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Detergent resistant membranes (DRMs) of Plasmodium falciparummerozoites contain a large number
of glycosylphosphatidylinositol (GPI)-anchored proteins that have been implicated in interactions
between merozoites and red blood cells (RBCs). In this study, two cysteine-rich proteins anchored by
GPI to merozoite DRMs (Pf92 and Pf113) were studied with the aim of identifying regions actively
involved in RBC invasion. By means of binding assays, high-activity binding peptides (HABPs) with a
large number of binding sites per RBCwere identified in Pf92 and Pf113. The nature of the RBC surface
receptors for these HABPs was explored using enzyme-treated RBCs and cross-linking assays. Invasion
inhibition and immunofluorescence localization studies suggest that Pf92 and Pf113 are involved in
RBC invasion and that their adhesion to RBCs is mediated by such HABPs. Additionally, polymorph-
ism and circular dichroism studies support their inclusion in further studies to design components of an
antimalarial vaccine.

Introduction

Detergent resistant membranes (DRMsa) or lipid rafts are
specialized membrane microdomains formed by tightly asso-
ciated proteins, cholesterol, and sphingolipids, which are
found in the cell-membrane bilayers of almost all organisms,
includingmammals, protozoan, bacteria, and viruses.1-3 The
high content of saturated hydrocarbon chains in DRM
sphingolipids and phospholipids favors the formation of
highly ordered membrane platforms, whereas the unsaturated
hydrocarbons of phospholipids from the surrounding mem-
brane bilayer form a liquid-disordered phase.4,5

DRM proteins have been implicated in a significant num-
ber of critical cellular processes, such as signal transduction,

cytoadherence, lipid trafficking, cell polarization, and cellular
movement.4,6,7 In Plasmodium falciparum, the protozoan
parasite responsible for the most severe form of human
malaria, DRMs have been suggested to provide a site for
protein-protein interactions between the red blood cell
(RBC) and the merozoite (parasite stage that invades RBCs),
which are a crucial step for the development of the asexual
intraerythrocytic cycle and hence for the pathogenesis and
symptoms of malaria.8-10

Malaria is one of the most challenging problems for public
health systems worldwide because of the heavy burden of
disease and death it imposes to people living in endemic
areas.11All attempts to control the spreadof this lethal disease
have been largely hindered by the emergence of drug-resistant
parasite strains and insecticide-resistant mosquito vectors,12

therefore leaving vaccine development as one of the long-term
fully effective alternatives to tackle this problem. With such
purpose in mind, a large body of research has focused on the
identification of potential vaccine targets in P. falciparum
proteins implicated in the invasion process.8,10,13,14

For instance, merozoite surface proteins participate in
receptor-ligand interactions occurring during the parasite’s
initial attachment to RBCs, rolling over RBC surface, reori-
entation, and entry into RBCs. Among these proteins are
included glycosylphosphatidylinositol (GPI)-anchored mero-
zoite surface proteins (MSPs) (MSP1, -2, -4, -5, -10), soluble
MSPs (MSP3, -6, -7, -9/acid basic repeat antigen (ABRA), and
-11), andothers suchasPf12, Pf38, Pf41, serine repeat antigen-5
(SERA-5), and the apical merozoite antigen-1 (AMA-1).9,15,16

Soluble proteins have been described to associate with GPI-
anchored DRM proteins to form coligand complexes that
interact with receptors of the RBC surface (a scheme of such
lipid platform complexes is shown in Figure 1).14,17,18
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Among these GPI-anchored molecules, adhesion proteins
containing Pfs48/45 domains formed by six conserved cys-
teines (therefore denoted as Cys6 proteins) have been largely
studied as potential candidate targets for blocking the deve-
lopment of parasite asexual stages inside the Anopheles mos-
quito.19 These proteins are located on the gametocyte surface
where they appear to be implicated in gamete fertilization and
cellular adhesion.20 Interestingly, two Cys6 GPI-anchored
proteins, named Pf12 and Pf38, are also expressed by the
merozoite during the intraerythrocytic developmental stage,
whereas another Cys6 protein not anchored by GPI and
named Pf41 is expressed only during the merozoite stage but
not during gametocyte stages.8 Additionally, Pf12, Pf38, and
Pf41have been proposed to be involved inmerozoite adhesion
to RBCs during the invasion process,8,14,21 therefore increas-
ing the interest in studying other Cys6 proteins as well as
proteins with similar features.

Pf92 and Pf113 are two components of DRMs that, same as
Pf12, Pf38, andPf41, contain cysteine-rich domains despite not
sharing high homology with these three proteins.8,14 Both
proteins are anchored to the parasite membrane by GPI and
contain a signal peptide, as expected of surface proteins.8,22

Pf92 is expressed duringmerozoite stages and contains a Pfs48/
45 domain at its C-terminus (Figure 2A), which is very similar
to thedomainsofCys6 proteins except that it only contains four
cysteine residues. On the other hand, transcriptome studies

describe Pf113 as a putative protein expressed during ring,
sporozoite, and merozoite stages,23 but immunofluorescence
studies with Pf113-green fluorescent protein (GFP) fusion
constructs have not yet been carried out to determine whether
this protein is indeed localized inmerozoite surface.8 However,
the malarial adhesins and adhesin-like proteins predictor
(MAAP) classifies Pf113 as an adhesin24 together with other
well-characterized GPI-anchored RBC binding proteins like
MSP1, MSP2, and MSP10. These features suggest a potential
role of Pf92 and Pf113 in RBC invasion, possibly by mediat-
ing adhesion of merozoites to RBCs via receptor-ligand
interactions.

Interestingly, a previous robust receptor-ligand study
performed with the Cys6 proteins Pf12, Pf38, and Pf41 led
to the identificationof amino acid sequenceswith the ability to
establish high affinity and specific molecular interactions
with RBC receptors, therefore being designated as high
activity binding peptides (HABPs).21 Such a study proposed
a correlation between the adhesive function of these Cys6
proteins and the loops formed by disulfide bonds linking
conserved cysteines, given that one HABP of Pf12, Pf38,
and Pf41 was identified inside a similar loop in each of these
proteins. In Pf92, the Pfs48/45 domain contains loops com-
parable to the ones described in Pf12, Pf38, and Pf41, whereas
Pf113 does not contain a Pfs48/45 domain and hence has not
been proposed to form similar loops.No cell adhesion regions
have been described in these two proteins to date.

