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The membrane-associated histidine-rich protein-1 (MAHRP-1) is a Maurer’s cleft-resident molecule that
has been recently described as an important protein for the trafficking of PfEMP-1 to infected erythrocyte
membrane, a major virulence factor. We have studied the specific interactions between 20-mer-long syn-
thetic peptides spanning the complete MAHRP-1 sequence and erythrocytes. A high-activity binding pep-
tide (HABP) with saturable binding to a 46-kDa erythrocyte membrane protein was identified and its
binding was affected by chymotrypsin treatment. Random coil and a-helical features were found in
the HABP’s structure. Our results suggest that MAHRP-1 specifically interacts with erythrocyte mem-
brane through a 20-mer-long amino acid region, raising questions about this region’s potential as a ther-
apeutic target against malaria.

� 2009 Elsevier Inc. All rights reserved.
Malaria caused by Plasmodium remains one of the most impor-
tant world health problems as it accounts for 500 million cases and
more than 3 million deaths per year [1]. Some of the most severe
malaria pathologies (anemia, cerebral and placental malaria,
among others) have been associated to infection with Plasmodium
falciparum and specifically linked to the parasite’s intra-erythro-
cytic developmental stage resulting in the adherence of infected
erythrocytes (IE) to capillary vessels and to normal erythrocytes;
two phenomena respectively named cytoadherence [2] and rosset-
ing [3,4].

Parasite proteins exported to the host-cell membrane such as
the P. falciparum erythrocyte membrane protein-1 (PfEMP-1) fam-
ily and the knob-associated histidine-rich protein (KAHRP) have
been target of extensive study due to their role in cytoadherence
and rosseting phenomena. Even thought the latter protein is lo-
cated on the cytoplasmatic face of IE knobs, monoclonal and poly-
clonal anti-KAHRP antibodies are known to disrupt rosette
formation, suggesting that the presence of anti-rosseting antibod-
ies in human sera is associated with protection against cerebral
malaria and thus, that this intracellular protein might also be an
attractive antimalarial immunoprophylactic target [5–8].

In addition to KAHRP, other intracellular P. falciparum proteins
expressed by parasite erythrocyte’s invasive stages have been
shown to be important candidates for an antimalarial vaccine, as
ll rights reserved.
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for instance the P. falciparum ribosomal phosphoprotein P0
(PfP0), which has shown to induce production of polyclonal anti-
bodies capable of blocking parasite invasion to erythrocytes [9]
and whose P domain has protected mice against challenge with
Plasmodium yoelii [10]. Together, these results highlight the impor-
tance of studying molecules involved, either directly or indirectly,
in parasite survival since they could be promising targets for new
and totally protective methods against P. falciparum infection.

Plasmodium falciparum replication inside erythrocytes evolves
from ring, to trophozoites and to schizont stages. Ring stages are
characterized by having low metabolic and biosynthetic activity
with no significant changes in the IE structure. In contrast, rapid
growth and multiplication together with sequestration of IE is
observed in trophozoite and schizont stages, finalizing with IE rup-
ture and liberation of new merozoites [4,11,12]. These observa-
tions suggest that critical changes are needed for the successful
development and reproduction of the parasite inside host cells
during early stages of the intra-erythrocytic cycle, and stress the
importance of proteins exported to IE during these stages as poten-
tial targets for developing new antimalarial strategies.

