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Abstract: Protein-protein interactions (IPP) play an essential role in practically all biological processes,
including those related to microorganism invasion of their host cells. It has been found that a broad
repertoire of receptor-ligand interactions takes place in the binding interphase with host cells in
malaria, these being vital interactions for successful parasite invasion. Several trials have been
conducted for elucidating the molecular interface of interactions between some Plasmodium falciparum
and Plasmodium vivax antigens with receptors on erythrocytes and/or reticulocytes. Structural
information concerning these complexes is available; however, deeper analysis is required for
correlating structural, functional (binding, invasion, and inhibition), and polymorphism data for
elucidating new interaction hotspots to which malaria control methods can be directed. This review
describes and discusses recent structural and functional details regarding three relevant interactions
during erythrocyte invasion: Duffy-binding protein 1 (DBP1)–Duffy antigen receptor for chemokines
(DARC); reticulocyte-binding protein homolog 5 (Pf Rh5)-basigin, and erythrocyte binding antigen
175 (EBA175)-glycophorin A (GPA).

Keywords: malaria; Plasmodium; receptor-ligand structure; structure activity relationship

1. Introduction

Malaria is a disease caused by parasites from the phylum Apicomplexa and Plasmodium
genus; they are characterized by two types of unique structures within the parasite: the apicoplast
(a non-photosynthetic plastid) and the apical complex. The apical complex structure contains two
specialized organelles called the rhoptries and the micronemes harboring high protein content needed
for carrying out efficient host cell invasion [1].
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The five human malaria parasites’ life-cycle is extremely complex and involves two asexual life
stages within a human host and a sexual stage within a female Anopheles mosquito. The parasite
undergoes a series of synchronized morphological, transcriptional, and protein expression changes
(i.e., different proteins are expressed depending on the parasite form), thereby enabling efficient
invasion (of two different target cells) and escaping the human immune system [2,3]. Once the first
parasite form (called a sporozoite) enters a human host, it reaches the hepatic cells by gliding motility
and by cell traversal mechanisms where it uses different proteins to bind receptors on human hepatic
cells, thus gaining access to them. The sporozoites divide and become differentiated there to produce
hundreds of merozoites, thereby starting the invasion of human erythrocytes (blood or intra-erythrocyte
phase) (Figure 1A). The parasites develop repeated cycles of replication, exit, and re-invasion of new
erythrocytes during this phase, involving the parasite passing from ring to trophozoite and then to
schizont form (Figure 1A). This intra-erythrocyte stage takes 48–72 h, depending on the Plasmodium
species, and gives rise to the disease’s clinical manifestations [4,5]. A small percentage of parasites
transform into gametocytes during this stage and are taken up during a blood meal by another feeding
Anopheles mosquito (Figure 1).

In contrast to viral and intracellular bacteria invasion, Plasmodium actively invades erythrocytes
without having to depend on host cells’ capture routes [6]. Information regarding this process has been
obtained from studies on Plasmodium knowlesi and Plasmodium falciparum and has been conceptually
divided into four phases (Figure 1B) [7–14]. The first involves initial contact through weak and
transitory interactions associated with waves of erythrocyte membrane deformation mediated by
merozoite surface proteins’ (MSPs) interaction with erythrocyte surface [15,16]. Erythrocytes become
more deformed after binding and, in the second phase, the parasite reorients its apical pole to come
into direct contact with the host cell membrane. This is called reorientation and, in P. falciparum,
is mediated by the actin-myosin motor and by the early release of erythrocyte-binding antigens (EBAs)
from the micronemes and reticulocyte-binding protein homologs (Rhs) from the rhoptries, binding
with high affinity to a wide range of host cell receptors [17,18]. Such reorientation results in the
formation of a strong pre-tight junction in which the reticulocyte-binding protein homolog 5 (Rh5)
protein (only found in P. falciparum and P. reichenowi) becomes translocated to erythrocyte membrane,
forming a protein complex with other parasite antigens, to bind to the basigin receptor (CD147) on
erythrocytes [19], thereby triggering the release of rhoptry neck (RON) proteins [16]. Such release marks
the start of the third phase enabling RON transfer within erythrocyte membranes to initiate tight junction
(TJ) formation characterized by a ring-like structure which starts from the parasite’s apical pole and
moves progressively towards its posterior end as it enters host cells inside the parasitophorous vacuole
(PV) [20]. It has been found that this is mediated by RON protein translocation towards host cell cytosol
in Toxoplasma gondii and P. falciparum. RON2 becomes inserted into the cell membrane to act as a receptor
for apical membrane antigen 1 (AMA1) protein and this interaction provides a strong anchoring point,
enabling successful parasite invasion [21,22]. The fourth phase involves parasite access to host cells
where it becomes housed within a PV to begin infection and replication (Figure 1B and Table S1).

