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a b s t r a c t

Two recently described molecules have been associated with sporozoite traversal ability and hepatocyte
entry: sporozoite invasion-associated proteins (SIAP)-1 and -2. The HeLa and HepG2 cell binding abil-
ity of synthetic peptides spanning the whole SIAP-1 and -2 sequences has been studied in the search
for identifying these proteins’ functionally active specific regions. Twelve HepG-2 and seventeen HeLa
cell high-activity binding peptides (HABPs) have been identified in SIAP-1, 8 of them having high spe-
cific binding affinity for both cell lines. Four HepG2 HABPs and two HeLa HABPs have been identified
in SIAP-2, one of them interacting with both HeLa and HepG2 cells. SIAP-1 and SIAP-2 HABPs bound
specifically and saturably to heparin sulfate and chondroitin sulfate-type membrane receptors on host
cells. Circular dichroism assays have shown high �-helix content in SIAP-1 and SIAP-2 HABP secondary
structure. Immunofluorescence analysis has revealed that specific peptides against SIAP proteins are
porozoite invasion highly immunogenic in mice and that anti-SIAP-1 and -2 antibodies recognize the native protein in Plas-
modium falciparum sporozoites. Polymorphism studies have shown that a most SIAP-1 and -2 HABPs
are conserved among P. falciparum strains. Our results have suggested that SIAP-1 and -2 participate in
host–pathogen interactions during cell-traversal and hepatocyte invasion and highlighted the relevance
of the ongoing identification and study of potentially new molecules when designing a fully protective
antimalarial vaccine.
. Introduction

Plasmodium falciparum malaria is still one of the major health
roblems worldwide, highlighting the need for developing wholly
ffective immunotherapeutic and immunoprophylactic methods
uch as vaccines; efforts have been directed at identifying new
arasite-derived molecules as potential subunit-based antimalarial
accine candidates.

P. falciparum malaria starts in humans when they are bitten by
n infected Anopheles female mosquito; such bite injects 100–1000
arasite larval-like forms known as sporozoites into the skin. These

nitial invasive forms travel through the bloodstream to the liver
here, once the parasite has crossed the liver sinusoidal wall, it
ecognizes and invades hepatic cells [19,36]. Transcriptome and
p-regulation in gene expression analysis during this stage have
ecently revealed a new set of sporozoite proteins as attractive
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prospects for functional and immunological studies [18,34]. Among
these, two new proteins have been described as being up-regulated
at 37 ◦C and possibly involved in sporozoite cell-traversal and hep-
atocyte invasion: sporozoite-invasion associated proteins (SIAP)-1
and -2.

The 113 kDa SIAP-1/S5 [18,34] and 45 kDa SIAP-2 [34] proteins
are encoded by a single exon and represent genes expressed in
sporozoites containing a predicted signal peptide. Immunofluo-
rescence assays (IFA) have confirmed the presence of these two
surface proteins having a similar localization to that observed
for the circumsporozoite protein (CSP). Western blot has also
revealed temperature-dependent processing for SIAP-1, being pos-
sibly cleaved in 37 ◦C-incubated sporozoites into a 75 kDa cleavage
product, reminiscent of apical membrane antigen (AMA)-1 and
the thrombospondin related adhesion protein (TRAP) processing
[34,35]. siap-1 gene disruption has revealed that this process does
not affect sporozoite formation but that it can cause a partial

defect in sporozoite output from oocytes, migration to the salivary
glands and infection of a mammalian host [9], suggesting SIAP-1’s
multi-stage functional role during Plasmodium transmission within
its invertebrate and vertebrate hosts. By contrast, anti-SIAP-2
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ntibodies have recognized a 75 kDa polypeptide having a higher
olecular weight than its 45 kDa predicted molecular mass, sug-

esting in vivo post-translational modifications to the original
rotein [34]. Interestingly, anti-SIAP-1 and SIAP-2 antibodies have

nhibited both sporozoite cell-crossing and hepatocyte invasion,
aving a more significant in vitro effect on parasite migration
hrough HeLa cells for both proteins, this being comparable to the
nhibition obtained with anti-CSP antibodies [34].

