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Abstract

An anti-malarial vaccine against the extremely lethal Plasmodium falciparum is desperately needed. Peptides from this parasite’s pro-
teins involved in invasion and having high red blood cell-binding ability were identified; these conserved peptides were not immuno-
genic or protection-inducing when used for immunizing Aotus monkeys. Modifying some critical binding residues in these high-activity
binding peptides’ (HABPs’) attachment to red blood cells (RBC) allowed them to induce immunogenicity and protection against experi-
mental challenge and acquire the ability to bind to specific HLA-DR�1* alleles. These modified HABPs adopted certain characteristic
structural configurations as determined by circular dichroism (CD) and 1H nuclear magnetic resonance (NMR) associated with certain
HLA-DR haplotype binding activities and characteristics, such as a 2-Å-distance difference between amino acids fitting into HLA-DR�1*
Pockets 1 to 9, residues participating in binding to HLA-DR pockets and residues making contact with the TCR, suggesting haplotype-
and allele-conscious TCR. This has been demonstrated in HLA-DR-like genotyped monkeys and provides the basis for designing highly
effective, subunit-based, multi-antigen, multi-stage, synthetic vaccines, for immediate human use, malaria being one of them. 
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Introduction
Plasmodium falciparum is the most lethal malarial parasite, which
attacks more than 500 million people and kills 2 million of them each
year, mainly children aged less than 5 in Africa [1]. Control measures
against this threatening disease are therefore desperately needed,
such as development of vaccine and new anti-malarial drugs.

It has to be kept in mind when developing a totally effective vac-
cine against P. falciparum malaria that as suggested by transcrip-
tome analysis, around 58–90 merozoite proteins are involved in this
parasite’s invasion of red blood cell (RBC) [2] and a similar number
of sporozoite proteins could be acting in hepatocyte invasion [3].
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Most merozoite-recognized proteins have been functionally and
molecularly studied by others [4] as well as by ourselves [5].

Work by other groups has shown that their synthesis and
expression can be switched on and off [6] (depending on parasite
invasion requirements and/or immunological pressure [7]) and
trimmed [8] or processed [9] to perform their biological functions.

A totally effective anti-malarial vaccine must therefore contain
at least a similar number of merozoite and sporozoite proteins or
epitopes representing these molecules’ most relevant functional
parts (multi-epitope, multi-stage) to ensure complete blocking of
the parasite during its critical invasion stages [5, 10].

The first multi-epitope, multi-stage, subunit-based, anti-malar-
ial vaccine, named SPf66, was developed by us 20 years ago [11,
12] following a large set of experiments in Aotus monkeys involv-
ing synthetic peptides. It showed that chemically synthesized vac-
cines were feasible, safe and immunogenic, providing complete
protection for ~40% of immunized monkeys and humans exposed
to experimental challenge [11, 12]. It was ~38.8% in humans in
Colombia   [13], 55.1% in Venezuela [14], 60.8% in Ecuador [15],
31% in Tanzania [16] for up to 2 years [17] in large field trials car-
ried out on individuals aged more than 1 year [13, 16] in different
ethnic and epidemiological set-ups around the world. SPf66 was
ineffective in infants aged less than 1 [18] and a batch with a dif-
ferent degree of polymerization produced elsewhere was not pro-
tective [19], thereby dropping its protective efficacy in a recent
meta-analysis [20].

SPf66 contained four epitopes; three of them were merozoite-
derived, chemically synthesized, high-activity binding peptides
(HABPs) attaching to RBC [21], and one a circumsporozoite pro-
tein-derived, having high hepatocyte-binding ability [12]. SPf66
taught us that a protection-inducing immune response should thus
be directed against the parasite’s functionally relevant amino acid
sequences (i.e. HABPs), specifically conserved ones (to rule out
the P. falciparum parasite’s tremendous genetic polymorphism).

SPf66 also taught us the importance of the host’s genetic vari-
ability linked to major histocompatibility (MHC)–peptide–T-cell
receptor (TCR) complex formation, since non-responders and
non-protected individuals typing HLA-DR�1*04 [22] preferentially
used TCR V�3 and V�11 families [23]. This experimental, clinical
and field trial data clearly suggested that genetic control of HLA-
DR�1* allele-associated immune response had to be very seri-
ously taken into account when developing vaccines.  Here we
briefly show that this approach is completely feasible.

Besides the parasite’s genetic polymorphism, the human immune
system’s genetic polymorphism associated with controlling the
immune response and dominated by major histocompatibility com-
plex class II molecules (MHC II), particularity HLA-DR�1* mole-
cules, adds tremendous complexity to vaccine development. HLA-
DR�1* has two chains: the almost monomorphic alpha (�) chain
encoded by the HLA-DRA region and the beta (�) chain encoded by
the HLA-DRB region having wide genetic polymorphism [24]. 

Sixteen MHC class II allelic molecules (MHC II) encoded by the
HLA-DR region have been defined (HLA-DR�1*01–16); there are
more than 250 variants [24]. These alleles can be serologically,

functionally, evolutionally and molecularly grouped into five large
groups or haplotypes (alleles are given in brackets) named HLA-
DR1 (HLA-DR�1*01, 10, 103, 104), HLA-DR51 (HLA-DR�1*15
and 16) HLA-DR52 (HLA-DR�1*03, 11, 12, 13 and 14), HLA-DR8
(only HLA-DR�1*08) and HLA-DR53 (HLA-DR�1*04, 07, 09)
[25]. These molecules are able to present peptide antigens to
T-cell receptors (TCR) when the antigen fits properly into its bind-
ing site, thereby forming the appropriate MHC II–peptide–TCR
complex and inducing an optimal immune response.

Clinical studies related to anti-malarial vaccine development
(especially Phase III trials) are surrounded by a high degree of
uncertainty owing to the large number of  confounding factors
such as the individual’s and parasite’s genetic variability; lack of
knowledge of the immunological principles determining a protec-
tion-inducing immune response; the amount of inoculum injected
during P. falciparum-infected Anopheles mosquito bites; the phys-
ical, chemical and biological characteristics of the antigens used
for inducing immune protection and the variability of the vaccine
batches being used for immunoprophylaxis.