As well as the wide repertoire of receptor-ligand interactions taking place, it is worth highlighting
macromolecular complex formation between parasite proteins in P. falciparum and in Plasmodium vivax
(supported by less evidence in the latter) which could promote interaction with receptors on merozoites
(Figure 1B) [23–25]. In P. falciparum, the MSP-1-mediated interaction platform has been one of the most
widely characterized complexes; it is capable of interacting with MSP6 and MSP7 proteins, the high
molecular weight rhoptry protein 3 (RhopH3), rhoptry associated protein 1 (RAP1), RAP2, MSP1DBL1,
MSP1DBL2 and a co-ligand complex with MSP9 [23,24]. MSP1 fragments interact with glycophorin
A, band 3, and yet-to-be-identified erythrocyte membrane-associated receptors [26,27]. In addition,
Pf Rh5 forms a complex with protective cysteine-rich antigen (CyRPA) and Rh5-interacting protein
anchored to parasite surface by the P113 protein via a glycosylphosphatidylinositol (GPI) lipid anchor
to interact with the basigin receptor. The TJ is a macromolecular complex consisting of rhoptry neck
proteins (RON2-RON4-RON5) and AMA-1 (Figure 1B).
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Understanding the molecular mechanisms involved in merozoite binding to and invasion of
erythrocytes has been one of the main approaches in basic malaria research aimed at developing drugs
and vaccines against this parasitosis [7,8]. Spectroscopic techniques such as nuclear magnetic resonance
(NMR), nuclear X-ray crystallography, hydrogen-deuterium exchange mass spectrometry (HDX-MS)
and mutational mapping linked to physical techniques such as surface plasmon resonance (SPR) and
isothermal titration calorimetry (ITC) have provided detailed information regarding the molecular
structure and interaction regions of some key proteins involved in erythrocyte invasion [28–32]. Critical
interaction regions between parasite ligands and host cell receptors have been defined from the
structures of two of the most important Plasmodium species worldwide: P. falciparum and P. vivax.
This has also enabled identifying functional and non-functional epitopes from ligand-neutralizing
and/or inhibitory antibody (Ab) complexes [29,30,32,33]. Combining both approaches (receptor-ligand
and antigen-antibody) highlights small ligand regions which are critical for parasite invasion, i.e.,
hotspots; these can be used for the rational design of future vaccines components or treatment against
malaria infection.
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Figure 1. Plasmodium life cycle and erythrocyte invasion interactions. (A). The Plasmodium life-cycle 
has two phases in its hosts: the asexual phase in humans (vertebrates) and the sexual phase in 
Anopheles mosquitos (invertebrate). Female Anopheles mosquitos’ bites transmit the parasite in its 
sporozoite form into host dermis [19]. The inoculated sporozoites migrate through the bloodstream 
until reaching, invading, and developing within the hepatocytes. Some sporozoites may remain in a 
latent state within the hepatocytes (hypnozoites) during Plasmodium vivax invasion while others 
become transformed into a new parasite form called merozoite [34]. Once merozoites are released into 
circulation, they invade new red blood cells (RBC) and some become gametocytes which can be 
ingested by other mosquitos during a new bite. The parasite begins its sexual cycle in a mosquito to 
give rise to new sporozoites that will be transmitted to humans thereby starting the asexual cycle 
again in a vertebrate host. (B). Molecular events during Plasmodium merozoite invasion of RBC. Initial 
contact with target cells, merozoite apical pole reorientation to ensure direct contact with host cell 

Figure 1. Plasmodium life cycle and erythrocyte invasion interactions. (A). The Plasmodium life-cycle has
two phases in its hosts: the asexual phase in humans (vertebrates) and the sexual phase in Anopheles
mosquitos (invertebrate). Female Anopheles mosquitos’ bites transmit the parasite in its sporozoite
form into host dermis [19]. The inoculated sporozoites migrate through the bloodstream until reaching,
invading, and developing within the hepatocytes. Some sporozoites may remain in a latent state within
the hepatocytes (hypnozoites) during Plasmodium vivax invasion while others become transformed
into a new parasite form called merozoite [34]. Once merozoites are released into circulation, they
invade new red blood cells (RBC) and some become gametocytes which can be ingested by other
mosquitos during a new bite. The parasite begins its sexual cycle in a mosquito to give rise to new
sporozoites that will be transmitted to humans thereby starting the asexual cycle again in a
vertebrate host. (B). Molecular events during Plasmodium merozoite invasion of RBC. Initial contact
with target cells, merozoite apical pole reorientation to ensure direct contact with host cell membrane
and establishing specific high-affinity interactions, tight junction formation acting as an anchor, and
creating the parasitophorous vacuole, following parasite gliding motility towards target cells where
they replicate, producing 30–50 new merozoites and subsequently following their cycle to invade other
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RBC [7,35]. M1/19, M1/30, M1/33, M1/83: merozoite surface protein 1–19 kDa, 30 kDa, 33 kDa and 83 kDa
fragments, respectively; M6/36: merozoite surface protein 6–36 kDa fragment; MSPDBL: merozoite
surface protein Duffy binding-like; MSP7: merozoite surface protein 7; ETRAMP: early transcribed
membrane protein; TRAg36.6, TRAg38, TRAg40, TRAg69.4 and TRAg74: Plasmodium tryptophan-rich
proteins 36.6, -38, -40, -69.4 or -74; BSG: basigin; ?: yet-unknown receptor; Rh1, Rh2a, Rh2b, Rh4 and
Rh5: reticulocyte-binding protein homologues -1, -2, 2a, -2b, -4 and -5; EBA175: erythrocyte binding
antigen 175; EBA140: erythrocyte binding antigen 140; EBA181: erythrocyte binding antigen 181;
EBL: erythrocyte binding ligand; Y/Z/W: unidentified receptors; CR1: complement receptor 1, GPYA:
glycophorin A; GYPB: glycophorin B; GYPC: glycophorin C; Ripr: Pf Rh5-interacting protein, CyRPA:
cysteine-rich protective antigen; AMA1: apical membrane antigen-1, DARC: Duffy antigen receptor
for chemokines, RII-DBP1: Duffy binding protein 1 - region II; RBP1a/b: reticulocyte-binding protein
1a/b; RBP2a: reticulocyte-binding protein 2a; RBP2c: reticulocyte-binding protein 2c; CD71: transferrin
receptor 1; RON2: rhoptry neck protein 2; RON4: rhoptry neck protein 4; RON5: rhoptry neck protein
5; AMA1 DI-II: apical membrane antigen-1 domain I-II; RON2 RI: rhoptry neck protein 2 - region I;
RON2 RII: rhoptry neck protein 2 - region II.

2. Plasmodium vivax and Its Main Receptor-Ligand Interaction

P. vivax is the second most important malaria-causing species worldwide after P. falciparum [36].
This parasite species has tropism for stage I-III reticulocytes expressing two surface receptors during
the blood stage: Duffy antigen receptor for chemokines (DARC) and transferrin receptor 1 (TfR-1 or
CD71) [37,38]. DARC was the first receptor identified for P. vivax invasion via its specific interaction
with Duffy-binding protein 1 (DBP1) [39]. Although there are discrepancies regarding whether
DARC-DBP1 interaction is completely required for invasion (mainly due to reports showing that
Duffy-negative individuals have been diagnosed with P. vivax infection throughout Africa) [40], such
interaction has undoubtedly been the most and best studied in P. vivax.

