromolar
dissociation constants and positive cooperativity. Such HABPs were
able to inhibit FVO strain invasion, thereby highlighting these sub-
units’ importance during invasion.

2. Materials and methods

This whole section can be found in Supplementary Material
[27-36].

3. Results
3.1. Rh1 peptides bound to RBC with high activity and affinity

RBC binding assays were performed for determining Rh1 pro-
tein minimum binding sequences (covering residues M1 to K2572)
specifically interacting with receptors on the RBC membrane. Eigh-
teen peptides presenting specific binding, having slopes greater
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A Parasite Line
HABP Sequence 3D7 é‘;‘h Dd2 FCB2 PAS2 FVO
36371 NNEIKKKKEDMEKYREYNL 210 £10 £TG aTG aTG oTG
Met Val Val Met Met Met
36373 SINLNKSTTEKNTYNYILKL 2AC aACIIACT tAC TAC, tAC
Asn Asn Tyr Tyr Tyr Tyr
36412 KEEQVIDVHKLKKKsNpL © 12 CTa CTg CTa CTa CTa
Val Val Val Val Val Val
36427 QEIKNNIKIFKEFKSAHKE AL gAA AA gAA BAA gAA
Lys Glu Glu Glu Glu Glu
3645 IQKENIEKIKQEINTLSDvF ~ MC £8C AtC AaC AaC AaC
Ile Asn Jle Asn Asn Asn
tAT tAT cAT cAT cAT cAT
36470
SQUITMNEMIESTE VD Tyr Tyr His His His His
B
~1044 bp 1000 bp
300 bp
C
1000 bp
~438 bp
300 bp
D

Fig. 3. Rh1 polymorphism, transcription and expression studies. A. Polymorphic
amino acids in Rh1 HABPs. The HABP sequences shown were derived from 3D7 and
compared to sequences from other P. falciparum strains. The amino acid underlined
and shown in bold represents residues varying in the different strains. The figure
shows the codon encoding each amino acid, the specific nucleotide which varied
(in small letters) amongst strains and led to amino acid substitution regarding the
reference strain. (B) rh1 PCR amplifications from cDNA: Lanes 1 and 2: PAS2 P. falcip-
arum strain samples from asynchronous cultures. Lanes 3 and 4: FVO P. falciparum
strain samples from asynchronous cultures. Lanes 5 and 6: FCB2 P. falciparum strain
samples from schizonts. Lanes 1, 3 and 5 show PCR amplification from minus syn-
thesis; lanes 2,4 and 6 show PCR amplification from plus synthesis. (C) Pf25-IMP PCR
amplification from cDNA. Same sample order as section B. (D) Late-stage schizonts
from the FCB-2 strain were incubated with anti-Rh1 antibodies, revealed with FITC-
labelled anti-mouse IgG (green). Mature schizont nuclei were stained with DAPI
(blue). Arrows indicate the typical dotted pattern observed in proteins localised in
apical organelles.

than 2%, were considered to be HABPs. HABPs were distributed
throughout the whole protein, most of them between residues 61
and 1140 (Fig. 1).

It was found that HABP 36381, 36427 and 36455 Kd
was in the 2500-3100 sub-micromolar range and their
nH=>1, indicating positive cooperativity. A variable num-
ber of BSC were found for HABPs 36381, 36427 and 36455
(923,000-3,339,000) (Fig. 2), suggesting a saturable interaction
with different receptors or with different sites on the same
receptor.

3.2. PfRh1 HABPs had conserved sequences

The regions encoding each HABP in the FCB-2, PAS-2 and FVO
strains were amplified by PCR for evaluating Rh1 protein polymor-
phism. The amplification sizes obtained from genomic DNA were
861,777,603, 393, 553, 656 and 415 base pairs (bp) for the respec-
tive combinations of primers used for the amplifications (Fig. S1).
The control primers amplified a 438 bp product corresponding to
the IMP-Pf25 gene (Fig. S1).

Nucleotide and amino acid sequences for the three P. falcipa-
rum strains (FVO, FCB-2 and PAS-2) were aligned using Clustal W
software [37] and compared to the sequences reported for the 3D7,
IGH-CR14 and Dd2 strains (Fig. S2). The positions of strain-specific
polymorphism in the regions where the HABPs were found were
numbered according to the 3D7 reference strain.

HABPs 36362, 36365, 36369, 36381, 36384, 36385, 36389,
36390, 36411, 36415, 36455 and 36482 had 100% amino acid
identity amongst the P. falciparum strains studied (Supplementary
Material). Polymorphism was found in HABPs 36371,36373,36412,
36427, 36456 and 36470 (Fig. 3A).