Among parasite-exported molecules is a 28.9 kDa protein con-
sisting of a highly conserved N-terminal region, a putative trans-
membrane domain in its middle region, and a variable histidine-
rich domain containing several DHGH amino acid sequence repeats
at its C-terminal end [13]. This membrane-associated histidine-
rich protein (MAHRP-1) is expressed during early stages of P. falci-
parum intra-erythrocytic development and has been located at the

mailto:mepatarr@mail.com
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


J. García et al. / Biochemical and Biophysical Research Communications 380 (2009) 122–126 123
Maurer’s clefts (MCs), which are important organelles involved in
trafficking of several proteins towards IE membrane, including
PfEMP-1, KAHRP and other important virulence factors [3,4,14–
16]. The MAHRP-1 N-terminal region together with its trans-
membranal domain have been reported as being fundamental for
the proper exportation of this protein toward MCs [17], since no
signal peptide nor classical P. falciparum export elements (PEXEL)
type motifs have been identified in its amino acid sequence. These
reports suggest that MAHRP-1 is exported through alternative traf-
ficking pathways non-dependent of the classical PEXEL motif
[17,18].

MAHRP-1 has not been assigned a concrete functional role yet.
It has been reported that MAHRP-1 binds to the heme component
of hemoglobin, named ferriprotoporphyrin IX [13], which results
from the parasite’s digestion of hemoglobin to obtain essential
amino acids for its survival and is stored as a pigment called
hemozoine. Several other parasite HRPs have been also involved
in hemoglobin degradation, including the HRPs II and III [19,20].
These observations have suggested a possible relationship between
MAHRP-1 and hemozoine production, although no evidence exists
to date to confirm such connection. Additionally, MAHRP-1 has
been described as being essential for the translocation of PfEMP-
1 to the IE surface, an important mediator of IE cytoadherence to
host-cell membrane receptors [21].

Interestingly, when the mahrp-1 gene is disrupted, no effect on
MC formation is evidenced, however, they become disorganized in
IEs [21]. These results suggest that MAHRP-1 might be fulfilling a
functional rather than a structural role in MCs.

Our institute has developed and thoroughly described [22] a
highly robust, specific and sensitive methodology suitable for rec-
ognizing binding sequences in parasite proteins involved in inva-
sion to host cells or in cytoadherence phenomena [6,23–28]; and
which has served to identify new potential components of a mini-
mal sub-unit based, multi-epitopic, multi-stage synthetic antima-
larial vaccine. In this work, we have identified a MAHRP-1
erythrocyte high-activity binding peptide (HABP) and character-
ized its binding interaction through saturation assays, cross-link-
ing to erythrocyte membrane proteins, binding to enzyme-
treated cells, invasion inhibition of erythrocytes and structural
analysis by circular dichroism. The results of this study, added to
the importance of HRPs in P. falciparum intra-erythrocytic develop-
ment, support the inclusion of this MAHRP-1 HABP in future
immunological studies aiming at evaluating its potential as a com-
ponent of new and more effective immunoprophylactic methods
against P. falciparum malaria.
Materials and methods

Peptide synthesis and binding assays. Thirteen 20-mer non-over-
lapping peptides covering the complete P. falciparum MAHRP-1
amino acid sequence (MAL13P1.413) [13] were synthesized by so-
lid-phase multiple peptide system (t-Boc strategy) and cleaved by
low–high techniques [29–31]. The peptides were purified by RP-
HPLC and then characterized by MALDI-TOF mass spectrometry
(data not shown). One Tyr residue was added at the C-terminal
of those peptides not containing this residue in their native se-
quence to enable 125I-radio-labeling. Purified peptides (2 nmol)
were then labeled with 5 lL 125I-Na (100 mCi/mL, ICN) and
0.3 lmol chloramine-T at a final 20 lL volume in 15 min reactions;
stopping reactions with 0.3 lmol sodium metabisulfite. The 125I-
radio-labeled peptides were then purified using a Sephadex G-10
column (Pharmacia) (100 � 5 mm) and measured on an automatic
gamma counter (Packard Cobra II) [25,27].