DBP1 is a protein member of the erythrocyte binding-like (EBL) superfamily found in species such
as P. falciparum and P. knowlesi [41]. The members of this family contain one or two Duffy binding-like
(DBL) cysteine-rich (region II) extracellular domains, a second extracellular cysteine-rich domain
(region VI), a transmembrane domain and a short cytoplasmatic domain (Figure 2A). Initial studies
have led to conclude that the amino acid (aa) sequence from residue 198 to 522 (called RII) is responsible
for the specific interaction with DARC [42,43]. RII-DBP1 becomes gradually coupled to DARC to create
a stable heterotetramer consisting of two DBP molecules and two DARC molecules [29,44].

It is clear that RII-DBP1 can induce a natural human immune response (meaning that DBP1 is
recognized by a host’s immune system during natural infection) and that the heterotetramer’s interaction
interface is a neutralizing Ab response target [28,29,45]. This complex has high polymorphism (one of
the main immune response evasion mechanisms), several having been found in RII-DBP1. Analyzing
this region’s genetic diversity in P. vivax field isolates from geographically remote areas, such as
Papua New Guinea, South Korea, Colombia, Brazil, and Thailand, has confirmed high RII-DBP1
polymorphism, but highly conserved cysteine residues [46–48]. Such analysis has revealed that
RII-DBP1 has around 127 polymorphic sites, resulting in 193 haplotypes [49] having a ten-fold higher
substitution rate than the rest of the molecule (i.e., such regions tend to fix more nucleotide changes
than other regions) [50,51]. Interestingly, aa substitutions at D384G, K386(N/Q), N417K, L424I, W437R,
and I503K were found in Papua New Guinean and Colombian isolates, showing that many similar
alleles are widely distributed among P. vivax from different geographical areas [46,52]. Although it
has been suggested that polymorphisms in RII-DBP1 do not significantly alter host-parasite binding,
some of them alter immune recognition of DBP1 [53]. Consequently, the polymorphic nature of
DBP1, particularly RII-DBP1, represents a serious problem negating this antigen’s use as an essential
molecule in a vaccine against P. vivax. Functional analysis of reticulocyte binding, together with
identifying epitopes eliciting broadly neutralizing Abs (bnAbs), correlated at a structural level,
has exposed some other regions (analyzed below in this review) which could become alternate hotspots
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contributing towards the rational design of DBP-based vaccines and therapies. This would overcome
the inconvenience of having a ten-fold higher substitution rate, bearing in mind that DBP1 is the most
clinically representative and advanced P. vivax blood-stage antigen.

RII-DBP1 is an elongated boomerang-shaped molecule having an antiparallel β-hairpin turn close
to the N-terminus. This region consists of three subdomains stabilized by intra-subdomain disulfide
bridges. Subdomain 1 (SD1) consists of residues 211N–L253 and has two intra-subdomain disulfide
bridges: 217C–C246 and 230C–C237. Subdomain 2 (SD2) consists of residues 271Y–E386 and has an
intra-subdomain disulfide bridge (300C–C377) while subdomain 3 (SD3) consists of residues 387P–S508

and has three disulfide bridges: 415C–C432, 427C–C507 and 436C–C505 [29] (Figures 2A and 3). NMR,
X-ray crystallography and ITC have determined that the RII-DBP1 region for binding to DARC
consists of residues 256-426 covering the whole of SD2 and has all the dimerization components
required for engaging a putative sulfotyrosine (41Tyr) on DARC, 273K and 356Q being critical residues
in the DARC-binding pocket [44,54]. 270L-K289, 356Q-K367, and 261F-T266 have been defined as critical
RII-DBP1 residues directly contacting the DARC receptor (Figures 2B and 3A–C) [41]. Such information
provides this interaction’s molecular components and mechanistic role, thus expanding biological
knowledge regarding receptor-ligand interactions in P. vivax.

Biophysical studies have shown that a non-sulfated DARC construct functionally binds to and is
capable of inducing RII-DBP1 dimerization [44], suggesting that regions outside of the sulfotyrosine
residues play an important role in binding interaction. Interestingly, it has been identified that DBP1
SD2 is characterized by having mainly polymorphic residues grouped around DARC dimerization and
binding interphase in modeled RII-DBP1 structure [58]. It has been observed that nucleotide diversity
within RII-DBP1 was universally highest in a region matching a previously identified inhibitory
epitope (termed the DEK epitope) when examining nucleotide diversity patterns regarding individual
geographical locations [50]. SD3, located at the opposite end of SD1-SD2, had very low nucleotide
diversity in all populations [58]. Attention must thus be paid to regions having low substitution rates
which could reduce strain specificity. Researchers have thus focused their efforts on producing Abs
blocking receptor-ligand interactions or elucidating the structural bases defining the neutralization
mechanisms of naturally acquired Abs or those induced by vaccination [50,57].

Ntumngia et al., produced monoclonal Abs (mAb) targeting the RII-DBP1 region capable of
blocking RII-DBP1 binding to human erythrocytes [50]. Such Abs called 3C9, 2D10, 2H2 and 2C6
targeted a region located in SD3 (Figures 2B and 3D) [50,55]. Ab 2D10 specifically recognized a
conformational epitope between residues 413–417 and 425–441. Studies involving small-angle X-ray
scattering (SAXS), HDX-MS, and ELISA ascertained that Ab 2H2 shared overlapping binding regions on
DBP1 with Ab 2D10 (Figures 2B and 3D). Ab 2C6 recognized an epitope located between residues 465–485.
Interestingly, the epitopes recognized by these mAbs occurred in a highly conserved region [57]. Although
these Abs were not directly targeting DBP1-DARC interaction interface, it has been suggested that their
mechanism of action would be steric hindrance preventing RII-DBP1 approaching erythrocyte surface [33].