The Aotus monkey represents an appropriate experimental
model for solving these problems in human anti-malarial vaccine
development owing to its extreme susceptibility to human malaria
[26, 27] and the reproducible results obtained when intravenously
infected with the parasite’s erythrocyte stages (infected RBCs),
meaning that the amount of inoculum can be precisely established
and the disease’s evolution can be clearly quantified [26, 27]. This
monkey’s immune system molecules display very high similarity
with those of humans at the nucleotide and amino acid sequence
level, such as immunoglobulins, cytokines and CD molecules,
making this primate an excellent model for developing anti-malar-
ial vaccines for use in humans.

Sequencing studies of the genes encoding these Aotus Class II
molecules (HLA-DR�1*-like), undertaken in 110 Aotus monkeys,
have revealed 100–88% homology with human HLA-DR�1*04,
03, 08, 11, 13, 14, 15, 16, 10, 07 and 01 molecules [28] and
�80–100% homology with human TCRs [29] and other immune-
system molecules [30]. 

It has been reported that these HLA-DR�1*-associated genes’
allele frequency in Aotus is ~25% for HLA-DR�1*0403/0407, HLA-
DR�1*0422, HLA-DR�1*0301, HLA-DR�1*15–16 alleles, 10% for
HLA-DR�1*08–11, 7% for HLA-DR�1*1001 and HLA-DR�1* 0101
and 4% for HLA-DR�1*0701 [28]. It is not surprising then that the
maximum protective efficacy which a synthetic vaccine subunit can
induce is that of the frequency of the allele to which it binds (~25%).

Molecular biology analysis of Aotus MHC-DRB1-like proteins
and all other immune system molecules could thereby lead to the
logical and rational design of vaccines that could be recognized by
both Aotus and human HLA-DRB_molecules. These could then be
used immediately in humans, thus avoiding risky, costly, and pro-
longed clinical trials involving thousands of human beings simply
to test a single molecule or a group of them, accompanied by all
their inherent ethical, scientific and logistical problems.

A group of leading scientists attending a meeting sponsored by
the Academy of Medical Sciences, the Royal Society, the Medical
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Research Council and the Wellcome Trust recently concluded that,
‘even with the money pouring in from people like Bill Gates, the
vast cost of large-scale clinical trials meant that the world could
not afford to squander money for research into AIDS and human
vaccines like AIDS, malaria and tuberculosis’, since ‘pre-testing in
a small number of non-human primates can ensure we proceed
into human trials with vaccines that are likely to succeed’, [31] an
approach fiercely promoted by our Institute for almost the last
three decades.

A thorough 1H-NMR study of the three-dimensional (3D) struc-
ture of epitopes that could be included in a vaccine was thus
undertaken in our institute 14 years ago, specifically aimed at syn-
thetic vaccine development. The structural analysis of HABPs or
their analogues inducing a protective immune response against
malaria was thus started to gain a deep understanding of the
physicochemical rules making a vaccine protective and effective.
This was in an attempt to find a structure–function relationship
and to define mathematical, physical, chemical and biological
rules for vaccine development, malaria being the target for one
such vaccine and this study’s raison d être.

P. falciparum invasion of RBCs

P. falciparum is one of four malarial species that are infectious for
humans. It is transmitted by an infected female Anopheles mos-
quito bite injecting larvae-like structures (sporozoites) with her
saliva during a blood meal. The sporozoites are transported with
the blood and migrate into hepatocytes in the liver, where they
replicate 30,000 times in a week and differentiate into pear-like
structures (merozoites), which are released into the host’s blood-
stream [32].

The merozoite rolls over the RBC surface seeking new erythro-
cytes to invade during the asexual or erythrocyte cycle. Receptor-
ligand interactions between merozoite proteins and the different
molecules located on the RBCs lead to merozoite binding and reori-
entation on RBC in less than 40 sec., ending by being detained on
some of these RBCs to begin binding [33]. The merozoite brings its
apical pole into contact and anchors to the RBC membrane via
the apical merozoite antigen-1 (AMA-1) molecule, rearranging its
microneme proteins on its surface and releasing others from the
rhoptries onto the RBC membrane, acting as bridges between 
the two cells. Merozoite reorientation is associated with erythrocyte
deformation to facilitate merozoite penetration and formation of the
parasitophorous vacuole (PV) [34]. 

Some other rhoptry and dense granule proteins, such as ring
erythrocyte surface antigen (RESA) family proteins, are released
when this large, round PV is formed, after which the cytoplasm
and a ring-like structure or ring stage appears in the chromatin
granule forming it.

It develops into a mature form (trophozoite) as the process
continues where the parasitic machinery now becomes fully
involved in the parasite’s molecular synthesis. Its nucleus then

divides to form early schizonts, giving rise (a few hours later) to
mature or late schizonts that burst, thereby releasing new mero-
zoites that invade the new RBC as part of a cycle in which host
cells are killed off [32–34].

Some merozoites can also change their morphology to pro-
duce male and female gametocytes in a cycle called gametogen-
esis. A mosquito biting a human being infected with the parasite
receives gametocyte-infected erythrocytes [35], thereby starting
the reproductive sexual cycle in the mosquito’s midgut.

Merozoite proteins involved
in invading erythrocytes

Transcriptome analysis has shown that 58–90 merozoite proteins
are implicated in the multi-step invasion of erythrocytes [2] as
they are so critical for parasite survival. Some of these proteins
are situated on the merozoite surface, whilst others are located in
the rhoptries, micronemes and dense granules (Fig. 1). These pro-
teins have been grouped into several families according to their
cellular location or molecular characteristics.

The merozoite surface protein family (MSP1 to MSP10) rep-
resents a group of proteins situated on the merozoite surface
(Fig. 1). MSP 1, 2, 4, 5, 8 and 10 are anchored to the membrane
via glycosylphosphatidylinositol (GPI) tails [36–39] (Fig. 1) and it
has been suggested that they are involved in the initial steps of
merozoite invasion of RBC.

Other MSP proteins have transmembrane domains, whilst still
others are soluble, such as serine repeat antigen (SERA) [40], or
may be weakly bound to the merozoite surface or associated with
other membrane proteins like MSP-3, -6 and -7 [41–43] which are
bound to MSP-1 [44] forming large macromolecular complexes
[9] or lipid rafts during invasion (Fig. 2). Some MSP family mole-
cules contain one or two epidermal growth factor (EGF)-like
domains [45], suggesting that protein–protein interactions may be
involved in merozoite invasion.