Fine SIAP-1 and SIAP-2 binding profiles have been constructed
s part of our ongoing efforts using non-overlapping sequential 20-
er-long synthetic peptides covering the complete length of these

wo proteins in highly robust specific and sensitive binding assays
ith HeLa (epidermis-derived) and HepG2 (hepatocyte-derived)

ells. The high-activity binding peptides (HABPs) identified here
ave been analyzed by saturation assays, enzyme treatment of host
ells regarding peptide binding and secondary structure elucida-
ion in circular dichroism (CD) spectra. The results have indicated
hat SIAP-1 and -2 HABPs are attractive targets for determining
heir immunological properties in the Aotus monkey experimental
nimal model.

. Materials and methods

.1. HepG2 and HeLa cell culture

These cells were cultured as thoroughly described in Curtidor
t al. [8].

.2. SIAP-1 and SIAP-2 peptide synthesis

The t-Boc solid phase peptide synthesis strategy was used
o reproduce the whole P. falciparum 3D7 SIAP-1 (PFD0425w)
nd SIAP-2 (PF08 0005) strain sequences in 20-mer-long non-
verlapping peptides [13]. Our institute’s serial system was used to
umber all sequences (Fig. 1). Polymer peptides were synthesized
o produce anti-SIAP-1 and SIAP-2 by adding CG at the N-terminus
nd GC at the C-terminus to allow oxidative polymerization, as
reviously described (Fig. 1, shaded sequences).

.3. Radiolabeling and HeLa and HepG2 binding assays

SIAP-1 and SIAP-2-derived peptides were incubated with 5 �L
a125I (100 mCi/mL, MP Biomedicals) and 15 �L chloramine-
(2.75 mg/mL) for 15 min [8,11,33]. Next, 15 �L of sodium

etabisulfite (2.25 mg/mL) was added; radiolabeled peptides were
hen purified on a Sephadex G-10 column and analyzed in an auto-

atic gamma counter (Gamma Counter Cobra II). Radiolabeled
eptides were used in HepG2 and HeLa cell binding assays accord-

ng to previously described protocols [8,11].
Specific binding was defined as the amount (%) of peptide (pmol)

hat specifically bound to RBCs per amount of added peptide (pmol).
he binding curve was obtained by calculating the difference
etween total binding (binding in the absence of non-radiolabeled
eptide) and unspecific binding (binding in the presence of non-

adiolabeled peptide). Based on these data, peptides having a
0.02 specific binding curve slope were considered to be HABPs,
ccording to previously reported criteria establishing that a HABP
ecognizes more than 2000 binding sites per cell, having nanomolar
issociation constants (Kd) [8,11,23,39]. Some SIAP-1 and SIAP-
HABPs so identified were analyzed in modified binding assays,

panning a wider range of radiolabeled peptide concentrations
0–3400 nM) to determine their binding kinetic constants.
es 32 (2011) 1902–1908 1903

2.4. Effect of enzyme treatment on HABP binding

Cell lines were suspended in HBS buffer and independently
treated for 1 h at 37 ◦C with 500 �U/mL heparinase I (HI; CAS
9025-39-2, Sigma), heparinase II (HII; CAS 149371-12-0, Sigma),
chondroitinase AC (CAC; CAS 9047-57-8, Sigma) and chondroiti-
nase ABC (CABC; CAS 9024-13-9, Sigma). Treated cells were then
washed and assessed as in conventional binding assays, using
untreated cells as positive control.

2.5. HABPs’ secondary structure analysis

SIAP-1 and SIAP-2 HABPs’ secondary structure was analyzed
by circular dichroism (CD). All spectra were acquired on Jasco
J-810 (JASCO Inc.) equipment by averaging three sweeps taken
at 20 nm/min. The data was then processed by Spectra Man-
ager software and analyzed with CONTINLL, SELCON, and CDSSTR
deconvolution software [37].

2.6. Anti-SIAP-1 and SIAP-2 antibody production

SIAP-1 and SIAP-2 sequences were analyzed using BcePred
(http://www.imtech.res.in/raghava/bcepred/) and BCPREDS
(http://ailab.cs.iastate.edu/bcpred/index.html) prediction servers
to identify specific B-cell epitopes. BALB/c mice were intra-
peritoneally (ip) immunized with a mixture containing 75 �g of
each SIAP-1 and SIAP-2 polymer peptide emulsified with Freund’s
complete adjuvant (FCA) on day 0. Mice received booster doses
emulsified in Freund’s incomplete adjuvant (FIA) on days 30,
45, 60 and 75. Immunization and bleeding were carried out on
day 90 and serum samples were collected for further analysis.
Animals were kept according to the guidelines established by
the Colombian Ministry of Health for handling live animals for
research or experimental purposes.