Studies orientated towards mapping specific DBP1 reticulocyte binding regions have found
that seven conserved and semi-conserved peptides obtained by solid-phase peptide synthesis and
identified by serial numbering (called high activity reticulocyte binding peptides - HARBPs) specifically
interacted with reticulocyte surface [56]. Interestingly, several of them were located in regions
different to those involved in DBP1 dimerization and DARC binding, suggesting that other DBP1
regions mediate interaction with reticulocytes and that they could be considered when designing
vaccines against species. Three HARBPs, 1635 (semi-conserved) (aa 398–417), 1637 (conserved) (aa
438–457), and 1639 (semi-conserved) (aa 478–497) (Figure 3G), formed part of the regions recognizing
binding-neutralizing Abs 2D10, 3C9, 2H2, and 2C6. HARBPs 1635 and 1639 inhibited recombinant
protein RII-DBP1 binding to human reticulocytes, showing that the Abs’ inhibition mechanism could
be due more to receptor-ligand blocking than steric hindrance. Replacing each aa in HARBP 1639
by glycine showed that residues 485F, 486N (conserved amongst strains), and 488V were critical to
reticulocyte binding and coincided with critical Ab 3C9 contact residues and partially with Ab 2C6
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contact region (Figures 2B and 3D). Studies regarding enzyme treatment of human erythrocytes and
peptide-receptor cross-linking have ascertained have HARBP 1639 interacted with a chymotrypsin
treatment-resistant receptor of around 40 kDa that did not coincide with the DARC binding profile
(sensitive to chymotrypsin treatment) [56].
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Figure 2. DBP1 representation. (A) Schematic representation of DBP1 primary structure showing each
region’s length and representing the three HARBPs located in SD3. HARBP 1639 aa sequence is shown.
The highlighted residues are critical binding residues. The red dotted lines indicate the location of the
Cys involved in disulfide bridges. RI (region I), RII (region 2), RIII-V (region 3 to region 5), RVI (region
6), TM (transmembrane domain), CD (cytoplasmic domain) [42,43]. (B) Alignment of RII-DBP1 from
the main P. vivax strains having different geographical locations. RII-DBP1 subdomains: S1 211N-L253

(pink), S2 271Y-E386 (gray), 387S3-P-S508 (cyan). DBP1 residues involved in binding to DARC: RII-DBP1
261F – T266, 270L – K289, and 356Q – K367 (The primary DARC binding interface) and 254V-F267 (secondary
DARC binding interface) (black box) highlighting the critical contact residues [29,44]. Amino acid
composition variations are highlighted in red. mAb 053054: 264D-A281, 356Q-N372 (red box) and 092,096
epitopes: 249E, 270L-K289 and 356Q-W375 (yellow box) overlapping in SD2 [28]. mAb 2D10 and 2H2
epitopes (blue box), highlighting critical contact residues (2D10-blue and 2H2-dark purple) [50]. mAb
2C6 epitope: 265K – F486 (dark green box), highlighting critical contact residues. mAb DB9 epitope:
476D – E503 (magenta box), highlighting critical contact residues [33]. mAb 3C9 epitope: 476D – E493

(green box), highlighting critical contact residues [55] HARBPs 1635: 398R – G417 (purple), 1637: 438S –
F457 (light green) and 1639: 478L –R497 (apricot) located in neutralizing epitopes’ SD3 region [56]. HARB
1639 critical binding residues matching mAb 3C9 are highlighted (arrows). HARBPs: high activity
reticulocyte binding peptides. mAbs: monoclonal antibodies. Cys: cysteine.
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Figure 3. RII-DBP1 structure and its interaction with DARC (A) RII-DBP1, showing its three subdomains
(SD1, SD2 and SD3) and the DARC binding region [42,43]; (B) RII-DBP1 two-ligand heterotrimer structure
and a monomer from the DARC receptor; (C) RII-DBP1:DARC heterotetramer structure reconstructed
from PDB 3RRC, 4NUU, 4NUV, 5F3J, 6OAN, 6OAO and 6R2S [28,29,33,44,57]; (D) RII-DBP1 contact
points with mAb DB9-2D10, zooming in on interacting residues highlighting HARBPs: 1635 (pink),
1637 (yellow), and 1639 (red) (PDB 6R2S and 5F3J) [33,57]; (E) DBP1/DARC points of contact with mAb
053054, zooming in on interacting residues (PBD 6OAN) [28]; (F) DBP1-DARC contact points with
mAb 092096, zooming in on interacting residues (PDB6OAO) [28]; (G) RII-DBP1 including HARBPs
1625 (orange), 1627 (green), 1631 (blue), 1635 (pink), 1637 (yellow) and 1639 (red) [56].
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Recent studies have emphasized the theory that P. vivax could have alternative invasion routes
due to their ability to invade DARC-negative erythrocytes [59,60]. However, it has still not been
elucidated whether using alternative routes could be mediated by other parasite proteins or DBP1.
Genomic analysis has reported that DBP1 duplication has occurred more frequently in patients from
Madagascar (DARC-negative) compared to other regions, suggesting increased DBP1 production as
a compensatory mechanism for binding to other receptors on the membrane [61]. Although such
statements are controversial, analyzing DBP1 erythrocyte binding regions that did not coincide with
DARC binding regions and Abs blocking such binding have revealed other DBP1 regions involved
in adhesion.

Reviewing P. vivax vaccine candidate development has shown that RII-DBP1-based vaccines
have progressed through Phase I clinical trials (Table 1). Abs against RII-DBP1 were obtained in
some cases which were maintained for more than 100 days following the three immunization doses
and had pronounced DBP1-DARC binding inhibiting capability [62,63]. It has been reported that
vaccination with this antigen has induced a strain-transcending Ab response and blocked receptor
binding by different DBP1 allele variants [62]. DBP1 antigenicity studies have shown that high,
naturally-acquired Ab titers can block RII-DBP1-DARC interaction in vitro and are associated with
a reduced risk P. vivax infection [64,65]. Although Ab induced by a natural immune response and
vaccination might differ, detailed analysis of epitopes recognized by Abs induced by both mechanisms
which can block DBP1-DARC interaction (sometimes with different DBP1 allele variants) could reveal
hotspots on which future intervention points should be focused. This information, combined with
receptor-ligand interaction studies, represents an essential complement for highlighting interesting
regions in P. vivax ligands.

In line with this idea, human-derived neutralizing mAbs produced by sorting individual RII-DBP1
specific B-cells from a Cambodian patient with naturally acquired immunity has revealed that mAbs
053.054 and 092.096 could prevent binding between RII-DBP1 and the N-terminus of DARC receptor and
neutralize P. vivax invasion ex vivo [28]. Structural and HDX epitope-mapping data has demonstrated
that the 053.054 epitope spans residues 249E, 264D, 281A, and 356Q, 372N of helices in SD2 [28]. These are
key residues in the DARC binding interface where 264D is directly in contact with DARC and 356Q
forms part of the DARC sulfotyrosine binding pocket [29,44]. The epitope recognized by mAb 053.054
overlapped the epitope for 092.096, consisting of 219Y, 249E, 270L–K289, and 356Q–W375 (Figure 3E,F).