In this study, the entire sequences of Pf92 and Pf113 were
synthesized as 20-mer-long, nonoverlapping peptides and
assessed using a highly sensitive and specific receptor-ligand
assay previously described by us,16,25,26 which enables the
identification of amino acid sequences with high specific
binding activity to target cells, thereby denoted as Pf92 and
Pf113 HABPs. These HABPs showed well-defined secondary
structure elements and high conservation among different
P. falciparum strains according to our polymorphism studies.
The binding constants of all Pf92 and Pf113 HABPs were
determined by performing saturation assays. Binding profiles
of HABPs to enzyme-treated RBCs as well as cross-linking
patterns to RBC surface proteins were obtained in order to
elucidate the nature of the possible RBC receptor(s). More-
over, invasion inhibition assays were carried out with HABPs
and sera raised against Pf92/Pf113 peptides to examine their
possible involvement in RBC invasion. The same anti-Pf92/
Pf113 sera were used to test the localization of both proteins
by indirect immunofluorescence assays (IFA).

Our findings suggest thatbindingof these adhesionproteins
to RBC receptors is mediated by HABPs, which supports
including the HABPs identified in this study as possible
targets for developing a fully effective subunit-based, multi-
epitopic, multistage, chemically synthesized antimalarial vac-
cine. It would be necessary for that purpose to determine
whether these HABPs can induce a protective response and
use their sequences as template to design HABP analogues
capable of forming a more stable major histocompatibility
complex class II (MHC II)-peptide-T-cell receptor (TCR)
complex. Such improved immunogenic peptides could even-
tually be used as vaccine components as has been reported
previously by us.27

Results

Identification of HighActivity Binding Peptides in Pf92 and

Pf113. Receptor-ligand assays performed with Pf92- and

Figure 1. Schematic representation of detergent resistant lipid raft-
like membrane-associated proteins showing some of the protein
complexes reported to date (coligand complexes). Molecules are
drawn at their approximate molecular weight. The top panel (A)
shows the lateral view of the hypothetical organization of these
proteins, while the bottom panel (B) corresponds to a top view. GPI
anchors are depicted as green twists traversing the pale-blue mem-
brane. As indicated in the figure, no proteins are known to be
associated with Pf92 and Pf113. This figure is reprinted from Vaccine
(http://www.sciencedirect.com/science/journal/0264410X), Vol. 26,
Pinzon, C. G.; Curtidor, H.; Bermudez, A.; Forero, M.; Vanegas,
M.;Rodriguez, J.; Patarroyo,M.E., Studies ofPlasmodium falciparum
Rhoptry-Associated Membrane Antigen (RAMA) Protein Peptides
Specifically Binding toHumanRBC, pages 853-862, Copyright 2009,
with permission from Elsevier.57
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Figure 2. Binding profile of (A) Pf92 peptides and (B) Pf113 peptides as determined by binding assays with human RBCs. Specific binding
activities are represented by the length of the horizontal black bars shown in front of each peptide sequence. The vertical bars shown to the left
are schematic representations of Pf92 and Pf113, where the localizations of the signal sequence (SS), GPI anchor (GPI), the Pfs48/45 domain
present in members of the Cys6 protein family, and HABPs (black boxes) are indicated. Cysteines are enclosed by black circles, and the
polymorphic amino acid positions found in this study are shown enclosed inside black boxes.
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Pf113-radiolabeled peptides identified Pf92 peptides 33667,
33672, 33675, 33677, and 33680, as well as Pf113 peptides
33723, 33728, 33740, 33745, 33748, and 33749 as HABPs,
given that these 20-mer-long nonoverlapping peptides
bound specifically to RBC receptors with binding activities
greater than 2.0% (>2.5% for all Pf92 and Pf113 HABPs as
indicated by the length of the black horizontal bar shown in
front of each peptide’s amino acid sequence in Figure 2, in all
cases larger than the dotted vertical line).

Pf92 HABPs were localized in the protein’s central
region, which contains a large number of Cys residues
(shown encircled in Figure 2), but no HABPs were located
inside the loops of the Pfs48/45 domain (Figure 2A) where
one HABP was previously identified for Pf12, Pf38, and
Pf41.21 Similarly, as shown in Figure 2B, two Pf113 HABPs
(33723 and 33728) were located at the Cys-rich N-terminal
region. The other four Pf113 HABPs (33740, 33745, 33748,
and 33749) were located in the protein’s central region
near two Cys residues that are likely to form a disulfide
bridge.

Scrambled-sequence peptides synthesized on the basis of
the amino acid compositions of Pf92 HABPs (33667 and
33675) and Pf113HABPs (33723 and 33740) showed specific
binding activities much lower than the ones of their corre-
sponding original HABPs (Figure S1). All scrambled pep-
tides had binding activities below 2.0%, thus indicating that
specific binding of HABPs to RBCs depends on the specific
amino acid sequence rather than the amino acid composition
and shows the specificity of the methodology used in the
identification of HABPs.

Proteins in Merozoite Lysate are Recognized by Rabbit

Sera. The Western blot analysis of late-schizont lysate with
sera raised by inoculating rabbits with a peptide mixture
containing Pf92 peptides 33660, 33684, 33691 and the
T-helper cell determinant FIS peptide28 (m-2 mixture) reco-
gnized three bands with apparent molecular weights of 45.5,
57, and 87 kDa (Figure 3A, lanes 3 and 4) that were not
detected by rabbits’ preimmune sera (Figure 3A, lanes 1 and
2). This suggests the specific recognition of Pf92, which
probably corresponds to the 87 kDa band considering that
it has been repeatedly reported that the apparent molecular
weights of some P. falciparum proteins differ from their
predicted weights.29 The other two bands probably corre-
spond to cleavage fragments of Pf92 containing sequences

that are also recognized by these rabbits’ sera. On the
contrary, no proteins were recognized by sera raised against
the m-1 mixture consisting of Pf92 HABPs 33667, 33672 and
FIS peptide (data not shown).

Sera obtained by immunizing rabbits with them-3mixture
(Pf113 HABPs 33723, 33728 and FIS) showed a slight
recognition of a 119 kDa band close to the molecular weight
of Pf113 and two apparent cleavage fragments of about 25
and 29 kDa (data not shown). No bands were detected by
sera raised against the m-4 mixture (Pf113 peptides 33733,
33754, 33765 and FIS) in the Western blot analysis of P.
falciparum late schizonts. Sera from rabbits receiving only
the FIS peptide showed no recognition of any parasite
protein in schizont lysate (data not shown).

Localization of Pf92 and Pf113 in Intraerythrocytic Para-

site Stages. The results of immunofluorescence assays with
P. falciparum late schizonts localized Pf92 in merozoite
surface (Figure 3, panels B-I), which is consistent with the
fluorescence pattern reported for the Pf92-GFP fusion pro-
tein8 but also showed the presence of this protein in ring
stages (Figure 3, panels C-E). Conversely, Pf113 was only
detected on the merozoite surface, and not in other sub-
cellular compartments or in any other intraerythrocytic life-
cycle stage (Figure 3, panels J-M). Sera from rabbits
inoculated only with FIS showed no recognition of any
protein in P. falciparum schizonts or ring stages (data not
shown).