Another merozoite protein family involved in invasion (located
in the micronemes) (Fig. 1) displays similar internal structural
composition, having a cysteine-rich inter-domain region (CIDR)
located in these molecules’ N-terminal portion generally involved
in erythrocyte-binding activity, an intermediate region, another
cysteine-rich region located in the C-terminal portion, a trans-
membrane region and a small cytoplasmatic tail. This protein fam-
ily displays a good number of frequently conserved cysteines and
aromatic residues. They have been called erythrocyte-binding lig-
ands (EBLs) as they are able to bind to different receptors on the
erythrocyte membrane [46]. This protein family has been grouped
into the so-called Duffy binding-like family (DBL family), P. falci-
parum erythrocyte-binding antigen-175 (EBA-175) [47], EBA-140
[48], EBA-181 [49], EBA-165 and EBL-1 [50], forming part of this
family due to structural similarities with P. vivax and P. knowlesi
protein binding to the Duffy receptor.
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Another protein family located in the rhoptries that could be
playing an important role in merozoite apical interaction and sub-
sequent biochemical events is called the reticulocyte-binding-like
(RBL) family, including normocyte-binding proteins (NBP-1, NBP-
4), reticulocyte-binding proteins homologous-1 (RBP-H1), RBP-
2-Ha, RBP-2-Hb, rhoptry-associated protein (RAP) 1 to 3, rhoptry
proteins (RHOP) H1, H2, H3 and 148, the cytoadherence-like
asexual gene (CLAG) family 1 to 9 [51, 52] (Fig. 1).

Most of these proteins organize themselves into detergent-
resistant membrane (DRM)-associated macromolecular com-
plexes where some of them, anchored to the membrane via GPI
tails (MSP-1, -2, -4, -5 and RAMA) [53, 54], serve as support for
others that are loosely bound (MSP-6, -7, Pf41) for mediating
coordinated interaction with RBCs (Fig. 2). 

These molecules allow the junction to be formed and merozoite
interaction with erythrocytes before the cellular complex becomes
irreversibly bound. Many more proteins have been involved in
merozoite invasion of RBC [44] but only the most relevant in this
are mentioned.

Erythrocyte proteins involved
in merozoite invasion

Merozoite invasion of erythrocytes is mediated by molecular com-
munication between both types of cell. Merozoites must “per-
suade” erythrocytes to help in forming the PV membrane so that
successful invasion can occur. Taking the erythrocyte cytoskeleton
apart or destabilizing it occurs so that the intracellular vacuole can

be formed; it thus becomes one of the main biochemical events
occurring during invasion. 

The merozoite must send the information from outside the ery-
throcyte, penetrating the erythrocyte membrane via the trans-
membrane proteins that interact with the RBC cytoskeleton, such
as sialoglycoproteins (i.e. glycophorin A, B and C) [55] and band
3. It has been reported that glycophorins A and B interact with
merozoite protein erythrocyte-binding antigen 175 (EBA-175),
glycophorin C with EBA-140 protein and band 3 with a merozoite
surface protein 1 fragment (MSP-1) called MSP-142 and acid basic
repeat antigen (ABRA) protein (MSP-9). Evidence has also been
presented that glycophorins mediate initially weak, relatively non-
specific merozoite binding to RBC, where net glycophorin load is
very important [56–58].

Enzyme treatment of different RBCs has been described, as
have binding assays involving different antigens and receptor X. P.
falciparum normocyte binding protein 1 (PfNBP1) binds to ery-
throcytes, such adhesion being dependent on a neuraminidase-
sensitive, trypsin-resistant Z receptor. P. falciparum reticulocyte
homologue 2b protein (PfRH2b) ligand mediates invasion through
a chymotrypsin-sensitive, trypsin/neuraminidase-resistant recep-
tor, which has also been referred to as receptor Z [59].

The state of current worldwide
anti-malarial vaccine approaches

More than 40 assays in humans summarized by Engers and Godal
by 1998 [60] using other molecule candidates for an anti-malarial

Fig. 1 The merozoite structure, with its
most important cellular components (api-
cal pole, rhoptries, micronemes, dense
granules) and molecules localized in
these organelles involved in merozoite
invasion of RBC.
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vaccine have led to frustrating results. The situation has not
improved too much during the last 10 years.

A vaccine’s efficacy in conferring close to 100% individual
protection is needed for studying the parasite’s pre-erythrocyte
(sporozoite) stage as, if just one sporozoite escapes, the
immune response to this can lead to the complete development
of the disease. 

Studies of pre-erythrocyte stage synthetic vaccines consisting
of unmodified circumsporozoite protein (CSP) amino acid

sequences, based on its tandem repeat sequences or elongated
with T helper epitopes [61], have given negative results.

Totally negative and frustrating results have also been reported
for DNA fragments encoding thrombospondin-related protein
(TRAP) sporozoite amino acid sequences + CSP and inserted into
genetically modified vectors such as fowl pox (FP9) and the mod-
ified vaccinia virus (MVA) and long DNA fragments corresponding
to multiple genes encoding an increasing number of proteins from
the parasite’s pre-erythrocyte and blood stages [62–64].

Fig. 2 Macromolecular complexes of merozoite proteins involved in RBC invasion present on detergent-resistant membrane (DRM), DRM-associated
lipid rafts as recognized in DRM proteomes. Molecule sizes are drawn at their approximate molecular weights. Some molecules remain anchored to
the parasites' DRM-associated lipid rafts via their GPI tails (shown as black twists traversing the pale blue membrane) such as MSP-1 (golden), MSP-
2 (light blue), MSP-4 (pink), MSP-5 (dark blue), Pf 92 (brown), Pf 12 (clear purple) and RAMA (purple). Some other molecules are non-covalently
bound, like RAP-1, -2 and -3 molecules to RAMA and MSP-6 (fuchsia) and -7 (green) to MSP-1. All members of the high (Rhop H) molecular weight
rhoptry proteins having transmembrane sequences were also identified in proteome analysis. Another raft is formed by MSP-1 82-kD, 30-kD, 38-kD
fragments (gold) and MSP-1 33-kD (red) and the 19-kD (red) fragment anchored to the merozoite membrane via the GPI tail to which some other
molecules bind non-covalently, as shown in the central portion of this figure. (A) front and (B) top views.
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The RTS,S/AS02A is the only sporozoite-stage vaccine candi-
date that has provided ~30% protection for up to 11/2 years. This
is a P. falciparum circumsporozoite protein (CSP) recombinant
fusion protein (amino acids 283–384) integrated with a hepatitis B
virus surface antigen, to which a group of potent immunopoten-
tiators has been added, such as muramil-dipeptide (MDP), the
saponin-derived QS-21, ASO [65]. 