For erythrocyte binding assays, 1 � 108 cells were incubated for
90 min with increasing concentrations (0–560 nM) of 125I-peptide
in the presence (non-specific binding) or absence (total binding)
of unlabelled peptide (4 nmol). Cells were then washed twice with
HBS buffer and their associated radioactivity was quantified in an
automatic gamma counter. [25,27] All assays were carried out in
triplicate. Data were analyzed taking into account that the differ-
ence between total binding and non-specific binding represented
the peptide’s specific binding to erythrocytes. A peptide having a
P2% slope between specific binding and added 125I-peptide was
considered a high-activity binding peptide (HABP), according to
previously established criteria [22,24,25,27]. Peptide 33769
showed a 3.9% high specific binding activity to erythrocytes and
therefore was considered a HABP.

MAHRP-1 HABP saturation assay. To determine the kinetic con-
stants of MAHRP-1 HABP binding, 15% hematocrit suspensions of
erythrocytes were incubated with concentrations of radio-labeled
HABP in triplicate (125I-HABP) starting at 0 and up to 2600 nM, in
the presence or absence of unlabelled peptide (6 nmol). Cells were
then washed with HBS before measuring the cell-associated radio-
activity in a gamma counter. The dissociation constant (Kd), bind-
ing sites per cell (BSC) and Hill coefficient (nH) were calculated
by analyzing the saturation curve [6,24].

Effect of the enzymatic treatment on HABP binding to erythrocytes.
For these assays, erythrocytes at a 60% hematocrit were suspended
in HBS and independently treated with 150 lU/mL neuraminidase
(ICN 9001-67-6), trypsin (Sigma T-1005) or chymotrypsin (Sigma
C-4129) at a final 1 mg/mL concentration for 1 h at 37 �C. Samples
were then spun at 2000 � g for 3 min and washed thrice with HBS.
Treated erythrocytes were tested following conventional binding
assays with HABP [23]. The results showed a decrease of more than
60% in conserved HABP binding to chymotrypsin-treated erythro-
cytes, which suggest an integral erythrocyte membrane protein
as the receptor molecule of this HABP.

HABP cross-linking to its erythrocyte membrane receptor. Follow-
ing a conventional binding assay with the identified HABP, 125I-
HABP-erythrocyte membrane proteins were cross-linked with
100 lL bis-sulfosuccinimidyl suberate (BS3 1 mg/mL -PIERCE) for
30 min at 4 �C. Once this time had elapsed, the reaction was
stopped with 25 mM Tris–HCl (pH 7.4) and cells were washed
thrice with HBS. Samples were then treated with 15 lL lysis buffer
(5% SDS, 10 nM iodoacetamide, 1% Triton X-100, 100 mM EDTA,
and 10 mM PMSF) and 15 lL Laemmli buffer was added. Erythro-
cyte membranes were pelleted at 15000�g for 10 min and the
supernatant containing extracted proteins was separated by 12%
SDS–PAGE, subsequently auto-radiographically developed on a Ko-
dak film (X-OMAT) and kept at 70 �C for 10–20 days. The molecular
weight of the labeled band was determined by comparing the
migration distance of molecular weight markers (Fermentas Life
Science) [24].

MAHRP-1 HABP secondary structure features. Circular dichroism
(CD) spectrum were obtained for the MAHRP-1 HABP to determine
its main structural features. CD spectrum was recorded in 30% tri-
fluoroethanol (TFE)/water at 20 �C on a Jasco J-810 spectropolarim-
eter at wavelengths ranging from 260 to 190 nm using 1.00-cm
optical path cuvettes [32]. The results were expressed as mean res-
idue ellipticity (H), being the units degrees � cm2 � dmol�1

according to the [H] = H�k/(100�l�c�n) function, where H�k corre-
sponds to the measured ellipticity, l to the optical path-length, c
to the peptide concentration and n to the number of amino acid
residues contained in the sequence. Deconvolution of the obtained
spectrum was performed using SELCON, CONTINLL, and CDSSTR
programs [32,33].