Determination of Antibody Titers in Rabbits’ Sera by

Enzyme-Linked Immunosorbent Assay (ELISA).The rabbit’s
sera that recognized proteins in schizont lysate by Western
blot and native proteins by IFA (i.e., anti-m-2 and anti-m-3
sera raised against Pf92 and Pf113, respectively) had high
antibody titers against each of the peptides included in such
peptide mixtures except against peptide 33660 included in
m-2, as shown in Table 3.

Saturation of RBC Receptors Sites with Pf92 and Pf113

HABPs. Saturation plots were obtained for each Pf92 and
Pf113 HABP to determine dissociation constants (Kd), Hill
coefficients (nH), and the number of receptors sites per RBC.
As shown in Figure 4 and Table 1, there was a tendency for
HABPs to saturate their binding sites on RBCs. Also, all
HABPs had different binding affinities and a different
number of binding sites per RBC, even among HABPs
belonging to the same protein.

Figure 3. Assessment of anti-Pf92 and anti-Pf113 rabbit sera with parasite lysate and late schizonts. (A)Western blot analysis of late schizont
lysate incubated with anti-Pf92 rabbit sera. Lanes 1 and 2 correspond to preimmune sera from two rabbits inoculated with a mixture of Pf92
peptides 33660, 33684, and 33691. Lanes 3 and 4 correspond to immune sera from the same rabbits.M.W.M indicatesmolecularweightmarker.
Fixed and blocked late schizonts and ring stages were incubated with rabbit anti-Pf92 immune sera (B-I) or with Pf113 immune rabbit sera
(J-M). Immunofluorescence with preimmune serum from each rabbit showed no detection of any protein in the schizont and ring stages (data
not shown).
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In general, themajority of Pf92 and Pf113HABPs showed
high binding affinities with nanomolar dissociation con-
stants. All Pf92 HABPs established binding interactions of
cooperative nature with RBC membrane receptors, as in-
dicated by their Hill coefficients larger than 1.3, with HABP
33680 showing the largest coefficient (nH = 2.2). Pf113
HABPs also established binding interactions of positive
cooperativity with Hill coefficients slightly smaller than the
ones shown by Pf92 HABPs (nH>1.1), with HABP 33728

showing the highest coefficient (nH=1.9). This suggests that
binding of native Pf92 and Pf113 proteins toRBCmembrane
receptors bymeans of HABPs favors binding of other copies
of the same protein.

Enzymatic Treatment. Binding assays were carried out to
evaluate the specific binding of Pf92 and Pf113 HABPs to
RBCs treated enzymatically with chymotrypsin, trypsin, or
neuraminidase (Table 2). Specific binding of Pf92 HABPs
33672 and 33677 as well as of Pf113HABPs 33748 and 33749

Figure 4. Saturation assays with Pf92 and Pf113 HABPs. The curves represent specific binding. In the Hill plot (inset), the x-axis corresponds
to logF = free peptide and the y-axis to log(B/Bmax - B), where B is the amount of bound peptide and Bmax the maximum amount of
bound peptide.

Table 1. Binding Constants of Pf92 and Pf113 HABPs obtained from
Saturation Curves

HABP Kd (nM)a nH
b Sites/cellc

Pf92

33667 900 1.4 184700

33672 850 1.5 305200

33675 250 1.5 48200

33677 520 1.3 481800

33680 800 2.2 200700

Pf113

33723 900 1.3 642400

33728 800 1.9 80300

33740 1200 1.3 240900

33745 1700 1.1 1164400

33748 730 1.2 361400

33749 510 1.4 1003800
aDissociation constants. bHill coefficients. cBinding sites per RBC.

Table 2. Percentages of Specific Binding to Enzyme-Treated RBCsa

HABP

control

(%)

neuraminidase

(%)

chymotrypsin

(%)

trypsin

(%)

Pf92

33667 100 67 79 11

33672 100 5 116 31

33675 100 23 37 55

33677 100 30 124 16

33680 100 120 90 29

Pf113

33723 100 17 31 83

33728 100 13 59 105

33740 100 12 33 87

33745 100 68 7 43

33748 100 55 94 18

33749 100 25 87 50
a Standard deviations were below 5%.
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was significantly reduced by treating RBCs with neuramini-
dase and trypsin (g45%). On the other hand, neuraminidase
and chymotrypsin reduced binding of Pf113 HABPs 33723,
33728, and 33740 and Pf92 HABP 33675 by more than 50%.
The binding of this latter HABP was also reduced signifi-
cantly by treatment with trypsin (>45%).

Binding of Pf92 HABP 33680 was predominantly reduced
by treating RBCs with trypsin (29% specific binding),
whereas a slight reduction was observed upon treating RBCs
with chymotrypsin (90% specific binding). Binding of Pf92

HABP 33667 was drastically reduced by trypsin and in a
lesser proportion by neuraminidase and chymotrypsin. All
enzymatic treatments reduced binding of Pf113 HABP
33745, but such reduction was more drastic when RBCs
were treated with chymotrypsin and trypsin (specific binding
was below 50% in both cases), whereas treatment with
neuraminidase reduced specific binding of this HABP to
68% (Table 2).

Approximation to the Molecular Weights of the RBC

Receptors for Pf92 and Pf113 HABPs. Cross-linking assays
for some HABPs of Pf92 and Pf113 were carried out under
total binding (radiolabeled peptide) and unspecific binding
(radiolabeled peptide with an excess of nonradiolabeled
peptide) conditions. As observed in the autoradiogram
shown in Figure 5, the Pf92HABP 33680 cross-linked to five
RBCmembrane proteinswith apparentmolecularweights of
68, 78, 85, 47, and 170 kDa under total binding conditions
(Figure 5, lane 1), the two latter bands also being detected
when the assay was carried out under unspecific binding
conditions (Figure 5, lane 2). Therefore, the three bands
recognized under total binding conditions but not under
unspecific ones are likely to correspond to RBC receptors to
whichHABP33680 binds specifically (Figure 5). Interestingly,
bands of about 85 and 78 kDa were also recognized specifi-
cally but weakly by Pf113 HABPs 33723, 33728, 33740,
33745, 33748, and 33749 (data not shown).

Structural Features of Pf92 and Pf113 HABPs. The sec-
ondary structure elements of Pf92 and Pf113 HABPs were
studied by circular dichroism (CD) spectroscopy. CD spec-
tra showed R-helical features in Pf92 HABPs 33672 and
33677 as well as in all Pf113 HABPs, as indicated by the first
molar ellipticity minimum between 204 and 208 nm and a
second smallerminimumbetween 221 and 223 nm (Figure 6),
which differed slightly from the characteristic minima of
R-helical structures detected at 209 and 222 nm possibly

Figure 5. Autoradiogram of the RBC surface receptors cross-
linked by Pf92 HABP 33680: (lane 1) total binding; (lane 2)
unspecific binding. Bands of ∼85 and ∼78 kDa were also cross-
linked by all Pf113 HABPs. M.W.M indicates molecular weight
marker.