3.3. Evaluating Rh1 transcription in P. falciparum FCB-2 strain
schizonts

Complementary DNA was synthesised from RNA in a syn-
chronic parasite culture for evaluating Rh1 gene transcription in
FCB-2 strain late-stage schizonts. A set of primers annealing as
far as Rh1 protein transcript region 3’ amplified a 1044 bp frag-
ment having the expected molecular weight (Fig. 3B). The same
fragment was amplified in PAS-2 and FVO strains from an asyn-
chronic P. falciparum culture. No product was obtained when a
cDNA synthesis reaction was carried out without adding reverse
transcriptase, thereby ruling out any contamination of gDNA
(Fig. 30).

3.4. Rh1 protein expression studies using the FCB-2 strain

Prior studies have shown that depending on the P. falciparum
strains, as well as the receptors available on the host cell, there
was differential expression of Rh and EBL family members [3].
Based on these findings, Rh1 protein expression was examined
in P. falciparum FCB-2 strain late-stage schizonts using polyclonal
antibodies directed against several Rh1 protein regions. A punc-
tate pattern (Fig. 3D), previously reported for apical organelles, was
found which coincided with the fluorescence pattern reported for
PfRh1 in the FVO strain [8].

3.5. Binding assays with enzyme-treated RBC

Binding assays were carried out with trypsin-, chymotrypsin-
and neuraminidase-treated RBC to evaluate the nature of HABP
receptors and infer possible invasion routes (sialic acid-dependent
or -independent route) in which minimum Rh1 units partici-
pate. The specific binding obtained with the different treatments
was compared to 100% binding taken for untreated RBC. Table 1
shows that HABP 36365, 36369, 36381, 36427, 36455 and 36482
specific binding became abolished when RBC had been previ-
ously treated with neuraminidase; HABP 36390 and 36415 binding
became reduced to 38% and 55%. Treating RBC with chymotrypsin
significantly reduced HABP 36381, 36415, 36427, 36455 and
36482 binding whilst HABP 36369 specific binding was main-
tained. RBC trypsin treatment abolished HABP 36369, 36381,
36390, 36455 and 36482 specific binding and also reduced HABP
36415 binding to 10%. HABP 36381, 36455 and 36482 specific
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Table 1
Rh1-derived HABP binding to enzyme-treated erythrocytes.
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Table 2
Rh1 HABP inhibition of parasite invasion of RBCs.

HABPS % Specific binding

Control Neura Chymo Tryp
36365 100 0 38 124
36369 100 0 99 0
36381 100 0 1 7
36390 100 38 39 0
36412 100 92 23 0
36415 100 55 0 10
36427 100 0 0 84
36455 100 5 5 0
36482 100 0 4 0

Standard deviations were below 5%. Neura, neuraminidase; Chymo, chymotrypsin;
Tryp, trypsin.

binding was the most affected by the three enzyme treatments
(Table 1).

3.6. Determining HABP secondary structure

Circular dichroism studies were carried out for obtaining infor-
mation about each HABP’s secondary structure. All the peptides,
except for HABPs 36362 and 36365, had ordered structures, an
alpha-helical tendency predominating which was characterised by
two minima at 209 nm and 222 nm and maximum molar elliptic-
ity at 190 nm (Fig. 4). This data coincided with deconvolution data
giving 70-90% alpha-helical structures. Peptide 36362 had a dis-
ordered structure, having just 15% structural elements (data not
shown), whilst peptide 36365 contained around 40% alpha-helical
elements (Fig. 4).

Peptides Invasion inhibition (%)
FVO FCB-2
(200 M)
HABPs
36365 75+ 1 7+1
36434 78 £ 1 ND
36369 73 +2 2+1
36381 74 +£3 9+1
36412 73+ 4 3+3
36455 75 +5 ND
36482 78 £ 6 8+1
36438 78 £7 4+3
LABP
36360 6+3 5+2
Controls
Parasites 0+2 0+3
Chloroquine (1.85 mg/mL) 91+1 86+5
EGTA (1.9 mg/mL) 94 + 1 80+4

Mean =+ standard deviation of three experiments.
ND, not determined.

3.7. Invasion inhibition assays

Conserved HABPs were tested for their ability to inhibit invasion
using FCB-2 or FVO strain to evaluate the role of PfRh1 during mero-
zoite invasion. The resulting data showed that the HABPs inhibited
high percentages (64-78%) of FVO strain merozoite invasion of
erythrocytes (Table 2) regarding that observed for the low activ-
ity binding peptide (LABP) (6%). Interestingly, Rh1 HABPs inhibited
low percentages (<9%) of FCB-2 strain merozoite invasion of eryth-
rocytes, similar to that found for LABP 36360 (data not shown). This
datarevealed two different invasion routes in which the FVO strain

550000
1050000
— 36381
£50000 —1 6369 350000 36390
—36415 — 36412
— 36427
it =655 150000
- =
S -150000 -50000
g
=
=z
g -550000 250000
) 190 210 230 250 190 210 230 250
=
S’
L 200000
=) —0365 w—36482
E 100000
0
-100000
200000
190 210 230 250
Wavelenght (nm)