2.7. Indirect immunofluorescence assays

Anti-SIAP-1 and -2 antibody reactivity was characterized by
immunofluorescence on P. falciparum sporozoite plates (3D7 strain)
kindly provided by Dr. Patricia de la Vega (Naval Institute Bethesda,
MD, USA). Parasites air-fixed on slides were blocked for 10 min with
1% skimmed milk and incubated for 30 min with mouse immune
serum at 1:20 dilution. Slides were visualized under a fluorescence
microscopy using Fluorescein (FITC) anti-mouse IgG (Vector Lab-
oratories) diluted 1:100. Pre-immune mouse sera were used as
negative controls.

2.8. P. falciparum genomic DNA extraction and purification

200 �L of erythrocytes parasitized with the P. falciparum FCB-2,
FVO and PAS-2 strains (30% parasitemia) were obtained from an
asynchronous culture maintained as described elsewhere [38] and
lysed using 0.2% saponin. Genomic DNA (gDNA) from each strain
isolate was extracted using an UltraClean DNA blood isolation kit
(MO BIO, Carlsbad, CA).

2.9. PCR amplification

The genes encoding SIAP-1 and SIAP-2 in the P. falciparum
3D7 reference strain (GenBank access number PFD0425w and
PF08 0005, respectively) were analyzed to design specific primer
sets for amplifying and sequencing the regions encoding SIAP-1

and SIAP-2 HABPs. Three primer sets were designed for SIAP-
1 and one for SIAP-2 using Gene Runner v3.05. These primer
sets’ sequences were SIAP1-F1 (5′-AGGCTTTGTTGCTTTGCTG-
3′) and SIAP1-R1 (5′-AATTAACTTCTTCACATACTTC-3′) for

http://www.imtech.res.in/raghava/bcepred/
http://ailab.cs.iastate.edu/bcpred/index.html
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Fig. 1. (a) SIAP-1 and (b) SIAP-2 HepG2 and HeLa cell binding profiles. The black bar length indicates each HABP’s specific binding to each cell line, surpassing the specified
cut-off. Polymer peptides synthesized for immunization are shown in gray. A tyrosine residue was added to the C-terminal of sequences which did not contain it to enable
them to be radiolabeled. ND, not determined.
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Table 1
Determining binding constants (Kd), Hill coefficients (nH) and binding sites per cell
(BSC) for SIAP-1 and -2 HABPs.

Protein HABP Kinetics assays (HeLa cells)

Kd nH BSC

SIAP-
1

34874 1000 1.3 903,500
34885 900 1.4 1,700,500
34898 2900 1.6 3,500,400
34901 1800 1.8 1,555,900
34882 Unsaturated

SIAP-2 36879 4500 1.9 4,500,000

Protein HABP Kinetics assays (HepG2 cells)

Kd nH BSC

SIAP-
34882 3000 1.4 2,600,000
G. Arévalo-Pinzón et al. /

mplifying the region encoding HABPs 34874–34885.
IAP1-F2 (5′-AAATGGAAGTATGTGAAGAAG-3′) and SIAP1-R2
5′-TAGCACAACCTTCAGAACC-3′) were used for amplify-
ng the region encoding HABPs 34888–34901 and SIAP1-F3
5′-TCCGACTGAAGATAAATTAGT-3′) and SIAP1-R3 (5′-
TGTGGATCTCTTAGATATAC-3′) for amplifying the region
ncoding HABPs 34903–34916. The only primer set for SIAP-

was SIAP2-F (5′-CCATCTATACTTATCTTCCG-3′) and SIAP2-R
5′-ATATTGATATCTATTACTTGATG-3′) amplifying the region
ncoding HABPs 36872–36879. The region encoding P. falciparum
ntegral membrane protein Pf25-IMP HABP 33577 amplified using
IR1 and REV1 primers was included as positive PCR control [7].