Figure 6. Circular dichroism spectra of Pf92 and Pf113 HABPs registered in 30% TFE.
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because of the presence of other structural features in these
HABPs. Data analysis with CDpro software showed a
predominant R-helical content in Pf92 HABPs 33672 and
33677 aswell as in Pf113HABPs 33723, 33728, 33740, 33745,
33748, and 33749 (R-helical percentages ranged between
70% and 99% in all cases).

On the other hand, one ellipticity minimum at 201 nm and
one ellipticity maximum between 210 and 212 nm were
observed in the spectra of Pf92 HABPs 33667, 33675, and
33680, which is close to the characteristic minimum at 195
nm and maximum at 212 nm shown by random coil struc-
tures. Deconvolution indicated predominant random struc-
tures for these HABPs (40%) with a lesser content of other
secondary structures.

DNA Amplification and Strain-Specific Polymorphism

Analysis. The genetic fragments encoding Pf92 and Pf113
HABPs in the P. falciparum FCB-2, FVO, and PAS-2 strains
were obtained from purified PCR products. Single bands of
about 880 bp, 705 bp, 488 bp, and 772 bp were amplified using
the four primer sets specified in the Experimental Section
(Figure S2). These molecular weights agreed with the ones
predicted on the basis of sequence. A single band of about
438 bp was amplified using the control primers (Figure S2).

The amino acid sequences of such gene fragments were
aligned to the sequences of the 3D7, HB3, andDd2 reference
strains using Clustal W software.30,31 This analysis showed a
100% of identity among Pf92 HABPs 33667, 33672, 33675,
and 33680 and among Pf113 HABPs 33723, 33728, 33740,
33745, 33748, and 33749 in the six P. falciparum strains
(Figure S3). Non-synonymous nucleotide substitutions were
observed among the aligned nucleotide sequences, as follows
(Figure S3): A substitution from T to A was observed in
nucleotide position 1278 of HABP 33677 (according to the
3D7 strain numbering) corresponding to the Pf92 amino acid
position 426, where triplet AAT encodes for asparagine (N)
in 3D7, FCB-2, FVO, PAS-2, and Dd2, while triplet AAA
encodes for lysine (K) in HB3 (Figure S3A). This amino acid
substitution was the only difference found among Pf92
HABPs’ sequences.

Three additional strain-specific polymorphisms were found
outside the region encoding Pf92 HABPs: a substitution from
A to C in nucleotide position 1091 corresponding to residue
364, where triplet AAA encodes for lysine (K) in 3D7 while
triplet ACA encodes for threonine (T) in the remaining strains
(Figure S3A); a substitution fromGtoC innucleotide position
1138 corresponding to residue 380,where tripletGCGencodes
for alanine (A) inHB3 and 3D7while triplet CCG encodes for
proline (P) in the FCB-2, Dd2, FVO, and PAS-2 strains
(FigureS3A); a substitution fromGtoA innucleotideposition
1633 of the 3D7 strain (amino acid 545), where triplet GAA
encodes for glutamic acid (E) in the 3D7,FCB-2, FVO,PAS-2,
andDd2 strainswhile the tripletAAAencodes for lysine (K) in
the HB3 strain (Figure S3B).

In Pf113, a single substitution was observed outside the
region encoding HABPs, which consisted of a substitution
from G to A in nucleotide position 1483 of the 3D7 strain
corresponding to residue 495 where the GAT triplet encod-
ing for aspartic acid (D) in 3D7, HB3, FCB-2, FVO, and
PAS-2 is replaced in the Dd2 strain by the AAT triplet
encoding for asparagine (N) (Figure S3D).

Invasion Inhibition Assays. All Pf92 and Pf113 HABPs
had a moderate ability to inhibit P. falciparum invasion
of uninfected RBCs, and such inhibition ability increased
as the peptide concentration increased (Table 3), thereby

suggesting that binding of Pf92 and Pf113 HABPs to RBCs
could inhibit binding of native Pf92 and Pf113, as well as of
other parasite proteins using the same RBC receptors.
Interestingly, a stronger invasion inhibition ability was ob-
served with rabbit polyclonal anti-m-2 and anti-m-3 sera
(raised against Pf92 and Pf113 peptides, respectively), which
also showed a concentration-dependent behavior (Table 3).

Discussion and Conclusions

A deeper understanding of molecular interactions between
parasite proteins and RBC receptors can provide important
clues for finding candidates to design an effective antimalarial
vaccine.27 The first indication that Pf92 and Pf113 could be
interacting with RBC surface receptors during RBC invasion
by P. falciparum merozoites is the localization of these
proteins on the merozoite surface. In the present study, the
localization of these proteins was assessed in P. falciparum
intraerythrocytic stages by IFA, detecting Pf92 on the mer-
ozoite surface as well as in ring stages (Figure 3, panels B-I).
This is interesting given that the transcriptome analysis
suggests that Pf92 is only expressed in schizont stages,23 and
the GFP-Pf92 fusion protein fluorescence pattern indicates its
localization in the merozoite surface but not in ring stages.8

Similarly, Pf113 was detected in this study in merozoite surface
for the first time but not in ring stages (Figure 3, panels J-M),
which differs from transcriptome studies showing the expres-
sion of this protein during schizonts and ring stages too.23

Interestingly, the same rabbit polyclonal anti-Pf92 antisera
used in IFA studies strongly inhibited P. falciparum invasion
of RBCs (Table 3) and recognized the complete Pf92 protein
plus two apparent cleavage fragments in Western blot assays
with parasite lysates, which suggests that Pf92 or regions from

Table 3. Invasion Inhibition Assays (%)a

HABPsb Antiserac

100 μM 200 μM 1:8 1:4 1:2

Pf92

33675 13 45

33677 8 37

33680 -3 76

m-1 ND ND ND

33667 9 34

33672 9 49

m-2 50 83 93

33660 (<1:100)d

33684 (1:6400)d

33691 (1:6400)d

Pf113

33740 8 40

33745 15 47

33748 7 42

33749 11 37

m-3 53 87 96

33723 (>1:12800)d 10 40

33728 (>1:12800)d 4 36

m-4 ND ND ND

Controls

Chloroquine (1.85 mg/mL) 81

EGTA (1.9 mg/mL) 68
a Standard deviation were below 5%. bHABPs were used at two

different concentrations. cSera were used at three dilutions. dAntibody
titers are shown in brackets for each peptide in the inoculated mixture.
ND: no data available.
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this protein are internalized into the newly invaded RBC and
that these regions remain bound to the ring stage. A similar
behavior has been reported for the 19 kDa fragment of the
leading vaccine candidate and major GPI-anchored protein
MSP1, which is the only MSP1 portion dragged into newly
invaded RBCs and against which monoclonal and polyclonal
antibodies capable of partially or completely inhibiting
P. falciparum invasion of RBCs have been raised.18,32 Similar
to Pf92, the same rabbit polyclonal anti-Pf113 sera assessed in
IFA studies recognized the complete protein together with
two cleavage fragments in parasite protein lysate and strongly
inhibited P. falciparum invasion of RBCs, therefore outlining
the importance of Pf92 and Pf113 asmerozoite ligands during
RBC invasion.