Fig. 4. Circular dichroism analysis of HABP secondary structure. Spectra were obtained by averaging three scans taken in aqueous TFE (30%, v/v) solution. The results were
expressed as mean residue ellipticity [@] in degrees square centimetre per decimole according to [@] @A/(100 x [ x ¢ x n) were @A represents measured ellipticity, I is optical
path length, c peptide concentration and n the number of amino acid residues in the sequence.
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required Rh1 for invasion whilst the FCB-2 strain, even though
expressing Rh1 (Fig. 3D), was not used as antigen of preference
for host cell invasion.

4. Discussion

It has been estimated that malaria caused by P. falciparum
affects around 200 million people and causes a million deaths
per year, most being children aged less than 5 years old [38,39].
Such figures constitute a grave public health problem for the
world’s tropical and subtropical regions suffering from this disease
[38,40]. Even though several control mechanisms, such as the use
of insecticide-impregnated mosquito-netting, implementing pre-
vention and promotion campaigns and designing new drugs, have
provided a partial solution to malaria, the appearance of new anti-
genic variants of the parasite as well as an increase in resistance
to antimalarial drugs highlights the importance of developing a
completely effective antimalarial vaccine.

In the search for such solution, large-scale research has been
focused on identifying the proteins which the parasite uses to
invade its host cells and their molecular and immunological
characterisation [1]. Some of the antigens participating in the
parasite’s initial interactions with the host cell are thus known
today, those participating in parasite reorientation, T] forma-
tion, parasitophorous vacuole formation and host cell membrane
remodelling [41,42]. The discovery of EBL and Rh family proteins
has shown that P. falciparum can invade RBC of all ages [43,44].
These two families define a series of alternative invasion routes
where differing receptor-ligand combinations (~25 routes) can be
used independently and efficiently during invasion [3,45]. Variation
in invasion phenotypes has been demonstrated with P. falciparum
clinical isolates and laboratory-adapted clones [46]. It has also been
demonstrated that a loss of function of some EBL member results in
selection for increasing Rh family transcription [6]. It has also been
suggested that EBL or Rh protein sequence polymorphism obliges
the parasite to change the receptor so that the proteins can bind
[47]. Such characteristics impose a great challenge for designing an
antimalarial vaccine; this requires that the parasite ligands can be
dissected within apt functional domains for inclusion in a multi-
antigen, multi-stage, chemically synthesised vaccine blocking the
parasite’s broad array of receptor-ligand interactions.

A specific and reliable methodology has helped us decipher
intimate molecular interactions between peptides from most
merozoite proteins and RBC membrane [19,20]. However, when
these peptides or HABPs have been inoculated into Aotus monkeys
they have been poorly antigenic, immunogenic and have not
induced protection against a malarial challenge. Nevertheless,
when residues involved in HABP-RBC interaction (critical bind-
ing residues) have been properly replaced by amino-acids having
similar mass, volume and surface, but opposite polarity, such new
modified peptides fit better into class Il major histocompatibil-
ity complex (MHC II), allowing the suitable formation of the MHC
II-peptide-T-cell receptor (TCR) complex and thereby improving
the peptides’ immunogenicity and protection-inducing ability [48].
Such immunological, structural and atomic analysis has supplied
the necessary rules for designing a completely effective vaccine
against malaria [48].

This study has identified the Rh1 protein’s minimum func-
tional subunits. Eighteen HABPs were found when the protein was
fine mapped which were distributed throughout the Rh1 protein
(Fig. 1), most being towards the protein’s amino-terminal extreme
and central part. Four of the HABPs identified (36384, 36385, 36389
and 36390) were localised in the RII-3 region (residues 500-833)
(Fig. 1) which had been previously identified using expression
in COS-7 cells and binding assays involving recombinant protein

fragments [25]. HABPs 36381, 36427 and 36455 had saturable bind-
ing, Kd being in the sub-micromolar range suggesting high affinity
interactions with receptors on RBC surface.

It is known that the extensive polymorphism in the parasite’s
proteins is one of the major obstacles in designing anti-malarial
vaccines and drugs [49]. It has also been reported that polymor-
phism in some EBL proteins’ binding regions alter their function
and the specificity of the receptor to which they bind [47]. This
data, added to phenotypical variation and functional redundancy
between the EBL and Rh protein family means that polymorphism
must be evaluated as selection criteria for vaccine candidates. Vari-
ation in HABPs 36371, 36373, 36412, 36427, 36456 and 36470 was
found when Rh1 HABPs’ polymorphism was evaluated, thereby
excluding them from further immunological analysis (Fig. 3A and
Supplementary Material). The remaining HABPs did no present
changes in their sequence when compared to six P. falciparum
strains from distinct geographical areas.