Table 1. Plasmodium vivax blood stage malaria vaccine candidates.

Vaccine Candidate Development Phase Antigen Formulation Ref

PvDBPII-DEKnull Pre-clinical DBP1 Rec. protein- adjuvant [66]

PvMSP119 Pre-clinical PvMSP1 Rec. protein-Montanide
ISA720 [67,68]

ChAd63-PvAMA1/MVA-PvAMA1 Pre-clinical PvAMA1 Prime boost, viral vectors [69]

PvAMA1 Pre-clinical PvAMA1 Rec. protein-adjuvant [70]

ChAd63-PvDBPII/MVA-PvDBPII Clinical Phase Ia DBP1 Prime boost, viral vectors [63]

PvDBPII/GLA-SE Clinical Phase Ia DBP1 Rec. protein-GLA-SE [62]

PvDBPII/Matrix M1 Clinical Phase I/IIa DBP1 Rec. protein-adjuvant N.A.

Rec. protein: Recombinant protein; N.A.: Not available.

Cloning studies of a panel of Abs from volunteers immunized with RII-DBP1 revealed markedly
strain-dependent differences in anti-RII-DBP1 mAb potency. Only one of the ten mAbs evaluated
(DB9) inhibited invasion by 65–90% in ten of the eleven P. vivax isolates [33]. This Ab induced powerful
inhibition of P. knowlesi transgenic growth in inhibition assays and inhibited the binding of all five
RII-DBP1 variant alleles to DARC. The DB9 epitope was contained in SD3 (Figure 2B), which is one
of the domain’s most conserved regions; however, this sequence was distant from the DBP1-DARC
contact and dimerization site and recognized residues 477D, 485E, 487N, 488E, 489V, 493N, 494E, 498R, 499G,
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500A, and 504E (Figure 3D). It overlapped the whole HARPB 1639 sequence and the epitopes recognized
by mAb 3C9 and 2C6 [50,56]. This hotspot (located in SD3 between residues 476–500) is a promising
target considering that it contains regions specifically interacting with reticulocytes, mAbs targeting
it can highly inhibit parasite entry to and interaction with reticulocytes, and has fewer polymorphic
changes than SD2 [28,33,56,58]. It has been reported that Abs targeting epitopes in this subdomain can
inhibit erythrocyte binding by different RII-DBP1 allele variants [55].

3. Plasmodium falciparum: A Thousand and One Invasion Routes

P. falciparum is the most important malaria-producing species worldwide and has been the most
widely studied of the five species infecting humans [71]. Transcriptional studies have shown that
around 50–60 genes encoding proteins that might mediate erythrocyte invasion are over-expressed
in schizonts compared to other parasite forms, such as rings and trophozoites [3]. Research groups
have thus focused their efforts on identifying, characterizing, and functionally evaluating P. falciparum
antigens located on this species’ membrane and apical organelles and their participation in establishing
interactions with receptors on erythrocyte membrane [71–73]. It has thus been established that initial
interactions between the parasite and erythrocytes are mediated by the MSP-1 protein complex [7,23].
Such interaction leads to strong erythrocyte deformation and merozoite reorientation mediated by
different invasion routes in which EBA and Rh family ligands participate. Depending on receptor
availability, P. falciparum will express a combination of EBAs or Rhs for interacting with target cells;
the interaction between EBA-175-glycophorin A (GPA) is however the preferential P. falciparum invasion
route (Figure 1) [19,74,75]. This is followed by ternary complex formation between Pf Rh5 and CyRPA
and Ripr interacting with the BSG receptor on erythrocytes, thereby initiating the rhoptry release
stage and pre-TJ formation facilitating RON2 complex (RON2, 4 and 5) insertion into erythrocyte
surface [25,76,77]. The RON2 complex thus acts as AMA1 receptor giving rise to the TJ formation which
slides as the parasite accesses host cells. Structural evidence is crucial for finding the key intervention
points in such complex and coordinated invasions.

Previous studies have shown that the structural elucidation of internal P. falciparum therapeutic
targets could also open up another focus for exploration. For example, studies combining the search
for P. falciparum 20S proteasome-specific inhibitors with high-resolution structural determination of the
20S proteasome by cryo-EM has provided valuable information that can be used to assist in designing
improved proteasome inhibitors to be developed as next-generation antimalarial drugs [78]. Taking
such interesting results into account regarding the advance of new antimalarial drugs, adopting the
same strategy with ligands and receptors involved in the different steps of erythrocyte invasion could
highlight new regions of vaccine interest. Although each step is essential, elucidating the structural
relationships/interactions between Pf Rh5-BSG and EBA-175-GPA has aroused great functional interest.

3.1. The Essential Interaction: PfRh5-Basigin

P. falciparum reticulocyte-binding protein homolog 5 (Pf Rh5) is a prominent blood-stage antigen
which is solely expressed in the subgenus Laverania and is an exceptional member of the Rh family
as it is the only Pf Rh gene where attempts at knock-out have not been successful [79]. It has a low
molecular weight, lacks transmembrane domains and Abs targeting this protein can neutralize a
wide range of laboratory strains adapted in culture and P. falciparum clinical isolates [79]. Such a
characteristic, added to limited genetic polymorphism concerning multiple P. falciparum laboratory
strains and geographic isolates regarding other candidates has led to a significant amount of research
on this protein in the field of antimalarial vaccines [80–82]. Although few studies have involved using
clinical isolates, previous Pfrh5 genetic diversity studies using isolates from Nigeria and Mali have
coincided by confirming that Pf rh5 was highly conserved in a setting where other vaccine antigens
had extensive polymorphism [83,84]