Previous studies have suggested that Pf92 and Pf113 could
be participating in the formation of a macromolecular com-
plex in the merozoite surface, since both proteins are attached
to the parasite membrane via GPI anchors.8,14,22 Particularly
in the case of Pf113, its association with other unknown
proteins has been suggested by blue native PAGE assays in
which Pf113 peptides have been detected at higher molecular
weight gel slices (>400 kDa) than the 113 kDa molecular
weight predicted for this protein.14 Thus, Pf92 and Pf113
might be behaving as MSP1, which also undergoes several
proteolytic cleavages and whose fragments associate with
soluble fragments of MSP6, MSP7, and MSP9 to form a
coligand complex that interacts with the band 3 protein of the
RBC membrane.17,18

We identified HABPs in both proteins, most of which bind
with high affinity and positive cooperativity to noninfected
humanRBCs (Table 1), whereas others such as Pf113HABPs
33740 and 33745 had higherKd values and therefore are likely
to establish specific but low affinity interactions with RBCs.
These data suggest that Pf92 and Pf113 establish an array of
specific binding interactions with RBC membrane receptors
mediated through the HABPs herein identified, which are
probably implicated in the parasite’s rolling over RBC mem-
brane and establishing multiple points of contact with the
target cell, considering that it has been extensively reviewed
that the merozoite uses high-affinity and low-affinity mole-
cular interactions during the invasion process.16

In particular, Pf113 HABPs 33745 and 33749 showed a
large number of binding sites per RBC but none of the RBC
membrane proteins is known to be expressed in such a large
amount. Furthermore, since these two HABPs cross-link to
two RBC membrane proteins, it is reasonable to suggest that
these two Pf113 regions have more than one binding site on
RBC surface. In fact, the highest concentration of radiola-
beled peptide used in saturation assays was not sufficient to
occupy all receptors sites of HABP 33745 (Figure 4), which
would correlate with this HABP’s binding profile to enzyme-
treated RBCs showing sensitivity to all enzymatic treatments
(as discussed further below). Alternatively, since the number
ofbinding sites forHABP33749wasonly slightly smaller than
for HABP 33745 but they were saturable under the assessed
conditions, binding sites for 33745 are probably saturable at a
concentration larger than the ones assessed in this study.

Regarding the ability of Pf92/Pf113 HABPs to inhibit
invasion of RBCs by P. falciparum merozoites, the results
showed that HABPs behave in general as moderate inhibitors
but none are able to completely inhibit RBC invasion
(Table 3). The same behavior has been reported for the
HABPs identified in the Cys6 proteins Pf12, Pf38, and Pf41
aswell as forHABPsderived fromMSP1,21,25 which led to the

conclusion that invasion of RBCs cannot be completely
inhibited by a single Pf92/Pf113 HABP but rather by a
combination of HABPs derived from different merozoite
proteins, since the analysis of P. falciparum transcriptome
suggests that around 58-90 proteins are implicated in the
different pathways used by the parasite to invade RBCs.23,33

On theother hand, polyclonal anti-Pf92 andanti-Pf113 sera
did have a strong inhibitory effect on merozoite invasion of
RBCs, probably due to the following three steric hindrance
effects. (1) Antibodies in these sera could have inhibited
binding of native Pf92 and Pf113 to their RBC receptors. (2)
Antibodies couldhavepreventedbindingof neighbor proteins
(possibly involved in hypothetical Pf92/Pf113 complexes) to
their receptor sites, and/or (3) antibodies could have ham-
pered the formation of such Pf92/Pf113 complexes and thus
affected their functioning.

The localization of HABPs in the amino acid sequences of
Pf92 and Pf113 also provided interesting clues about the roles
of these HABPs in merozoite invasion. Some Pf92/Pf113
HABPs were located in Cys-rich regions but not in the
Pfs48/45 domain that has been described to participate in
molecular interactions between RBC receptors and Cys6
proteins (Figure 2), therefore suggesting the implication of
these regions in parasite binding to RBCs, since previous
studies have identified HABPs in other Cys-rich regions,
such as the epidermal growth factor (EGF)-like and Duffy-
binding-like (DBL) domains known to interact with host-cell
surface receptors duringmerozoite invasion.16,34,35 It is there-
fore likely thatPf92andPf113Cys-rich regions are involved in
the formation of molecular structures different from the
Pfs48/45 loops but also implicated in molecular interactions
with RBC receptors.21

Interestingly, Pf92 HABPs 33667, 33675, and 33680 loca-
lized outside the Pfs48/45 domain but inside the cysteine-rich
region showed high percentages of β-turn and unordered
structures, same as has been reported for HABPs identified
inside EGF-like domains of the GPI-anchored proteins
MSP1, MSP2, MSP8, and MSP10,36 whereas the remaining
Pf92 and Pf113 HABPs showed high percentages of R-helical
structure. This is relevant because it has been reported that the
presentation of aHABPand itsmodified analogues by human
leukocyte antigen (HLA) molecules/MHC II is directly cor-
related to the structure of both molecules.27,37,38 CD studies
and nuclear magnetic resonance (1H NMR) analysis of
HABPs identified in several merozoite proteins, and HLA
molecules have shown that peptides with R-helical structures
bind with high affinity to HLA-DR52 molecules, whereas
peptideswith turnorunordered structures interactwithHLA-
DR53 molecules.36 All this would be in agreement with the
structural, functional, and immunological compartmentaliza-
tion reported for P. falciparum proteins involved in invasion
of host cells.36

Once HABPs were identified and their potential biological
importance was examined, the RBC membrane receptor for
each HABP was evaluated by determining their susceptibility
to different enzymatic treatments and assessing the apparent
molecularweights ofRBCmembraneproteins cross-linkedby
some HABPs. As shown in Table 2, specific binding of most
Pf92/Pf113 HABPs (Pf92 HABPs, 33667, 33672, 33675, and
33677; Pf113 HABPs 33723, 33728, 33740, 33748, and 33749)
was drastically reducedby treatingRBCswithneuraminidase,
which suggests interaction with glycosylated receptors. This
enzymatic susceptibility agrees with the sensitivity profile
reported for glycophorins A, B, C or the unknown receptor



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 10 3915

“E”;33 however, none of the apparent molecular weights
determined for the products cross-linked by the aforemen-
tioned HABPs agreed with the molecular weights of known
glycophorins, thereby suggesting binding to other sialic acid
glycosylated receptors not yet characterized.