Equally negative results have been reported for anti-blood
stage (merozoite) vaccines, which have involved different strate-
gies ranging from immunization with ultra-low doses of the
parasite [66] to virosome-based, multi-antigen peptide vaccines
[67]. Merozoite-stage vaccine NYVAC-7 (containing genes encod-
ing seven molecules derived from different parasite proteins)
protected 1 of 35 vaccinated volunteers against experimental
challenge and was thus discarded owing to its low protection-
inducing ability (<3%) [68]; the same happened to MUST DO 7.

A mixture of MSP1, MSP2 and RESA recombinant proteins
that was tested in field trials in Papua-New Guinea did not produce
a statistically significant degree of protection in the vaccinated
population [69]. This led to frustrating results, as challenging non-
immune participants did not reveal any reduction or delay in par-
asite growth rates.

Another vaccination assay involving individual recombinant
proteins or their fragments (such as the 42-kD MSP1 called
FMP1) led to equally frustrating results when tested on a small
group of children in Kenya (phase IIb field-trial) (unpublished
data, 2006). Combining both MSP-2 recombinant allele forms
tested in Papua-New Guinea returned similarly negative field trial
results. Assays with AMA-1 protein have been equally frustrating.
None of the other recombinant proteins, such as MSP-3 and
SERA, or mixtures of GLURP + MSP 3, 19-kD MSP-1 + AMA 1,
AMA-1 virosomes + CSP or EBA-175 have gone to more than
phase I (safety and immunogenicity) clinical trials.

When any of these molecules has been used as a vaccine it may
have been highly immunogenic, a cytotoxic T-lymphocyte inducer
and have even been taken from antibodies in a few individuals, but
their protection-inducing ability has been null or very low.

SPf66 has therefore been the first successful vaccine and the
first and only one against malaria tested in large human field trials
showing a high degree of protective efficacy against this deadly
disease. 

It should also be stressed that all immune responses induced
by other vaccine candidates that have been found have been
species- and strain-specific, reinforcing our findings that all
immune responses must be directed against conserved HABPs.

A rational approach towards developing
subunit-based synthetic vaccines

A methodology for identifying these molecules’ most relevant
parts, regions or amino acid sequences involved in invasion was
first developed at our institute 15 years ago. It was aimed at recog-

nizing merozoite- and sporozoite-HABPs involved in invading RBCs
and hepatocytes and their critical binding residues recognized via
glycine analogue scanning [70, 71].

Approximately 20-mer-long peptides, covering the whole length
of known merozoite proteins involved in RBC invasion, have thus
been synthesized in our institute and tested in erythrocyte-binding
assays. Experimental binding assay conditions (defined from theo-
retical binding curves using a bimolecular interaction) were chosen
for identifying HABPs recognizing 1,000 to 100,000 binding sites
per cell. Specifically bound peptides’ relationship to added peptide
is directly proportional to the affinity constant and number of pep-
tide receptors on erythrocytes or host cells (binding ability) in
these conditions [70, 71].

This can be defined by:
R (receptor) + L (ligand) = RL
in equilibrium (r – b) (l – b) b
K = (b)/(r – b)(l – b) (1)

Where r = peptide receptor concentration, l = peptide concen-
tration, b = bound peptide concentration and K = affinity constant.
The (b)/(l ) ratio is defined as the binding activity; those peptides
having binding activity greater than or equal to 0.02 (2%) are con-
sidered to have high binding activity and are named high-activity
binding peptides (HABPs), indicating that there are more than
2,000 receptor sites per cell [70–72]. Figure 3 shows the amino
acid sequences of EBA-175 [71], MSP-2 [73], AMA-1 [74] and
histidine-rich protein II (HRP-II) [75]. The black bars show their
corresponding binding activity.

Binding assay conditions have been standardized, mainly bear-
ing factors in mind that could affect merozoite invasion of erythro-
cytes, such as haematocrit level, reaction time and temperature,
leading to a highly sensitive, specific and robust methodology for
identifying these HABPs [70, 71].

Most of our studies have shown that most HABPs bind to
human erythrocyte membrane molecules, since �60% of HABP
erythrocyte-binding ability can be removed by enzymatic treat-
ment with neuraminidase, trypsin or chymotrypsin [76].

HABP-binding constants have also been determined via satura-
tion assays in which ligand concentration is kept constant in the
presence of growing concentrations of radioactively labelled ligand.
Affinity constants (Kd), maximum number of binding sites (Bmax)
and Hill coefficients (nH) have been obtained in these conditions for
all HABPs found to date. HABP binding to erythrocytes is saturable
(Fig. 2A), has simple interaction characteristics, 60–1100 nM affin-
ity constants and 2,000–100,000 binding sites per cell. Hill plots
have revealed that most of these peptides display positive co-oper-
ativity, suggesting that once a ligand has bound to its receptor site,
it facilitates the next ligand’s binding [70–80].

Critical residues in HABP binding to receptor cells have been
determined for a large number of these HABPs by competition
assays between HABP and glycine analogues as shown for AMA-
1, HABPs 4313, 4325 and 4337 [74] (Fig. 4). Critical residues are
those where peptide analogues show at least 50% reduced spe-
cific binding in their ability to compete with original peptide at
three logarithmic concentrations: 10, 100 and 800 nM.
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The immune response elicited
by conserved HABPs

Some HABP sequences are targets for antibodies inhibiting the inva-
sion of erythrocytes. Immunogens containing part of an HABP, or
peptide sequences analogous to that of an HABP, induce antibodies
that have inhibited merozoite invasion and also induced protection in
an experimental animal model [81]. However, these HABPs have dis-
played high variability in their amino acid sequences (variable
HABPs) within different P. falciparum strains or isolates, making their
use highly improbable owing to the huge number of variants against
which the immune response should be directed, with all the inherent
methodological and immunological problems. Attention has thus
been directed against those having no genetic variation.