Crystallographic studies have shown that Pf Rh5 (residues 140–526 lacking 248–296) (Figure 4A) has
a flat rigid structure constituted by two domains, each mainly formed by three helices. The N-terminal
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domain starts with a short β-sheet, followed by a short α-helix and two large α-helices connected
by a truncated loop, while the C-terminal domain is formed by three large α-helices covering the
domain’s whole length. There are five cysteines (Cys) throughout its structure; the loop joining the
structure’s two domains is stabilized by a disulfide bond (345C-C351), while another disulfide bond
(224C-C317) joins the second and third helices in the N-terminal domain, leaving a non-bonded Cys
(329C) (Figure 5A) [74].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 12 of 25 
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Figure 4. Schematic representation of Plasmodium falciparum proteins. (A) Scheme for Pf Rh5,
highlighting High Activity Binding Peptides (HABPs) location and the sequences containing residues
involved in binding to BSG (top bar/box), the aforementioned residues having red arrows means Pf Rh5
contact sites with the basigin amino terminal extreme. Pf Rh5 residues contacting the BSG C-terminal
are shown by brown lines and the green line show the residue contacting BSG 102H. Green dotted
lines indicate sites having polymorphism in Pf Rh5; red dotted lines indicate Cys location. The bottom
bar/box shows PfRh5 residues contacting mAbs 9AD4 and QA5. The red arrow indicates the beginning
of the sequence for HABP 36727 and 36735 participating in such contact. Residues shown in green are
mAbs critical interaction residues. The complete HABP 36727 sequence is shown; residues shown in yellow
underlined in black mean polymorphic sites. (B) Scheme for EBA-175, highlighting HABP location and the
location of each EBA-175 region. The scheme also shows EBA-175 critical residues involved in EBA-175
dimerization (purple), those involved in interaction with glycans 1 and 2 (green), residues contacting
glycans 3 and 4 (blue) and residues contacting glycans 5 and 6 (orange). Residues shown in grey are those
involved in molecular interactions during complex formation. HABP 1783 (436H-K455) sequence shows the
critical residues participating in each of the aforementioned interactions. TM (transmembrane domain),
CD (cytoplasmic domain). Red shows signal peptide location in EBA-175 and PfRh5.
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197S and 449T in PfRh5 and various contact sites with the amino-terminal domain, C-terminal, and the 
residue linker 102H in BSG (Figure 4A). This receptor binds to the tip of PfRh5, having a 1,350 Å2 
contact area where PfRh5 residues 350F and 447W stabilize the interaction by packing into hydrophobic 
pockets on BSG. Interestingly, most SNPs identified in Rh5 have been distributed throughout the 
protein’s structure; however, they have not affected BSG contact residues [74]. By contrast, some 
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Figure 5. Pf Rh5 structure and its interactions (A) Structure of the interaction between Pf Rh5-BSG
(PDB 4U0Q) [74], highlighting HABP binding to RBC: 36727 (green), 36728 (yellow), 36735 (orange),
36736 (blue), and 36740 (brown). HABP 36727 structure (green) determined by nuclear magnetic
resonance (NMR), zooming in on residues in the interaction interface; pink shows HABP 36739 residues
448R, 449T, and 447W (close to HABP 36740), green HABP 36727 207D and yellow HABP 36735 362E;
(B) Crystallographic structure of the Ripr, CyRPA and Pf Rh5 ternary complex in contact with the
BSG receptor (PDB 6MPV) [76], zooming in on the residues belonging to the interaction interface
between Pf Rh5-CyRPA, HABP 36736 aa 393L, and 397L shown in blue; (C) Rh5 crystallographic structure,
showing points of contact with mAbs QA1 (PDB 4U1G) [74] and 9AD4 (PDB 4U0R) [74] highlighting
HABP 36739 residues 451Q and 452K in pink and HABP residues 36727 205A, 209F, and 212K in green.

Pf Rh5 is located in rhoptry necks and is released on merozoite surface to interact (via its N-terminus)
with the P113 protein (GPI-anchored to the parasite surface); Pf Rh5 interacts also with the soluble
Cyrpa protein through its C-terminus, and Cyrpa interacts also with RipR [76,85]. This Pf Rh5-mediated
protein complex binds to BSG on erythrocyte membrane (Figure 5A) [74,79,86]. BSG is a glycoprotein
belonging to the immunoglobulin superfamily. It has two extracellular immunoglobulin domains,
a transmembrane region consisting of 23 highly conserved aa, a cytoplasmatic region, and three
N-glycosylations [19,87]. These glycosylations do not affect Pf Rh5 binding, indicating that this
protein’s binding site is only located in the BSG protein core.

BSG and Pf Rh5 binding studies have managed to define the hotspots extending between residue
197S and 449T in Pf Rh5 and various contact sites with the amino-terminal domain, C-terminal, and the
residue linker 102H in BSG (Figure 4A). This receptor binds to the tip of Pf Rh5, having a 1350 Å2

contact area where Pf Rh5 residues 350F and 447W stabilize the interaction by packing into hydrophobic
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pockets on BSG. Interestingly, most SNPs identified in Rh5 have been distributed throughout the
protein’s structure; however, they have not affected BSG contact residues [74]. By contrast, some single
nucleotide polymorphisms (SNPs) have been associated with an increase in some strains’ ability to
invade Aotus erythrocytes. Some of them (204I, 347N, 358Y, and 362E) are in or close to the BSG binding
site and may affect host tropism [88].

Along with structural evidence, fine mapping of Pf Rh5 erythrocyte hotspots has led to ascertaining
that seven 20 residue-long peptides (called high activity binding peptides - HABPs) specifically interact
and have a sub-micromolar affinity with erythrocyte surface. Such HABPs have been located throughout
Pf Rh5: 36718 (21N-T40), 36727 (201G-V220), 36728 (221K-H240), 36735 (361D-L380), 36736 (381S-K400), 36740
(461D-Y480) and 36742 (501L-K520) (Figure 4A,B) (33). Some HABP 36727 and 36735 residues overlapped
previously reported BSG-Pf Rh5 contact residues (Figures 4A and 5A), i.e., HABP 36727 residue 207D
and HABP 36735 362E/D (Figures 4A and 5A). HABP 36727, having the polymorphic Cys in position
203 replaced by tyrosine, was the only HABP capable of inhibiting invasion by two P. falciparum strains
(50–80%) [89].