It is worth noting that the Pf92 HABP 33680, whose
binding was resistant to neuraminidase, recognized specifi-
cally two bands (85 and 78 kDa, Figure 5) at the same
molecular weights as the two bands recognized by all Pf113
HABPs (data not shown). Moreover, binding of Pf92 HABP
33680 was significantly diminished by treating RBCs with
trypsin and slightly reduced by chymotrypsin, an enzymatic
susceptibility profile also shown by the non-sialic acid glyco-
sylated band 3 protein which has a molecular weight of ∼90
kDa39 that is close to the molecular weight of one of the RBC
membrane proteins cross-linked by this HABP (85 kDa,
Figure 5).

On the other hand, binding of Pf113 HABP 33745 was
slightly affected by neuraminidase (<50% binding reduction)
but more drastically by chymotrypsin and trypsin. It is there-
fore probable that this HABP is binding to glycosylated as
well as to nonglycosylated receptors, since sensitivity to these
three enzymatic treatments has not been reported for any
known or unknown RBC surface receptor so far, and neither
has an RBC receptor sensitive to chymotrypsin and trypsin
been described yet.

It has been established that P. falciparum uses both sialic
aciddependent and sialic acid independent pathways as routes
for RBC invasion and that it changes from one invasion
pathway to the other by switching on or off the expression
of specific invasion ligands, which provides parasites with a
variety of invasion phenotypes.33 Because of the parasite’s
vast antigenic variability, a fully effective antimalarial vaccine
against all P. falciparum strains should contain a large num-
ber of protein subunits conserved among all or almost all
P. falciparum strains in order to reduce the parasite’s ability to
evade the host’s immune response, whether it be by using
alternative invasion pathways or inducing strain-restricted
immune responses.27,40 For this reason, the polymorphism
of Pf92 and Pf113 HABPs was analyzed in parasite strains
isolated from different geographical regions, finding a single
amino acid substitution in Pf113 HABP 33677. These data
indicate that the Pf92 and Pf113 HABPs are highly conserved
among parasite strains probably because of their involvement
in processes important for parasite survival.

However, it has been reported that conserved HABPs
should be specifically modified in order to be rendered into
immunogenic protection inducers.27,37,38,41 Such poor immu-
nogenicity of conserved HABPs could explain the low
antibody production elicited by conserved HABPs Pf92
33667 and 33672, as indicated by the nonrecognition of any
P. falciparum protein in Western blot and IFA studies.
Interestingly, antibody titers elicited by Pf113 HABPs (33723
and 33728) were high (Table 3) despite being conserved,
probably because of the use of the FIS peptide as antibody-
production enhancer, which is aMHC II presentable T helper
peptide known for rendering nonimmunogenic peptides into
immunogenic and immunogenic peptides into even more
stronger immunogenic.28

Additionally, we observed that the use of the FIS peptide
did not potentiate the immunogenicity of some of the peptides
being inoculated into rabbits (m-1, m-4, and the Pf92 peptide
33660 fromm-2; see Table 3), which is consistent with studies
by Prieto et al.28 On the other hand, given that peptides were

inoculated as mixtures (two or three peptides per mixture plus

the FIS peptide), an inhibitory competition effect between

these peptides for binding to the MHC II molecule cannot be

ruled out nor can the existence of a preferential peptide

presentation by MHC II molecules to T lymphocytes, as has

been proposed by Prieto et al.28 The above suggests that the

concentration and immunogenic characteristics of each pep-

tide are determinants for inducing or not inducing antibody

production.
Curiously, the anti-m-3 sera raised against Pf113 HABPs

33723 and 33728 showed weak recognition of Pf113 by
Western blot, even though high antibody titers against these
two peptides were found in such sera by ELISA (Table 3). In
addition, the same sera recognized the native protein in
mature schizonts in IFA studies using high serum concentra-
tions (1:5 dilution), compared to the serum concentrations
used in IFA studies with other parasite proteins (1:20, 1:40, or
even 1:160).27,38This suggests the existence of a lownumber of
Pf113 copies in the membrane of P. falciparum merozoites
(FCB-2 strain), which would be in agreement with studies by
Gilson et al. where 11 GPI-anchored proteins representing
about 94% of the proteome of GPI-anchored proteins were
stoichiometrically identified in P. falciparum schizonts (3D7
strain), but Pf113 was not detected probably because this
protein is more broadly expressed in blood parasite stages
(ring, trophozoites, and schizonts), as pointed out by the
transcriptome.22,23

Our findings corroborate the importance of DRMproteins
in receptor-ligand interactions established between the para-
site and its target cell during the invasion processes and
highlight how such interactions could be mediated by se-
quences with defined structural elements. Bearing in mind
all the results discussed in this study, the inclusion of HABPs
derived from Pf92 and Pf113 in a vaccine, as well as HABPs
derived from soluble proteins associated with these two GPI-
anchored proteins, would be advisible, evenmore considering
that Pf92 and Pf113 might be important for sorting of such
soluble proteins to merozoite membrane.

Previous studies have shown that conservedHABPs do not
induce a protective immune response in Aotus monkeys.
However, a proper replacement of those residues that are
critical for binding ofHABPs to host cells by amino acidswith
similarmass but opposite polarity has been shown to improve
their fitting inside MHC II (HLAs) and presentation to the
TCR, therefore rendering conserved immunologically silent
HABPs into immunogenic protection inducers.27,37,38,41

Further studies are needed in order to evaluate antibody
production and protection induced by Pf92 and Pf113HABPs
and their analogues, and hence determine whether or not they
should be included in a subunit antimalarial vaccine.

Experimental Section

Peptide Synthesis. The amino acid sequences of Pf92
(PF13_0338) and Pf113 (PF14_0201) were downloaded from
the P. falciparum 3D7 genome database (available at www.
plasmodb.org) and divided into 40 and 49 nonoverlapping
20-mer-long peptides, respectively, as shown in Figure 2. These
peptides were synthesized using solid-phase multiple peptide
synthesis,42,43 4-methylbenzhydrylamine hydrochloride resin
(0.5 mequiv/g), and t-Boc protected amino acids (Bachem). A
tyrosine (Y) residue was added at the carboxyl terminus of
those peptides not containing such residue in their sequence to
enable 125I-radiolabeling, and peptides were cleaved using the
low-high hydrogen fluoride cleavage.44 Peptides with g95% of
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purity were obtained by combining analytical reversed-phase
high-performance liquid chromatography (RP-HPLC), semipre-
parative RP-HPLC, and matrix assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-ToF MS)
(Bruker Daltonics). Peptides were numbered according to our
institute’s serial system.