However, HABPs that do not present genetic variability in their
amino acid sequences in different isolates or strains from different
parts of the world (conserved HABPs, shown in the grey areas of
Fig. 3) are usually poor immunogens. This has been found in a
large set of experiments where native conserved HABPs were nei-
ther immunogenic nor protection-inducing when immunizing large
numbers of Aotus monkeys. A different strategy had thus to be
developed to render them immunogenic and protection inducing.

Some critical residues in RBC binding were replaced by glycine
(the smallest amino acid and an �-helix breaker) in the first trials,
trying to convert these conserved native HABPs’ non-immuno-
genic and non-protection–inducing peptides into immunogenic
and protection-inducing ones [82, 83].

Western blot with merozoite lysate determined their ability to
induce antibodies against the P. falciparum malaria parasite as
assessed by immunofluorescence (IFA) with air-dried, unfixed par-
asite cultures and native proteins. Their protection-inducing ability
was tested when these monkeys were intravenously inoculated
with a 100% infective Aotus-adapted strain of this parasite (FVO).  

The phenomenon’s fine-tuning, following hundreds of experi-
ments performed on large numbers of Aotus monkeys [81–91]
(Table 1), has allowed us to ascertain that some critical binding
residues have to be replaced by others by specifically and recipro-
cally shifting their polarity but maintaining their other physico-
chemical characteristics, such as mass, volume and surface. F
could thus be replaced by R and vice versa; L↔H, P↔D, W↔Y,
M↔K and E, I↔N, T↔C and V↔N or S. Serine, alanine and
glycine remained undefined owing to their very small mass, simi-
lar polarity, small volume and the absence of counterparts of
opposite polarity as occurs with other amino acids. A↔S some-
times worked, suggesting that some rules have still to be identi-
fied for these small residues [91] (Table 1).

Such experiments with these immunogenic, protection-induc-
ing, modified HABPs were repeated two or three times with new
groups of Aotus monkeys, leading to similar results (Table 1,
Group A experiments’ b with the corresponding peptide) [91].

High antibody titres detected by IFA and Western blot were also
induced by some other modified HABPs in some monkeys (Table 1,
modified 14518, 14520, 17934, 17936, 4325 analogues in Group

D) and detected 15 days after the second immunization. Such anti-
bodies disappeared and did not reappear 15 days after the third
dose, when their levels could be expected to increase following the
third immunization. These peptides induced short-lived antibody
responses [92] that did not induce protection against experimen-
tal infection.

Experimental challenge for Group B monkeys (shown in Table 1)
revealed that some other modifications made to these conserved
HABPs induced high long-lasting antibody titres as assessed by
IFA and Western blot that did not lead to their inducing protection,
since these Aotus became infected to the same extent as controls
[93] (Table 1, Group B). However, it was found that these antibod-
ies recognized different structures on the same molecule, but that
only one specific modification was effective in inducing protective
immunity. Both short-lived and long-lasting antibody-inducing
modified HABP phenomena were explained at the atomic level by
1H-NMR structural analysis [92, 93].

Structural analysis of native
and modified HABPs

When searching for an association between immunological activity
and native and modified HABP structure as determined by
1H-NMR analysis it was noticed that the changes made induced
striking structural modifications in these peptides (numbered
according our Institute’s code where bold is used throughout the
rest of this article to distinguish modified HABPs from native ones
shown in brackets). �-helixes were thus shortened in 24292 pep-
tides derived from (1815), 23230 (6746), 13446 (1522) and
22812 (1779), �-helixes were displaced in 13450 (1585) and
20034 (4325), short �-helixes were induced in random-configura-
tion peptides in 14044 (4337) and �-turn tendency modified as in
13492 (6671). Distorting classical-type III �-turns were induced
as in 24112 (4044) or in 24166 (1818) (random structure that
could not be classified by CD). All such modifications rendered
these peptides immunogenic and protection-inducing against
experimental challenge (Table 3).

It was suggested that modifying these HABPs probably led to
a better fit into HLA-DR�1* molecules; their ability to bind to
these MHC-II molecules was therefore analysed (Table 3).

This showed that native HABP activity (some did not bind to
purified HLA-DR�1* molecules) changed once they had been
modified, since they bound with very high affinity and specificity
to certain HLA-DR alleles, such as 13450, 24292 to
HLA-DR�1*0301, 10014 to HLA-DR�1*1101, 24112 to
HLA-DR�1*0401, 10022 and 14044 to HLA-DR�1*0701 and
24166 to HLA-DR�1*0101 and 1101. Other promiscuous binding
peptides, such as the 23230 (6746) analogue, modified their
binding to specifically bind to HLA-DR�1*0301, 13446 (derived
from 1522) to HLA-DR�1*1101, 13492 (6671) to HLA-
DR�1*0401 and 22812 (1779) to HLA-DR�1*1101.
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Fig. 3 An example of amino acid sequence and specific human RBC binding activity for chemically synthesized EBA-175 [71], MSP-2 [73], AMA-
1[74] and HRPII protein [75] peptides is displayed. The peptides, with their corresponding amino acid sequences, are given on the left-hand side;
small numbers indicate their position within the native protein. The peptide number given is the code assigned by our laboratory for each peptide
used. The dotted line to the right separates peptides having >2% binding ability. Each peptide's specific binding activity is indicated by the black bar;
2% binding ability in the screening binding assay represents ~1200 binding sites per cell. The dark grey area corresponds to amino acid sequences
having little or no genetic variability. HABPs localized in these regions are called conserved HABPs; the others, located in the clear areas, are named
variable HABPs.
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Fig. 4 An example of competition binding assays with 4313, 4325 and
4337 conserved HABP analogues (AMA-1 derived) [74]. Original
radioisotope-labelled peptide-specific binding inhibited by analogous
peptide is shown at 100 and 800 nM. The inhibition assay was per-
formed with original non-labelled peptides and their analogous pep-
tides. The asterisk (*) represents original peptides' specific binding.
Underlined residues corresponding to the critical binding residues,
whose modifications were analysed at 10, 100 and 800 nM concentra-
tions (only two are shown in the figure), displayed the same reduced
RBC binding pattern (�50%) when modified.

These tailored HABPs displayed binding motifs and reading
registers specific for those alleles to which they bound [24, 94].
Peptides 13450, 24292 and 23230 thus bound to HLA-
DR�1*0301 having residues Y, I and W (respectively) fitting into
this molecule’s Pocket 1; D, D and A fitted into Pocket 4; A, E and
K fitted into Pocket 6 and Y, L and L fitted into Pocket 9, all being
specific amino acids conforming to this allele’s HLA-DR�1*0301
binding motifs and reading registers. The same happened for
other peptides binding to HLA-DR�1*1101, HLA-DR�1*0401,
HLA-DR�1*0701 and HLA-DR�1*0101 (Table 3).