Inhibition of merozoite invasion. Sorbitol-synchronized P. falcipa-
rum cultures (FCB-2 strain) [34] were incubated until late-schizog-
ony at a final 0.5% parasitemia and 5% hematocrit in RPMI
1640 + 10% O positive plasma. Cultures were then seeded in 96-
well cell-culture plates in the presence of the tested peptide
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(200 lM) in triplicate. Supernatants were recovered after an 18 h
incubation period at 37 �C in 5% O2, 5% CO2, and 90% N2 atmo-
sphere. Erythrocytes were stained with 15 lg/mL hydroethidine,
incubated at 37 �C for 30 min and then washed thrice with PBS.
The suspensions were analyzed by flow cytometry (FACsort) in
Log FL2 data-mode, using CellQuest software (Becton–Dickinson
immunocytometry system, San Jose, CA) [35]. Infected and unin-
fected erythrocytes, and infected human erythrocytes treated with
EGTA and chloroquine were used as controls.
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Fig. 2. Saturation curve of HABP 33769. The curve represents specific binding. In
the Hill plot (inset), logF is the abscissa and log (B/Bmax � B) the ordinate, being F
the amount of free peptide, B the amount of bound peptide and Bmax the maximum
amount of bound peptide.
Results and discussion

In this work, once the whole MAHRP-1 sequence was chemi-
cally synthesized, binding assays were carried out in order to
determine which of the twelve 20-mer-long non-overlapping syn-
thetic peptides presented high specific erythrocyte binding activ-
ity. Peptide 33769 (21ADVPTEGMDVPFGFFDKNTLY40) located at
the MAHRP’s conserved N-terminal region was the only one show-
ing such behavior (Fig. 1). This HABP’s localization inside a con-
served region has important significance given that conserved
HABPs are not antigenic, nor immunogenic or protection inducers
and therefore, modifications in the critical binding residues of
these, immunologically-silent conserved HABPs have proven to in-
duce production of long-lasting antibody titers against P. falcipa-
rum parasites and protection against experimental challenge with
a highly infectious Aotus-adapted P. falciparum strain [6,36–38].
In addition, the saturation assay (Fig. 2) carried out with this HABP
established that its binding is saturable, with a Kd in the nanomolar
range (900 nM), a nH equal to 1 and around 300000 BSC.

Our results indicate that the MAHRP-1 HABP 33769 is directly
involved in this protein’s interaction with erythrocyte membrane
receptors. Spycher et al. [17] have reported that the region lying
between residues 52–169 is sufficient for the proper trafficking
of MAHRP-1 to MCs. Once MAHRP-1 is in MCs, another MAHRP-1
region(s) is possibly in charge of interacting with the IE membrane
receptor(s) [21]. These observations lead us to suggest that HABP
33769 is possibly present in the MAHRP-1 region that associates
with IE and that it fulfills a structural role in MCs. However, addi-
tional studies are needed to further support to this statement.

The nature of erythrocyte membrane receptor(s) for this pep-
tide was examined in HABP binding assays with enzymatically
Peptide
number
33768 1 M A E Q A A V Q P E S V P T V