It has been found that regardless of native HABPs’ structural
content they do not fit correctly into the MHC class II peptide
binding groove, thereby drastically affecting the formation of a
stable MHC-peptide-TCR complex [48]. Interestingly, structural
changes were found regarding native HABPs when evaluating mod-
ified HABPs’ structure [41,50]; for example, shortening HABPs’
alpha helix resulted in modified peptides becoming associated with
protection-inducing immunity [50]. Ascertaining native HABPs’
secondary structure will thus lead to correlation with their modi-
fied peptides and an appropriate fit for inducing protection. All Rh1
HABPs evaluated by DC had high alpha-structure element content,
coinciding with deconvolution data (Fig. 4).

The identity of most P. falciparum protein receptors has
been characterised according to their sensitivity or resistance to
enzymatic proteolysis with neuraminidase, trypsin and/or chy-
motrypsin. Such enzymatic treatment has helped to classify the two
main invasion routes, i.e. sialic acid-independent and sialic acid-
dependent [51]. We used neuraminidase (which removes sialic
acid residues from RBC receptors such as GPA), trypsin (which
removes some proteins such as GPA and GPC) and chymotrypsin
(which cleaves some band 3 protein loops). The binding of most
HABPs evaluated was dramatically affected by neuraminidase-
treated RBC (Table 1); these results agreed with previous studies
thereby suggesting Rh1 participation in the sialic acid-dependent
invasion route [23]. Enzymatically treating RBC with trypsin and
chymotrypsin also affected some HABPs’ specific binding, indicat-
ing an interaction with another type of receptor, thereby explaining
the high number of BSC calculated during saturation studies (Fig. 2).

Rh1 transcription and expression were determined in FCB-2
strain late schizonts to try to understand the functional role of
Rh1 HABPs (Fig. 3). Interestingly, only low inhibition percentages
(~6%) were observed when some conserved HABPs were tested in
an invasion inhibition assay with the FCB-2 strain (Table 2), con-
trary to that found with the FVO strain where peptides were able to
inhibit parasite invasion by up to 78% (Table 2). This data shows that
the FVO strain preferentially uses the sialic acid-dependent inva-
sion route compared to that found for the FCB-2 strain. Previous
studies have reported that some P. falciparum strains cannot invade
neuraminidase-treated RBCs efficiently and depend on sialic acid-
containing receptors for merozoite invasion (sialic acid-dependent
route) whereas other strains can invade such enzyme-treated host
cells (sialic acid-independent route) [4,52,53]. Even though the
mechanism of invasion via these routes has not been completely
understood, it has also been found that sialic acid-dependent
strains over-express Rh1 and EBA-175 proteins [23,46] whilst Rh4
and EBA-165 are over-expressed by sialic acid-independent strains
[4]. Interestingly, Rh4 protein-derived HABPs inhibited invasion of
the FCB-2 strain but this was not affected when RBCs had been
pre-treated with neuraminidase, thereby suggesting that this strain
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invaded through a sialic acid-independent route [54]. Thus, even
though Rh1 is expressed in the FCB2 strain (Fig. 3D), it is probably
not used during invasion.

Previous studies have shown that many P. falciparum strains
which are neuraminidase-sensitive or -resistant do express Rh1 (in
different levels) [23,25]. Strains expressing normal or low Rh1 lev-
els invade neuraminidase-treated RBC more efficiently than strains
over-expressing the Rh1 protein [23,25]. Interestingly, it has been
reported that differences in Rh1 expression levels dramatically
modify antibodies’ ability to inhibit invasion of different P. falcip-
arum strains [25], thereby increasing the need to include more
antigens for effectively blocking the parasite. In fact, antibodies
directed against the Rh1 RII-3 region block high percentages of
invasion by W2mef, FCR3 and Dd2 strains (which over-express Rh1)
by contrast with 3D7 and HB3 strains expressing low levels of Rh1
[25]. The fact that some level of Rh1 remains in neuraminidase-
resistant strains has still not been fully elucidated. However, it
has been suggested that both invasion mechanisms (i.e. sialic acid-
independent and -dependent ones) may well work in tandem [25].
Our results also showed that using alternative routes correlated
with evasion regarding blocking by our peptide subunits, highlight-
ing the importance of using a range of HABPs from other proteins
completely blocking invasion.

Mapping and identifying Rh1 minimum functional/binding
regions is an essential step in ascertaining this protein’s function.
It has been shown here that these regions inhibited invasion by the
FVO strain, requiring Rh1 for such invasion, whilst FCB-2 invaded
by an alternative invasion route. This data suggested that mini-
mal Rh1 binding regions are necessary for blocking the invasion of
strains functionally expressing this protein as, together with other
minimal functional subunits, they could block the parasite’s broad
invasion spectrum.
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