Secondary structure analysis

Native and modified HABP secondary structure circular dichroism
(CD) analysis of 100 conserved malarial HABPs [95] identified in

the 25 most relevant P. falciparum merozoite proteins involved in
RBC invasion (Fig. 5), confirmed in most of them by 1H NMR,
clearly showed these conserved HABPs’ functional compartmen-
talization. Those having an �-helical structure were associated
with proteins or their fragments involved in invasion, which were
processed or cleaved after fulfilling their function. The fragments
where these conserved HABPs are included are released from the
merozoite membrane and released into the milieu [96–98] after
having mediated initial binding to RBCs.

Those conserved HABPs present in proteins or their fragments
remaining anchored to the membrane via a GPI tail, containing a
Plasmodium exporting element (PEXEL) [99] or having a trans-
membrane domain, which are the only ones present on newly
infected RBCs, display a �-turn or random structure.

These findings clearly suggest an association between some
structural elements present in conserved HABPs and their functional
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activity in the proteins involved in invasion [95]. They also suggest
functional compartmentalization where �-helical HABPs are pres-
ent in soluble fragments of proteins to be released into the milieu
after performing their binding activities, while �-turn, or random
HABPs, remain anchored to the merozoite’s membrane and pene-
trate newly infected RBCs. 

It was also found that most native HABPs presenting a pre-
dominantly �-helical structure specifically bound to HLA-
DR�1*0301 and 1101 alleles (belonging to the HLA-DR52 hap-
lotype), that most native HABPs (predominantly displaying a �-
turn structure) bound to HLA-DR�1*0401 and that all native
HABPs giving rise to modified, immunogenic and protective
HABP binding to HLA-DR�1*0701 mainly had random coil
structure, the latter belonging to the HLA-DR53 haplotype.
Native peptide 1818 (not classified by CD but adopting a �-turn
structure when modified [24166]) bound to HLA-DR�1*0101
and HLA-DR�1*1101. These data also suggest immune system
compartmentalization, where �-helical HABPs could preferen-
tially bind to HLA-DR52 molecules, while the �-turn of random-
structured conserved HABPs could bind to HLA-DR53 mole-
cules, implying that native HABPs’ secondary structure could
suggest the modifications to be performed to fit into a specific
HLA-DR�1* allele or haplotype to render them immunogenic
and protection-inducing (Fig. 5). 

The Dictionary of Protein Secondary Structure (DPSS) [100]
has identified three helix types (310 or G, � or H, π or I), turns
(represented by T), strands (E), bridges (B), bends (S) and other
secondary structures (L). Identifying such structures in con-
served HABPs by an easy and accessible methodology such as
CD analysis will lead to the easier design of immunogenic and
protection-inducing peptides.

Native and modified HABP 3D
structure explains some
immunological phenomena

Given the critical importance of structural modifications per-
formed on native HABPs for inducing protection, knowledge of
these antigens’ 3D structure is essential for completely under-
standing protection mechanisms.

1H NMR analysis of ~100 of our modified and native HABP 3D
structures revealed that all peptides binding to HLA-DR�1*0301
and HLA-DR�1*1101 (HLA-DR52 haplotype members) had a 20 ±
1.5 Å distance between the farthest hydrogen from the residues
fitting into these alleles’ Pocket 1 (fuchsia) to Pocket 9 (green). All
modified HABP binding to HLA-DR�1*0401 and HLA-DR�1*0701
(members of the HLA-DR53 haplotype) presented a 25 ± 1.5 Å
distance between the same residues. The only modified HABP
binding to the HLA-DR�1*0101 allele (from haplotype DR1) had a
25 Å distance between residues fitting into the same pockets.
These data clearly suggested an approximately 2-Å difference in

distance between different HLA-DR haplotype molecules’ Pockets
1 to 9 [91] (Fig. 6C).

1H NMR analysis has also revealed that orientation varied in
modified HABP residues according to the haplotypes to which
they bound (Fig. 6A and B), such as residue P2 (red) horizontally
or downwardly orientated from the plane formed by Pockets 4
(dark blue) and 6 (light brown) in modified HABP binding to
HLA-DR�1*0301 and 1101 (HLA-DR52). Such orientation sug-
gested a putative Pocket 2 in HLA-DR52 alleles while this P2
residue (red) was fully upwardly orientated in modified HABP
binding to HLA-DR�1*0401 and 0701 (towards the left of the
frontal plane initiated by P1 in the HLA-DR�1*0401 and towards
the right in HLA-DR�1*0701 on the same plane), suggesting
that they could be making contact with the TCR and have differ-
ent orientation in these two alleles from the same HLA-DR53
haplotype (Fig. 6A and B).

Similar behaviour could be observed (Fig. 6A and B) for
residue P7 (grey), horizontally or downwardly orientated in haplo-
type DR53 alleles (HLA-DR�1*0401 and 0701), again towards the
right in HLA-DR�1*0401 and the left in HLA-DR�1*0701 on the
same plane, suggesting a probable Pocket 7 having different lat-
eral orientations in these two alleles. However, it was upwardly ori-
entated in haplotype DR52 alleles (HLA-DR�1*0301 and 1101),
suggesting P7 contact with the TCR.

Amino acid residues theoretically made contact with the TCR
in modified HABP binding to HLA-DR�1*0301 and HLA-
DR�1*1101 in P3 (aquamarine), P7 (grey) and P8 (yellow).
Those residues making contact with the TCR in modified HABP
binding to HLA-DR�1*0401 and HLA-DR�1*0701 did so in P2
(red), P3 (aquamarine) and P8 (yellow) (Fig. 7E), whilst modi-
fied HABP residues bound to HLA-DR_1*0101 (from haplotype
DR1) in P3 (aquamarine), P5 (pink) and P8 (yellow) (Fig. 6A
and B; Table 3). Identical results have been found for many
other peptides [81–91].