Radiolabeling. Peptides were radiolabeled according to a
protocol described elsewhere.45,46 Briefly, an amount of 7 μL
of 2.6 mM peptide dissolved in 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) buffered saline (HBS) (0.01 M
HEPES, 0.15 M NaCl, pH 7.4) was incubated for 15 min with
15 μL of chloramine T (2.75 mg/mL) and 4 μL of Na125I
(100 mCi/mL specific activity; MP Biomedicals). The reaction
was stopped after 15 min by adding 15 μL of sodium metabi-
sulfite (2.25mg/mL), and radiolabeled peptides were purified on
a Sephadex G-10 column (10 mm�5 mm; Pharmacia, Uppsala,
Sweden). Peptide radioactivity was determined on a γ counter
(Auto Gamma Counter Cobra II, Packard).

Binding Assays. RBCs obtained from healthy donors were
washed several times with HBS and centrifuged at 1500g for
5 min to remove white blood cells and plasma. To determine
peptide specific binding, 1 � 108 RBCs were incubated for
90 min with increasing concentrations of radiolabeled peptide
(0-570 nM) in the absence (total binding) or presence
(unspecific binding) of an excess of unlabeled peptide (20 μM),
in a final volume of 200 μL. Unbound peptide was removed by
washing RBCs twice with HBS. RBC-associated radioactivity
was determined in a γ counter. Peptides whose specific binding
plots (specific binding=total binding - nonspecific binding)
showed a slope equal to or greater than 0.02 (g2.0% specific
binding) were considered as HABPs given that binding activity
is related to the ratio between radiolabeled peptide specifically
bound to RBCs and added radiolabeled peptide.16,25 Assays
were performed in triplicate.

As assay specificity control, binding assays were carry out
using scrambled-sequence peptides from Pf92 HABPs 33667
and 33675 and scrambled-sequence peptides fromPf113HABPs
33723, 33740, and 33748; all these peptides had the same amino
acid composition of their corresponding HABPs but random
sequence order.

ProductionofAnti-Pf92andAnti-Pf113Sera.TwoNewZealand
rabbits nonreactive to P. falciparum lysates (as determined by
Western blot) were subcutaneously inoculated with 1 mg/mL
of mixtures containing equal amounts of each Pf92 and Pf113
peptide and 1 mg/mL of the T-helper cell determinant peptide
(FIS, 106FISEAIIHVLHSR118) from spermwhale.28Mixture 1
(m-1) contained Pf92 HABPs 33667, 33672 and FIS; m-2
consisted of the Pf92 peptides 33660, 33684, 33691, and FIS;
m-3 contained Pf113 HABPs 33723, 33728 and FIS; m-4
contained Pf113 peptides 33733, 33754, 33765, and FIS
(Table 3). All these Pf92/Pf113 peptides, except for Pf113
33728, corresponded to B-cell epitopes predicted using the
BepiPred 1.0 prediction server.47 Two animals were inoculated
per peptide mixture, the other two were inoculated only with
FIS. Freund’s complete adjuvant was used for the first dose
(day 0), and Freund’s incomplete adjuvant was used for the
second and third doses (administered on days 20 and 40,
respectively). Rabbit serum samples were collected on days 0
(preimmune), 20 (post-I), 40 (post-II), and 60 (post-III, final
bleeding) to assess antibody production. Animals were handled
in accordance to the guidelines of the Colombian Ministry of
Public Health for handling research animals.

Nonspecific antibodies were removed by absorbing serum
samples on Escherichia coli and Mycobacterium smegmatis
lysates and SPf66 vaccine peptides, individually coupled to
CNBr-activated Sepharose 4B (Pharmacia Biotech), as de-
scribed elsewhere.48,49 Briefly, each serum sample (5 mL) was
added to lysate-coupled Sepharose affinity columns (5 mL) and
left under gentle shaking for 30 min at room temperature. This
procedure was done twice using a new lysate-coupled Sepharose

affinity column each time. Purified antisera were stored at
-70 �C until use.

SDS-PAGE and Western Blot. The reactivity of purified
anti-Pf92 and anti-Pf113 sera against a lysate of mature
P. falciparum schizonts (FCB-2 strain) was tested by Western
blot. Briefly, 500 μg/mL of lysate were electrophoretically
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) in a discontinuous 7.5-15% (w/v)
acrylamide gel gradient and transferred to nitrocellulose mem-
brane (Hybond 203c, Pharmacia) by the semidry blotting
technique. The nitrocellulose membrane was blocked for 1 h
with 5% skimmed milk diluted in Tris-buffered saline-0.05%
Tween (TBS-T) and then washed thrice with TBS-T.
Preimmune and final bleeding serum samples diluted 1:100 in
5% skimmed milk-TBS-T were individually incubated with a
membrane strip. After five washes with TBS-T, strips were
incubated for 1 h with 1:5000 alkaline phosphatase-conjugated
antirabbit IgG antibodies (ICN Biomedicals). The immunor-
eaction was detected using NBT/BCIP (KPL, Gaithersburg).
Sera from rabbits inoculated only with FIS were assessed as
control.

IFA Studies. Mature schizonts and ring stages were obtained
from a synchronized continuous culture of the P. falciparum
FCB-2 strain maintained as described elsewhere.50,51 Culture
samples (10% parasitemia) were washed with sterile phosphate
buffered saline (PBS) containing 0.15 M NaCl, pH 7.2, sus-
pended in fetal bovine serum (FBS)-PBS (1:1, v/v), seeded on
glass slides and left to air-dry. Slideswere blocked for 10minwith
1% skimmed milk and incubated for 30 min with preimmune or
post-III purified serum samples using a 1:5 dilution of purified
antirabbit IgG-FITC conjugate F(ab)02 fragment as secondary
antibody (Vector Laboratories Inc.).52 Preimmune rabbit sera
were used as negative controls. Immunofluorescence was visua-
lized on an Olympus BX51 fluorescence microscope. Sera from
rabbits inoculated only with FIS were assessed as control.

ELISA. Rabbits’ sera that detected parasite proteins in
Western blot and IFA studies (i.e., sera raised against m-2 and
m-3) were assessed by ELISA to detect total IgG against each
individual peptide as described elsewhere.53 Briefly, 2-fold
serum serial dilutions were obtained from a 1:100 sera dilution
in PBS-0.5% Tween and 5% skimmed milk. Peptides (10 μg/
mL) previously preabsorbed onto 96-well plates were incubated
with serum dilutions for 1 h at 37 �C. Plates were then washed
5 times with PBS-Tween 0.5% and left to air-dry before
adding peroxidase-conjugated antirabbit IgG diluted 1:5000 in
PBS-0.5%Tween and 5% skimmedmilk. After the plates were
incubated for 1 h, theywerewashed 5 times and the formation of
antigen-antibody complexes was detected using the TMB
Microwell peroxidase substrate system kit (KPL Laboratories).
Absorbance was measured at 620 nm using a microtiter reader
(Labsystems Multiskan MS).