DNA regions were amplified in 50 �L amplification reaction
ixture containing 1.25 U BioTaqTM DNA polymerase (Bioline), 1×

aq polymerase reaction buffer, 2.5 mM MgCl2, 0.25 mM dNTPs and
�M of each primer. The following thermocycling profile was used

or all primer sets: an initial denaturing step at 95 ◦C for 5 min, fol-
owed by 35 cycles consisting of 1 min annealing at 56 ◦C, 1 min
xtension step at 72 ◦C and 1 min denaturing at 95 ◦C, followed by
final extension step at 72 ◦C for 5 min. The same reaction con-

itions using DNase- and RNase-free water instead of DNA were
ssayed as negative control. Amplification products were purified
sing a Wizard PCR preps kit (Promega) and were sequenced using
heir corresponding forward and reverse primers.

. Results and discussion

The circumsporozoite protein (CSP) and the thrombospondin-
elated anonymous protein (TRAP) represent the most widely stud-
ed antigens to date among the most important pre-erythrocyte
accine candidates [1–3,30,31,36]. Several P. falciparum proteins
ave been widely related to liver sinusoidal cell-traversal, such as
he cell traversal protein for ookinetes and sporozoites (CelTOS)
20], sporozoite micronemal proteins essential for cell traversal,
PECT-1 and SPECT-2 [14,16,17] and the TRAP-like protein (TLP)
24]. Other antigens have been associated with hepatocyte invasion
nd parasite development, including the thrombospondin-related
porozoite protein (TRSP) [18,22], apical membrane antigen-1
AMA-1) [35] and Cys6 family protein members P36 and P52/P36p
15,40]. However, a more significant number of antigens must be
tudied due to Plasmodium parasites’ great complexity and the
lternative pathways used as invasion and immune evasion mech-
nisms for them to be evaluated as antimalarial vaccine candidates
12,28,32].

.1. SIAP-1 and SIAP-2 regions specifically interact with HeLa and
epG2 cell lines

In line with the above, fine HeLa and HepG2 cell line binding pro-
les have thus been constructed for these proteins using a highly
pecific, sensitive and robust receptor–ligand methodology, within
he framework of a logical and rational strategy for identifying
pecific regions involved in SIAP-1 and SIAP-2 interactions with
ammalian cells which could be participating in cell traversal and

epatocyte invasion [12,28,32].
Twelve SIAP-1-derived HABPs have been identified which

ere distributed throughout this protein’s whole sequence
Fig. 1). Likewise, 17 HABPs representing around 34% of SIAP-
, bound to HeLa cells with a similar distribution pattern to
hat identified for HepG2 cells (Fig. 1 and Table 1). Inter-
stingly, SIAP-1 HABPs 34874 (41NDRDINTHSVLPEVENVIER60Y),

4882 (201SSPLALENINTVFSDEADLI220Y), 34885 (261LTVISEFPD-
VKMSAHDKNA280Y), 34893 (421KVQGLSYLLRRKNGTKHPVY440),
4898 (521VSAYAHDKNPAEDFAESMAT540), 34899 (541YVLNSK-
LNSRSFDKFKWIQ560), 34901 (581NLGNEVYYFPGKVTRVRAKV600)
1
34874 2000 1.3 3,380,000
34898 2900 1.3 2,600,500

SIAP-2 36879 3400 2 3,500,000

and 34916 (881SSKPANEYHDGETIVSLSFN900) displayed specific
binding activity for both host cell lines (Fig. 1).

SIAP-2 had 4 HepG2 HABPs, 36874 (81VKNNSDLTRST-
NIDHPSPSS100), 36876 (121KKEMNNKLEQQTNQNNNTIH140Y),
36878 (161LKNQDSSNSLISTNSNTMDE180Y) and 36879
(181LLLYSTNSEDNLDISFGELQ200), and 2 HeLa HABPs, 36872
(41TNTLKKNNSNNNNTNDIFGL60Y) and 36879, mainly located
toward this protein’s mid region. Only SIAP-2 HABP 36879
showed high affinity interaction with both cell lines. SIAP-1
and -2 HABPs had dissociation constants (Kd) in the submicro-
molar range (900–3400) when tested in kinetic assays and had
900,000–3,500,000 binding sites per cell (BSC). All HABPs exhibited
Hill coefficients (nH) greater than 1, showing a clear trend toward
second ligand binding (positive cooperativity) (Table 1). SIAP-1-
derived HABP 34882 could not be saturated in the HeLa cell assay
experimental conditions used here (Table 1), suggesting that this
HABP could bind specifically to a larger number of receptor copies
or to different receptor sites (2 or more binding sites); therefore,
its saturation was not in line with a 1:1 interaction model (i.e. a
completely different pattern to that found for the other HABPs
evaluated here).