Supporting the haplotype- and
allele-conscious TCR concept

The above findings were supported by X-ray crystallography
studies of HLA-DR�1*0401 molecule binding haemagglutinin
(HA) or collagen (Col II) peptide where it was found that the
bound peptide’s amino acid sequence determined the width of the
HLA-DR�1*0401 binding groove. It was narrower in the
HLA-DR�1*0401–Col II complex by 2.0 Å, suggesting peptide
binding region (PBR) mobility in any direction [101]. This article
shows an ~2.0 Å difference between Pockets 1 and 9 amongst
 different haplotypes. A shallow, hydrophobic Pocket 7 was also
clearly identified in the HLA-DR�1*0401–Col II complex. A
Pocket 7, for which specific binding amino acids have been
 identified as specific binding motifs, has also been described for
HLA-DR�1*04 molecules [24, 94]. This strongly supports our
findings concerning the existence of some other pockets 
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Table 1 An example of 4313, 4325 and 4337 (AMA-1 derived) HABP-induced humoral immune response and protective immunity and that of their
modified analogues [87, 83, 88] Some of the amino acid replacements leading to the breaking of the immunological code of silence. Antibody
titres were determined by immunofluorescence antibody assay (IFA) 15 days after the second and 15 days after the third immunization. Protection
was defined as the complete absence of parasites in immunized monkey blood for 15 days following challenge. All control monkeys reached �6%
parasitaemia by days 6--8; they were then treated, cured and released back into the Amazon jungle. ND, not determined. Modified HABP groups,
A: immunogenic protection-inducer; B: long-lasting high antibody titre non-protection inducers; D: short-lived non-protection inducers; E: Non-
immunogenic non-protection inducer. Boxed are the modified HABPs for which the 1H NMR structure has been shown.
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Table 2 Amino acid sequences of some representative native and modified HABPs (in bold) derived from MSP-1 [81, 82, 84], EBA-175 [85], SERA
[90], RESA-155 [89], MSP-2 [86] and AMA-1 [83, 87, 88] proteins. The letters a and b represent repetitions of these experiments in different
groups of Aotus monkeys. Sequences have been aligned according to the correct identification of residues corresponding to modified HABP HLA-
DR�1* binding motif and reading register in Pockets 1, 4, 6 and 9 [24, 91, 94]. Antibody titres were determined by IFA (shown in brackets) cor-
responding to sera dilution and the number of Aotus that developed such antibodies previous to challenge. Each group of monkeys received two
or three doses of modified HABP. Prot. = the number of monkeys which were fully protected against intravenous inoculation of 100,000 infected
erythrocytes from the P. falciparum Aotus adapted FVO strain.  Parasitaemia was determined by the very sensitive Acridine Orange methodology.

(different to the canonical ones) characteristic for the different
haplotypes and alleles.

Functional and structural differences could therefore have
occurred since the HLA-DR�1*04 allelic lineage (DR53) has

been estimated to be 85 million years old, while the HLA-DR52
haplotype originated from two successive gene duplication
events estimated to have occurred 60 and 40 million years 
ago [102].
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Modified HABPs’ 3D structure revealed
a fit into HLA molecules

The docking and molecular modelling of modified HABP 24112
(immunogenic and protection-inducing) into the HLA-DR�1*0401
molecule (code 2SEB in PDB) [103] (Fig. 7A and B) to which it binds
with high affinity, provides an example of a tailor-made, modified,
conserved malarial HABP’s perfect fit. HABP 24112 presented an
optimum fit into this molecule’s peptide-binding region (Fig. 7C),
spontaneously forming seven of the nine H-bonds between the pep-
tide backbone and the HLA-DR�1*0401 residues anchoring the pep-
tide to such molecule. HABP 24112 backbone presented 1.86 RMSD
when it was superimposed on the Col II peptide backbone [103].

Figure 7D shows the spontaneously formed H-bonds between
O�1 from Asn 82� with the peptide’s N from N13 (atoms are under-
lined in the peptide for clarifying interactions), N�2 from Asn82�

with O from N13, Oε1 from Gln 9� with N from V15, O�1 from
Asn62� with O from V15, Nz from Lys 71� with O from I16, O�1
from Asn 69� with N from M20 and N�2 from Asn69� with O from

R18. These H-bonds between the peptide and the lateral chains from
the previously mentioned amino acids stabilized peptide binding to
these Class II molecules; (>3.5 Å distances were manually estab-
lished only between O�1 from Asn 62� with N from Arg 17 and Nε1
from Trp 61� with O from S19 from HABP 24112 backbone. 

H-bond formation between �S53 and �H81 was not analysed
as residues –P1 and –P2 were outside HLA-DR�1*0401 pockets.
These two completed the 11 H bonds established between these
amino acids and the peptide backbone stabilizing peptide binding
to MHC II molecules. It should be stressed that Aotus MHC-
DRB*W47 allele (for which 24112 is highly specific) exhibited the
highest Class II molecular homology (97–100%) with human
HLA-DR�1*0403/0407 [28].

Varied crossing angle geometry in the MHC-Class
II–peptide–TCR complexes, ranging from 40° to 87°, from diago-
nal [104] to near orthogonal [105] and some additional lateral
mobility along the groove [106] that can displace some TCRs from
their roughly central location towards either end of the binding
groove, led us to propose the existence of haplotype- and allele-
conscious TCR, as seen in modified HABP 24112.

Table 3 Structural features and HLA-DR binding characteristics of some native and immunogenic, protection-inducing modified HABPs (in bold)
included in this article Native and modified HABP secondary and tertiary structures determined by circular dichroism and 1H NMR, respectively.
Inter-atomic distance is given in angstroms between the most distant hydrogen atoms from residues fitting into Pocket 1 to Pocket 9 from the cor-
responding HLA-DR�1* alleles. The percentage of their binding to purified HLA-DR�1* molecules (shaded) is grouped according to the correspon-
ding haplotype. Putative TCR-contacting residues are also indicated.
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Fig. 5 Secondary structural features for HABPs corresponding to 25 proteins involved in invasion. The figure shows the CD spectra of 94 HABPs [95]
where �-helical structural elements were present in some HABPs according to 208 and 220 nm minimal values and 190 nm maximum elipcity,
whereas the other HABPs displayed random coil structures having 200 nm minima and maxima below zero elipcity. 
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Conclusion
Modifying some critical binding residues in these HABP attachments
to RBCs allowed them to induce immunogenicity and protection
against experimental challenge, probably as a consequence of having
acquired the ability to bind to specific HLA-DR�1* alleles. 