Developing anti-Pf Rh5 mAbs for exploring this protein’s importance during invasion (Figure 5C)
and its interaction with BSG have led to inconsistent results, i.e., mAbs’ ability to block the Pf Rh5-BSG
interaction has not correlated with their ability to neutralize and inhibit parasite invasion in some
cases. For example, mAb 9AD4 could not inhibit Pf Rh5 interaction with its receptor but it was
able to neutralize parasite entry to erythrocytes by 70% (3D7 and FVO strains) [32,74]. Mapping
epitopes for mAb 9AD4 showed that this mAb recognized the peptide located between residues
346YNNNFCNTNGIRYHYDEYIH364, partially overlapping HABP 36735 (Figure 4A). However,
structural analysis has shown that this mAb also contacts Pf Rh5 helices 2 and 3 where residues
205A, 209F, and 212K are located [19], which form part of HABP 36727; this HABP displayed marked
ability to block invasion [88]. Despite not having found a relationship between interaction blocking and
functional blocking, it is evident that the region in semi-conserved HABP 36727 (203C/Y) is a hotspot
regarding intervention against P. falciparum. Interestingly, it has been found that a single change in
this HABP’s aa (position 204K/I) has modified the peptide’s 3D structure, thereby resulting in a loss of
specific binding to human RBC and its inhibition ability, while binding to Aotus RBC has remained
unmodified [74,89].

It has been found that mAbs QA1 (38% parasite neutralization), QA5 (63%), and 6BF10 (30%),
produced in mice by immunizing with Pf Rh5, were capable of blocking BSG interaction [32].
mAb QA1 recognized a conformational epitope directly overlapping the BSG N-terminal domain
binding site (Figure 5C) [30,32]. Despite this, inhibition percentages were relatively low compared
to those for mAb 9AD4. QA5 inhibitory Ab recognized a linear epitope between residues
194YHKSSTYGKCIAVDAFIKKI213 overlapping HABP 36727 (underlined), leading to the conclusion
that regions or Abs targeting HABP 36727 amino-terminal region are essential for parasite entry
regardless of their strong interaction or lack of interaction with BSG (Figure 4A).

Interestingly, Alanine et al., [30] identified two highly neutralizing mAbs (R5.016 and R5.004)
against different P. falciparum strains, from a panel of mAbs against Pf Rh5, isolated from the phase I
clinical trial of a Pf Rh5-based vaccine [63]. However, although both Abs having EC50 values comparable
to the most potent anti-merozoite mouse-derived mAbs described to date [32], only Ab R5.004 was able
to block basigin interaction. mAb R5.016 (the most potent antibody) could not block interaction with
Pf Rh5-basigin, Pf Rh5-Cyrpa, or Pf Rh5-P113. HDX-MS confirmed that R5.004 competes for binding
with QA1 and R5.016 with 9AD4. It has been seen that mAb R5.004 has bound Pf Rh5 towards the
tip of the kite-like structure, contacting helix 4 N-terminus and each of the three loops joining the
converging helices at this Pf Rh5 vertex. mAb R5.016 has a binding site in Pf Rh5 helix 2 N-terminal
domain, suggesting that while simultaneous binding is possible, R5.004 binds to a specific epitope
having some overlap with that of QA1 and that R5.016 proximity to the BSG binding site could form a
steric hindrance mechanism, similar to that speculated for Ab 9AD4 [30].
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Growth inhibition tests (GIA) have shown mAb R5.011’s synergistic effect which, despite not
having individually neutralizing properties, can boost functional Abs targeting Pf Rh5 invasion complex
antigens and other targets, such as Pf Rh4 and Pf AMA1, suggesting a new strategy for designing anti-P.
falciparum vaccines [30]. However, such results require deeper analysis to enable understanding of the
molecular mechanism’s inhibition ability.

It should be considered that Pf Rh5’s functional role does not just limit its interaction with BSG;
biochemical studies have found that Pf Rh5 is tethered to parasite surface by direct interaction via
its amino-terminal extreme (a linear sequence of 19 aa (9K-K27) with membrane-anchored protein
P113 [85]. Pf Rh5 also forms a ternary complex with Pf Rh5-interacting protein (Pf Ripr) and cysteine-rich
protective antigen (CyRPA) (Figure 5B) [25,76,90,91]. Cryogenic electron microscopy (CryoEM) and
biochemical binding studies have found that Pf Rh5 is positioned parallel to erythrocyte membrane
and that the complex becomes disassembled after binding to BSG and CyRPA (binding to both Rh5
and Ripr). CyRPA becomes excluded from the membrane, while Pf Rh5 and Ripr become inserted
into it [76], thereby enabling successful merozoite invasion and pore formation on RBC membrane
facilitating Ca2+ entry to erythroid cells (28). Abs targeting this ternary complex inhibit merozoite
invasion, thereby confirming its importance during invasion [90].

It has been found that CyRPA has a monomer 6-bladed β-propeller structure, having four
intra-sheet disulfide bonds and one inter-sheet disulfide bond and interacts with Ripr by N-terminal
six-strandedβ-sheets and Pf Rh5 by C-terminal four- and five-strandedβ-sheets [76,92,93]. mAb binding
to CyRPA is important for characterizing the interaction with Pf Rh5. mAb 8A7 has been found to bind
to the first and second β-sheets of CyRPA [92] and mAb C12 to the second and third β-sheets [93].
These two block Pf Rh5-CyRPA binding but do not overlap the binding epitopes, suggesting that
they act by steric hindrance. However, it has been shown that Abs produced during a clinical trial
of a Pf Rh5-based vaccine blocking Pf Rh5-Cyrpa interaction were unable to block merozoite entry to
erythrocytes [30]. Although this does not rule out the importance of Abs targeting Cyrpa, it does
emphasize Pf Rh5 protein relevance in this protein complex since Abs targeting Pf Rh5-basigin contact
sites and having greater relevance than those targeting HABP 36727 and its neighboring regions,
were able to inhibit invasion by up to 70%.