HABP Saturation Assays. Saturation assays were carried out
with Pf92 andPf113HABPs as described elsewhere.45,46 In brief,
7.5�107 RBCs were incubated for 90 min with increasing con-
centrations of 125I-labeled peptide in the presence (unspecific
binding) or absence (total binding) of unlabeled peptide
(24 μM). Unbound ligand was removed by washing RBCs
twice with HBS, and RBC-associated radioactivity was mea-
sured with a γ counter (Auto Gamma Counter Cobra II,
Packard). All assays were performed in triplicate. Binding data
were plotted to obtain dissociation constants (Kd) and Hill
coefficients (nH).

25

Binding Assays with Enzyme-Treated RBCs.RBCs suspended
in HBS (60% hematocrit) were incubated for 60 min at 37 �C
with ∼150 μU/mL neuraminidase (ICN 9001-67-6) or with
either 1 mg/mL trypsin (Sigma T-1005) or 1 mg/mL chymo-
trypsin (Sigma C-4129). Binding of HABPs to enzyme-treated
RBCs (1 � 108 cells/μL) was assessed in triplicate as described
above in binding assays. Binding to untreated RBCs was
considered as positive control (100% specific binding).25
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Cross-Linking Assays. RBC suspensions (5�107 cells) were
incubated for 90 min with radiolabeled HABPs in the absence
(total binding) or presence of nonradiolabeled peptide (unspeci-
fic binding). BoundHABPs were cross-linked to RBC receptors
by incubation with 100 μL of bis-sulfosuccinimidyl suberate
(BS3, 1 mg/mL) for 1 h at room temperature, stopping the
reaction by addition of Tris-HCl buffer. Samples were pelleted
by centrifugation at 1500g for 5 min and then incubated for 1 h
with 15 μL of lysis buffer (5 mM Tris-HCl, 7 mM NaCl,
1 mM ethylenediaminetetraacetic acid, 0.1 mM phenylmethyl-
sulfonyl fluoride) plus 15 μL of Laemmli buffer. Samples were
then centrifuged at 1700g for 15 min and separated by 12%
SDS-PAGE. The resulting gel was exposed to radiation-
sensitive film and the autoradiogram was revealed after 15-20
days. Apparent molecular weights of proteins were determined
using molecular weight markers (Bio Labs).

Merozoite Invasion Inhibition Assays. P. falciparum parasite
cultures (FCB-2 strain) synchronized at the schizont stage were
seeded in 96-well plates (5%hematocrit and 5%parasitemia) and
incubatedwithunlabeledHABP (100 and 200μM)or rabbit anti-
m-2 or anti-m-3 sera (1:2, 1:4 and 1:8 dilutions). After 18 h of
incubation at 37 �C under a 5% O2, 5% CO2, and 90% N2

atmosphere, the supernatant was discarded and cells were labeled
by incubation at 37 �C for 30 min with 15 μg/mL hydroethidine,
washed, andanalyzed in aFacsCalibur flowcytometer (FACsort,
FL2 channel) equipped with CellQuest software.54 Controls
included infected and uninfected RBCs treated with either ethy-
lene glycol tetraacetic acid (EGTA) or chloroquine.

Circular Dichroism Analysis. The secondary structure ele-
ments of Pf92 and Pf113 HABPs were examined by CD
spectroscopy. Briefly, 5 μM peptide solutions in 30% (v/v)
2,2,2-trifluoroethanol (TFE)-water were measured in a Jasco
J810 CD spectrometer using a nitrogen-flushed 1 cm path-
length cuvette. Each spectrum was obtained by averaging three
scans taken at room temperature over a wavelength range of
190-260 nm, with a 20 nm/min scan rate and 1 nm spectral
bandwidth (corrected for baseline values). Data were processed
using the Spectra Manager software CD spectra, which is
equipped with SELCON3, CONTINLL, and CDSSTR decon-
volution programs.55,56

DNA Extraction and Purification. Genomic DNA (gDNA)
was obtained from in vitro cultures of the P. falciparum FCB-2
(Colombian), FVO (Vietnamese), and PAS-2 (unknown origin)
strains maintained as described elsewhere.50,51 In brief, para-
sitized RBCs (30% parasitemia) were lysed using 0.2% saponin
and gDNA was purified using the UltraClean DNA blood
isolation kit (MO BIO, Carlsbad).

PCR Amplification. The sequences of the Pf92 (PF13_0338)
and Pf113 (PF14_0201) genes reported for the 3D7 reference
strain were analyzed using Gene Runner, version 3.05, in order
to design primers to amplify Pf92 and Pf113 HABPs. The follow-
ing four primer sets were designed: (1) Pf92-f1 (50-AGACCAG-
GAATATATGAGAG-30) and Pf92-r1 (50-ACTCAAGACA-
CAATACGTAC-30) amplifying the region encoding HABPs
33667, 33672, 33675, and 33677; (2) Pf92-f2 (50-GTACG-
TATTGTGTCTTGAGT-30) and Pf92-r2 (50-TGATTACAT-
TATTATTAACATTAC-30) amplifying the region encoding
HABP 33680; (3) Pf113-f1 (50-ATGGGAATAACGAGATAA-
TAC-30) and Pf113-r1 (50-CATACAACATTAACAGACAC-30)
amplifying the region encoding HABPs 33723 and 33728; (4)
Pf113-f2 (50-CGTGATGCAAATCCAGATG-30) and Pf113-r2
(50-ATACAGCCATTCTTCTATCG-30) amplifying the region
encoding HABPs 33740, 33745, 33748, and 33749. The DIR1/
REV1primers amplifying the region encodingHABP 33577 of the
P. falciparum integral membrane protein Pf25-IMP were used as
PCR positive control.52

The PCR mix (50 μL) contained the following reagents: 2 μL
of isolated P. falciparum gDNA (FCB-2, FVO, or PAS-2), 1 U
of Taq polymerase (Bioline, Taunton,MA), 1�Taq polymerase
reaction buffer, 1.5 mMMgCl2, 0.2 mM dNTPs, and 0.4 μMof

each primer. Thermocycling conditions were as follows: initial
denaturation at 95 �C for 5 min followed by 35 cycles of 1 min
annealing at 56 �C for Pf92-f1/Pf92-r1, Pf92-f2/Pf92-r2, Pf113-
f1/Pf113-r1, and Pf113-f2/Pf113-r2 or at 58 �C forDIR1/REV1,
1min extension at 72 �C, and 1min denaturation at 95 �C; a final
extension cycle was carried out at 72 �C for 5 min. Samples
containing water instead of DNAwere used as negative control.
Amplification products were visualized on 1% agarose gels
stained with SYBR safe (Invitrogen, Eugene), purified using
the Wizard PCR preps kit (Promega, Madison), and sequenced
using their corresponding forward and reverse primers.
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