These modified HABPs, displaying characteristic structural
patterns in their native form, suggest functional compartmental-
ization associated with their localization in the invasion-mediat-
ing protein fragment, where those present in cleaved and
released fragments mainly display an �-helical structure. Those
anchored to the membrane via a GPI tail, having a transmem-

Fig. 6 (A) Lateral view of the three-dimensional (3D) structure of some immunogenic protection-inducing modified malarial HABPs (determined by
1H NMR), according to their HLA-DR�1* binding activity, binding motifs and reading registers. The only HLA-DR�1*0101 peptide is shown at the bot-
tom of the HLA-DR�1*0401 column. Colour code for amino acids fitting into pockets and their localization is displayed at the bottom of each figure.
Modified HABPs fitting into haplotype DR52 (HLA-DR�1*0301 and HLA-DR�1*1101) had 20 ± 1.5 Å distance and those fitting into purified
HLA-DR�1*0401 and HLA-DR�1*0701 molecules (haplotype DR53) had a 25 ± 1.5 Å distance between the farthest atoms fitting into Pockets 1 to 9,
supporting the existence of about 2 Å difference in distance between different HLA-DR haplotypes' Pockets 1 to 9. (B) Front view of some immuno-
genic-protection-inducing peptides' 3D structure determined by 1H NMR. A consensus diagram of front-view residue orientation is shown at the
bottom. Residues opposed and perpendicularly orientated downwards fit into P1 (fuchsia, forward) and P9 (green, backwards). Residues fitting into P4
(dark blue) and P6 (light brown) are orientated to adjust into the corresponding lateral pockets of the peptide-binding region shallow floor. Any amino
acid orientated on the same plane (or lower down) suggested the existence of pockets other than 1, 4, 6 or 9 in these Class II molecules. A putative
Pocket 2 for HLA-DR52 haplotype alleles and a putative Pocket 7 for HLA-DR53 haplotype molecules can thus be suggested since these residues are
localized at the same HLA-DR platform level as canonical Pockets 4 and 6. Upwardly orientated residues, being opposite to these pockets, could be
binding to the TCR; therefore, residues 3, 7 and 8 in HLA-DR52 alleles 2, 3 and 8 in HLA- DR53 alleles and residues 3, 5 and 8 for haplotype DR1 could
be making contact with the TCR. All these data suggest haplotype- and allele-conscious TCR differences in immunogenic-protection-inducing
anti-malarial modified HABPs. (C) Top view of the backbone atoms of the superimposed immunogenic, protection-inducing, modified, malarial HABPs
binding to the HLA-DR molecules displayed above showing the different distances between these residues fitting into Pockets 1 (fuchsia) and 9 (green),
among the different haplotype-binding HABPs and their different orientation between residues P2 (red) and P7 (grey) amongst different haplotypes and
alleles binding modified HABPs. RMSD was <1.00. Such differences in length and orientation for the different haplotypes have to be seriously taken into
account when designing vaccines.



1930 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Fig. 7 (A) Ribbon representation of the HLA-DRB1*0401 [103] (PDB
accession number 2SEB) molecule showing the � chain in pink and the
� chain in light blue. Localization of residues forming Pocket 1 are
shown in fuchsia, Pocket 4 in blue, Pocket 6 in light brown and Pocket
9 in green. (B) HLA-DR�1*0401 surface [103], showing the deep local-
ization of Pockets 1 (fuchsia) and Pocket 9 (green) and the superficial
localization of Pockets 4 (dark blue) and 6 (light brown) on the PBR
platform of this HLA-DR�1*0401 molecule. The TCR contacting
residues on this molecule are displayed in yellow and show the elevated
prominence above this molecule's peptide-binding residue (PBR) groove.
(C) Docking and molecular modelling of malarial immunogenic, protec-
tion-inducing, modified HABP 24112 residues (12YNMVIRRSM20) 
fitting into the HLA-DR�1*0401  molecule's PBR based on this pep-
tide's binding activity, binding motifs and reading registers for this
Class II molecule. Van der Waals surface amino acid colour code is dis-
played at the bottom of this figure in panel c. Note the fit of residues
Y12 (fuchsia), V15 (dark blue), R17 (light brown) and M20 (green) into
the corresponding pockets P1, P4, P6 and P9, including R18 (grey) in
P7, confirming the suggested existence of this pocket in the HLA-
DR�1*0401 molecule. (D) This shows the H bonds spontaneously
established between amino acids Q�9, N�62, N�69, N�82, K�71 and
W�61 of HLA-DR�1*0401 (code 2SEB in PDB) [103] and the backbone
of modified  HABP 24112. Seven out of nine residues showed a dis-
tance <3.5 Å, characteristic of the H bonds with which the peptide is
anchored into the PBR of these Class II molecules to conform a stable
MHCII–peptide–TCR complex. It has also to be stressed that both
structures were determined by very different methods: X-ray crystallog-
raphy for HLA-DR�1*0401 and 1H NMR in solution for HABP 24112. In
spite of these methodological differences, RMSD between Col II peptide
with which HLA-DR�1*0401 was crystallized and modified HABP
24112 was only 1.82 Å. (E) Diagrammatic representation of 24112
residues orientation fitting into HLA-DR�1*0401 pockets (downwardly
oriented) and TCR (upwardly oriented). Colour code as previously
described.
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branal domain or PEXEL-associated motif, displayed �-turn or
random structural patterns.

By the same token, those displaying �-helical structures
mainly bound to HLA-DR52 and DR8 haplotype alleles while those
having �-turn or random structure mainly bound to HLA-DR53
and DR1 molecules, also suggesting these conserved HABPs’
immunological compartmentalization-associated 3D structure.

These HABPs also adopted certain characteristic structural con-
figurations associated with their HLA-DR haplotype binding activities
and characteristics, such as a 2 Å distance difference between amino
acids fitting into HLA-DR�1* HLA-DR52, DR8 and HLA-DR53 DR1
Pockets 1 to 9, suggesting haplotype- and allele-conscious TCR.
Vaccine development must thus take the epitopes’ structural charac-
teristics and the host’s immunogenetic characteristics into account. 

Our quantum chemistry studies have led us to ascertain that
differences observed in amino acid sequences between human
and Aotus Class II molecules [107, 108] are not relevant, since
very few of these changes involved variations in these
molecules’ pockets.
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