SIAP-1 and SIAP-2 participation in HeLa cell traversal and hep-
atocyte invasion has been demonstrated by Siau et al. [34]. The
HABPs identified here thus correspond to protein specific regions
recognizing and binding to cell surface receptors representing
attractive targets for blocking parasite–host interactions. Interest-
ingly, some SIAP-1 and SIAP-2 HABPs have shown high binding
affinity to both cell lines thereby highlighting their potential impor-
tance as multi-event antimalarial targets (i.e. cell traversal and host
cell invasion).

3.2. SIAP-1 and -2 HABPs preferentially bind to chondroitin
sulfate in both cell lines

To date, two major proteins have been identified and thor-
oughly studied in sporozoites, interacting with different Kupffer
and HepG2 cell receptors, mostly with glycoaminoglycans (GAGs)
and heparin sulfate proteoglycans (HSPGs). The nature of the
receptor involved in HABP binding to HeLa and HepG2 cells was
determined by pre-treating cells with heparinase I (HI) and hepari-
nase II (HII) acting on heparin-like oligosaccharides having high or
low sulfate group content, respectively; chondroitinase AC (CAC)
has also been seen to cleave chondroitin-6-sulfate, chondroitin-4-

sulfate and chondroitin-4,6-sulfate and chondroitinase ABC (CABC)
to cleave chondroitin-containing molecules plus dermatan sulfate.

When HeLa cells were treated with CAC and CABC enzymes,
HABP 34874 binding became reduced by 45% and 66%, respectively,
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Table 2
The effect of treating HepG2 and HeLa cells with enzymes on SIAP-1 and -2 HABP
specific binding.

HABPs Control H1 H2 CAC CABC

% specific binding (HeLa cells)
34874 100 76 244 55 34
34882 100 182 133 171 136
34898 100 84 96 134 18
34916 100 97 102 116 54
36879 100 66 61 198 31
% specific binding (HepG2 cells)
34874 100 40 66 100 41
34882 100 97 142 100 0
34898 100 143 100 216 0
34916 100 70 70 136 96
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36879 100 55 84 100 28

tandard deviations were below 5%.

hile this peptide’s specific biding became reduced to 60% for HI
nd CABC-treated HepG2 cells and to 34% in the presence of HII. This
ata suggested that this HABP bound preferably to chondroitin sul-
ate on HeLa cells and to a combination of heparin-like sulfate on
epG2 cells (Table 2), similar to that observed for CSP on primary

tellate cells [30]. HABPs 34898 and 34916 bound to chondroitin
ulfate on HeLa cells due to CABC enzyme treatment reducing their
pecific binding to 82% and 46%, respectively. Similar results were
btained with peptide 34898 and HepG2 cells, suggesting that this
eptide interacted with similar receptor sites on both types of cell
Table 2). On the contrary, HABP 34916 binding became slightly
educed when HepG2 cells were treated with HI and HII. All the
bove data has shown that, similarly to that reported for CSP and
RAP, SIAP-1 contains regions responsible for recognizing different
roteoglycans available on cell surface (HepG2 and HeLa) thereby
llowing the parasite to transverse Kupffer cells and invade hepa-
ocytes.

Specific binding percentages some enzyme-treated cells were
igher than those obtained for untreated cells (both in HeLa and
epG2 lines) with enzymes such as CAC (Table 2). This sug-
ested that host membrane modification by enzymes could lead
o proteins becoming exposed (also called cryptic sequences or
eterminants) thereby increasing interaction with host cells (i.e.
s in merozoite invasion of RBC). For example, AMA-1 expressed
n P. falciparum sporozoites and merozoites micronemes binds to a
utative membrane receptor known as “Kx”, which is exposed on
BC surface after modification by trypsin-like enzymes [21]. Other
erozoite-exposed proteins like PfRhopH3 have shown that bind-

ng to RBC surface is favored after enzyme treatment with trypsin,
hymotrypsin or neuraminidase, suggesting interactions with pro-
eins such as band 4.9, 4.1, ankyrin, and other internal membrane
roteins [29].