33769 21 A D V P T E G M D V P F G F F

33770 41 K K L M F I F M R D V D N Y A

33771 61 N F M H A Q T E D D D Q T D G

33772 81 Y L L N H K R T W F E Q F K A

33773 101 L D G K N S V F L L L F L F F

33774 121 L L Y H A F L Y H S I K S E H

33775 141 H L E Q E E N D D D Y H H Y H

33776 161 Y P F F D P E Y M H D H D H D

33777 181 T I K P A H A H E L D H G H D

33778 201 G H D H G H D H G H D H G H G

33779 221 C T C K N K A K K K P G E P C

33780 241 K P G E P C D C Q K A K L E Q
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Fig. 1. Erythrocyte binding assays using MAHRP-1 peptides. Each black bar represents
corresponds to a HABP given its > 2% specific binding activity. Peptides are named acco
position of the peptide in the protein’s amino acid sequence. Additionally, a structural m
treated erythrocytes (Fig. 3a), finding that HABP 33769’s specific
binding was reduced to 59% when erythrocytes were treated with
chymotrypsin; whereas binding was not affected when trypsin- or
neuraminidase-treated erythrocytes were used in these assays,
suggesting a erythrocyte receptor of proteic nature for this HABP.
The apparent molecular weight of the erythrocyte membrane
receptor interacting with MAHRP-1 HABP was determined in a
cross-linking assay. The autoradiography (Fig. 3b) showed that
HABP 33769 binds specifically to a 46-kDa erythrocyte surface pro-
tein. These results suggest an erythrocyte membrane protein such
as the previously described putative receptor ‘‘Z” [39].

The CD spectrum obtained for HABP 33769 revealed the pres-
ence of a-helix structural elements and random coil features in this
HABP’s secondary structure, indicated by the slight displacement
of the characteristic 190 nm maximum, and 208 and 220 nm min-
ima (Fig. 4). Spectrum deconvolution confirmed the above observa-
tions since it showed 40% a-helical content and a 60% content of
random coil and b-turn features in HABP 33769 structure, being
2
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E G K H A Y 80
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H A P H F 160

H E H D H 180
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Specific Binding Activity (%)

the slope of the specific binding graph, where it can be seen that peptide 33769
rding to our institute’s serial numbering system; the small superscript shows the
odel of MAHRP-1 is shown at the left side of the profile.
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Fig. 3. Studies on the possible nature of the HABP receptor (S). (A) Effect of the enzymatic treatment on MAHRP-1 HABP 33769 interaction with erythrocyte surface receptors.
Their correlation was determined by the reduction in the binding percentage compared with binding to untreated erythrocytes (100% binding). (B) Cross-linking assays.
Autoradiography of erythrocyte membrane proteins cross-linked to the 125I-HABP 33769. Lane 1 corresponds to total binding (in absence of unlabelled peptide) and lane 2 to
non-specific binding (in presence of unlabelled peptide), showing the specificity of HABP–erythrocyte interaction with a 46-kDa erythrocyte molecule.
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Fig. 4. HABP 33769 circular dichroism (CD) spectrum. Below, secondary structure predicted by SOPMA for MAHRP-1 with its corresponding a-helical (blue), b-turn (red), and
random coil (fuchsia) features.
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these structural features consistent with the secondary structure
prediction by NPS@ Self Optimized Prediction Method from Align-
ment (SOPMA) server [40]. A functional compartmentalization of P.
falciparum proteins has been previously described, showing that
proteins having a high content of b-turn or random coil structures
are generally bound to the merozoite membrane via glycosylphos-
phatidylinositol (GPI) anchoring tails, or they contain PEXEL motifs
or transmembranal sequences being this latter the case of MAHRP-
1, since a transmembranal sequence is predicted in its structure
between residues 106 and 128 [41].

Additionally, the biological role of MAHRP-1 HABP was evalu-
ated in vitro through a merozoite invasion inhibition assay using
sorbitol-synchronized P. falciparum cultures. Interestingly, HABP
33769 inhibited erythrocyte’s invasion by 30 ± 3% at a 200 lM pep-
tide concentration, whereas controls (low activity binding peptides
33768 and 33778) had no inhibitory effect. Even though MAHRP-1
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is involved in the parasite intra-erythrocytic development, this re-
sult indicates that MAHRP-1 HABP 33769 could be interacting with
high specificity and saturability with a 46-kDa erythrocyte mem-
brane protein and partially inhibiting parasite infection of host
cells through such interaction.

These findings support the inclusion of this conserved N-termi-
nal HABP in future biological and immunological studies to further
elucidate the molecular mechanism involved in P. falciparum life-
cycle development with the aim of identifying new candidates to
be included in a minimal sub-unit-based, multi-stage, multi-epi-
topic, chemically synthesized antimalarial vaccine [7,8,42].
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