HABP 36879 specific binding to HeLa cells became reduced
y 69% in the presence of the CABC enzyme and by around 40%
hen HeLa cells were treated with HI and HII. Similar results
ere obtained when HepG2 cells were treated with HI and CABC

Table 2) suggesting that HABP 36879 predominantly recognized
hondroitin sulfate, similar to that found with CSP on Kupffer cells.

SIAP-1 and -2 protein-derived HABP interaction with hep-
rin and chondroitin sulfated glycoproteins on HeLa and HepG2
ell membranes could partly explain the experimental difficul-
ies encountered in crosslinking when using bis(sulfosuccinimidyl)
uberate (BS3) with radiolabeled HABPs and membranes from each
ssessed cell (data not shown).
.3. SIAP-1 and SIAP-2 HABPs’ structural features

Previous studies have shown the structure–immunogenic
otential relationship for several merozoite and sporozoite HABPs,
es 32 (2011) 1902–1908

highlighting the relevance of a deep knowledge of HABP structure
for designing an improved synthetic P. falciparum vaccine [2,4,27].
Accordingly, SIAP-1 and SIAP-2 HABP secondary structure has been
analyzed by CD and data deconvolution. The presence of �-helical
components on SIAP HABPs was revealed by the presence of charac-
teristic minima at 206 and 222 nm with some displacements (Fig. 2,
top), possibly related to the presence of �-turn and/or random coil
elements, this being more notable for HABPs 34882, 34891 (Fig. 2,
top) and 34914 spectra (data not shown). SELCON, CONTINLL and
CDSTR analyses confirmed these observations, revealing 75–90% �-
helical features for most SIAP-1 HABP structures, whereas HABPs
34891, 34882 and 34914 mostly had an unordered structure.

Similarly, SIAP-2 protein-derived HABPs 36876 and 36878 sec-
ondary structure spectra had minima at 205 and 222 nm, these
being characteristic of �-helical elements (Fig. 2, bottom) thereby
coinciding with analysis using deconvolution software where
around 70% helical of structures were found, while HABP 36874
just contained 10% of structural elements (data not shown).

The structural analysis of CSP- and TRAP-derived peptides, as
well as the sporozoite and liver stage antigen (SALSA) and the liver
stage antigen-1 (LSA-1) [2,5,27], also revealed the presence of these
structural elements which were directly related to the formation of
a stable HLA–peptide–T-cell receptor conjugate once these HABPs’
sequences had been specifically modified to induce a protective
immune response in Aotus monkeys.

3.4. Native SIAP is recognized in sporozoites

Anti-SIAP antibodies were produced in mice immunized with
synthetic peptides predicted to be B-cell epitopes to assess SIAP-
1 and -2 immunogenic ability. Immunofluorescence analysis of P.
falciparum sporozoites revealed a strongly dotted pattern which
extended to the sporozoite surface, suggesting that SIAPs were
located in the micronemes and became translocated to the sur-
face (Fig. 2). This was similar to previous reports [34], suggesting
these proteins’ important role during host cell invasion, according
to their location on cell surface.

3.5. Evaluating polymorphism in SIAP-1 and -2 HABPs

Designing an antimalarial vaccine has been hampered by the
high polymorphism found in Plasmodium proteins, particularly in
those found to be exposed to the immune system such as those
expressed on parasite surface or translocated to the surface from
the apical organelles. High polymorphism has been found in genes
encoding CSP, TRAP, merozoite surface protein (MSP) -1 and -2, etc.
[10].

It has been found that some HABPs are conserved and that, dif-
ferently to polymorphic regions, they cannot induce an immune
response which has been called “immunological silence”. Thorough
studies aimed at overcoming such hurdle have managed to deci-
pher the rules intended to break such code of silence and efficiently
activate a protection-inducing response against experimental chal-
lenge in the Aotus spp. animal model [28].

The polymorphism of SIAP-1 and SIAP-2 regions containing
HABPs in FCB-2 (Colombian), PAS-2 (unknown origin) and FVO
(Vietnamese) strains were analyzed based on the above findings.
929, 972, 949 and 700 bp bands were detected with the respective
primer combinations described in Section 2 coinciding with each
region’s expected molecular weights. Control primers amplified a
single 438 bp band (Supplementary material). SIAP-1 nucleotide
and amino acid sequences from the three P. falciparum strains men-

tioned above were aligned with those from 3D7 (airport isolate
found in the Netherlands), IGH-CR14 and RAJ116 (isolated in India),
Dd2 (derived from the W2-mef strain isolated in Indochina) and
HB3 (isolated in Honduras) strains, while SIAP-2 sequences were
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Fig. 2. SIAP-1 (top) and SIAP-2-derived HABPs’ (bottom) secondary structure and SIAP-1 and -2 location on P. falciparum sporozoites. (a) Each HABP was obtained by averaging
three scans taken in aqueous TFE (30%, v/v) solution. The results were expressed as mean residue ellipticity [�] in degrees cm2 dmol−1 according to the [�] = ��/(100lcn)
function where �� represents measured ellipticity, l is optical path-length, c peptide concentration and n the number of amino acid residues in the sequence. SIAP-1 and
SIAP-2 HABP spectra had an �-helical structure tendency; some displacements were related to the presence of a random coil for SIAP-1 HABPs 34882 and 34891. (b) Antibodies
against SIAP-1 (i and ii) and SIAP-2 (iii and iv) proteins strongly recognized proteins, showing a dotted peripheral pattern which is characteristic of surface proteins.

Table 3
Evaluating the polymorphism of each SIAP-1 and -2 HABPs in P. falciparum strains.

HABPs Nucleotide position Substitution Amino acid position Substitution Strain

SIAP-1

34882 655 T – A 219 L – I FCB2–FVO–PAS2
34883 667 A – T 223 N – Y FCB2–FVO–PAS2

671 G – A 224 S – N IGH-CR14–RAJ116–Dd2–HB3–FCB2–FVO–PAS2
34885 819 G – A 273 M – I RAJ116–Dd2–HB3–FCB2–FVO–PAS2
34891 1171 T – C 391 S – P IGH-CR14–RAJ116–Dd2–HB3–FCB2–FVO–PAS2

1180 A – G 394 N – D HB3
34901 1756 G – A 586 V – I IGH-CR14

1757 T – C 586 V – A HB3

c
w
T
t
S
i
m
i
(

3
a
s
N
s
i
f

f

SIAP-2
36872 122 C – A 41
36874 283 C – T 95

ompared to 3D7, IGH-CR14 and RAJ116 strains. Clustal W software
as used for making all alignments (Supplementary material) [6].

able 3 shows strain-specific polymorphisms in HABP regions and
heir position was numbered according to the 3D7 reference strain.
IAP-1-derived HABPs 34882, 34883, 34891 and 34901 (from the 20
dentified) and SIAP-2-derived HABPs 36872 and 36874 had poly-

orphisms in their amino acid sequences thereby hampering their
nclusion in future immunological studies in the Aotus spp. model
manuscript in preparation).

SIAP-1 HABPs 34874, 34877, 34879, 34888, 34893, 34898,
4899, 34904, 34907, 34909, 34911, 34912, 34914 and 34916
nd SIAP-2 HABPs 36876, 36878 and 36879 had 100% amino acid
equence identity in the different P. falciparum strains studied.
o non-synonymous substitutions were observed in nucleotide

equences (data not shown). These results showed that most HABPs

dentified in both SIAPs were highly conserved in strains from dif-
erent geographical parts of the world.

These peptides together with some others derived from dif-
erent P. falciparum sporozoite proteins such as CSP [12], TRAP
T – K PAS2
H – Y FCB2–FVO–PAS2

[12], LSA-3 [11], SPECT-1 and SPECT-2 [25] could be included,
when properly modified [26] as potential components of a minimal
subunit based chemically synthesized fully effective anti-malarial
vaccine.

4. Conclusions

This work has presented the fine mapping of sporozoite
invasion-associated SIAP-1 and SIAP-2 which led to identifying spe-
cific binding regions in each protein interacting with HepG2 and
HeLa cells. Most SIAP-1 and -2-derived HABPs displayed �-helical
structural elements, their amino acid sequences are conserved in
different P. falciparum strains and have a high affinity to chon-
droitin sulfate and heparin sulfate-type receptors on HepG2 and

HeLa cell surface (similar to what has been reported for CSP and/or
TRAP). All the above data, along with SIAP-1 and -2 immuno-
genicity and location on sporozoite membrane, strongly supports
including conserved HABPs as potential components of a new
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