3.2. The Main Route: EBA-175-Glycophorin A

EBA-175 protein has been the best-characterized member of the EBL family [12]. It is a
transmembrane type 1 protein located in merozoite apical pole micronemes [94] and consists of
~1505 residues, having a 175 kDa molecular weight. The structure is distributed according to that
shared by EBL family members, having a signal sequence followed by six regions (RI–RVI). RII and
RVI have highly conserved Cys regions. RII has two DBL domains including the receptor-binding
domain and is divided into regions F1 and F2. These six regions are followed by a transmembrane
region keeping it anchored to merozoite membrane and a small cytoplasmatic tail (Figure 4B). EBA-175
binds to the host receptor glycophorin A (GPA) (Figures 4B and 6B) [95,96] which is resistant to
enzyme treatment with chymotrypsin and susceptible to neuraminidase (cleaves sialic acid ligated to
glycophorin’s oligosaccharide α-chains) [97–100]. The EBA-175-GPA interaction has a well-defined
role in anchoring the parasite during erythrocyte invasion moving from merozoite apical end to their
posterior end. EBA-175 becomes shed from the parasite surface into the surrounding media during the
last steps of invasion [96,101]. EBA-175 alters RBC membrane rigidity and triggers cell signaling to
facilitate invasion [94,102].
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exon 3. The triple glycan mutant, missing three glycans otherwise attached to 66Ser, 69Ser, and 72Thr, 
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the EBA-175 ligand may also bind to desialylated GPA by engaging a region III and IV 21 aa fragment 
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Figure 6. EBA-175 structure and its critical interactions. (A) Crystallographic structure of EBA-175
(PDB 1ZRL) [95] highlighting HABPs 1779 (green) and 1783 (pink); (B) glycan 1 and 2 binding sites to
EBA-175, HABP 1783 439K and 442D residues contacting these glycans are highlighted in pink (PDB
1ZRO) [95]; (C) glycan 3 and 4 EBA-175 binding sites (PDB 1ZRO) [95] (D) glycan 5 and 6 EBA-175
binding (PDB 1ZRO) [95].

GPA was the first P. falciparum receptor identified in RBC. It is the transmembrane protein expressed
with the greatest abundance on the RBC membrane (1 × 106 copies per cell) [32]. It consists of 150 aa
(72 in the extracellular domain, followed by 23 in the transmembrane domain, and 36 in the intracellular
domain) and has N-glucoside chain in the 26N residue [97]. EBA-175 binding to GPA is mediated by
Cys-rich RII formed by DBL domains F1 (residues 8–282) and F2 (residues 297–603) (Figure 4B) [95,96].
EBA-175’s F2 domain has received major attention as the region has been shown to bind erythrocytes
independently of F1 by contributing to two-third of the residues forming EBA-175 dimer channels [95].
Abs against Pf EBA F2 can effectively alter merozoite erythrocyte binding affinity. The RII structure
having glycan α-2,3-sialyllactose has been co-crystallized for identifying the EBA-175/GPA interaction
site. This glycan contains Neu5Ac(α2,3)-Gal which is required for ligand binding [95], thereby enabling
EBA-175 RII recombinant protein to be resolved in a homodimer in which two RII molecules are
arranged anti-parallel and interact in a handshake-like manner (Figure 6A). The homodimer center
contains two channels; most residues forming the channel’s surface belong to the dimer’s two F2
domains. The dimer’s interface contains six glycan-binding sites, four located inside the channel,
and two exposed in a cavity on the external surface. All six glycans contact residues from both RII
monomers (Figure 6B–D), indicating that EBA-175 dimerization is biologically important for receptor
binding and RBC invasion [95,97,100].

Mutagenesis studies have evaluated residues involved in dimer interactions and glycan-binding.
When residue 446R (forming a direct salt bridge as well as a water-mediated interaction between
monomers) was mutated, EBA175 binding to erythrocyte became reduced. Moreover, steric disruption
of interactions with 114T (forming van der Waals interactions with 338L and 340T side chains) by
mutation to phenylalanine (T114F) led to reduced binding efficiency. 417N, 422R, and 439K mutation
led to reduced binding (i.e., residues involved in interaction with glycans 1 and 2) while 33N, 551N,
552Y, and 553K mutation (involved in interaction with glycans 3 and 4) reduced binding to different
extents. 28K, 31R, and 341K (interacting with glycans 5 and 6) also resulted in varying degrees of
reduced binding (Figure 6) [95]. The GPA regions contacting EBA-175 involve sialic acids in the
GPA mucin domain, preferentially Neu5Ac(α2-)Gal(Neu5Ac(α-2,6)Gal) on O-linked tetrasaccharides
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encoded by exon 3. The triple glycan mutant, missing three glycans otherwise attached to 66Ser, 69Ser,
and 72Thr, did not bind to EBA-175 RII at all, showing that the three GPA polypeptide fragment glycans
encoded by exon 3 are critical for EBA-175 high-avidity binding to GPA on erythrocytes [98,100,103].
Conversely, other studies including flow cytometry and ELISA analysis have provided evidence that
the EBA-175 ligand may also bind to desialylated GPA by engaging a region III and IV 21 aa fragment
(aa 1076–1096) [104,105]. Peptides comprising aa 1085–1096 contain the erythrocyte binding site and
have strongly inhibited parasite invasion [105]. It has been hypothesized that EBA-175 takes part in the
second step of two-step erythrocyte binding to explain the presence of other regions [97]. Moreover,
RII binding to GPA and Neu5Ac(2–3)Gal showed similar affinity, whereas the full-length EBA-175
ectodomain bound GPA with two-fold higher affinity than glycan alone [31]. These results argued that
other EBA-175 extracellular regions outside RII also are involved in interactions with target cells.

However, it should also be considered that RII is highly polymorphic, strong evidence has
been advanced for it being under immune selection, thus maintaining genetic diversity in parasite
populations [106]. Analyzing genetic variation for identifying the type of selection to which the
eba-175 gene is submitted in three African populations has shown excess intermediate frequency
polymorphisms consistent with a hypothesis of balancing selection [107]. Structural analysis, combined
with modified calculation of Tajima’s D test, has shown that a large part of the F1 domain appears to
be under balancing selection, as is a surface loop in the F2 domain (residues 432S - N442). The region
with the highest calculated spatiality (Tajima’s D test values) was contained within the RII F1 domain,
predominantly consisting of residues 266E-D289, 314P-Q322, and 382L-L400 [108]. It has been well
established that the gene encoding EBA-175 has a highly divergent dimorphic segment of sequences in
region III. The first was detected in the FCR3 strain, called the F loop (342 bp insertion), and the second
was identified in the CAMP strain, called the C loop (423 bp insertion) [109]. F/C segment relevance
is not well known but parts of them have been shown to vary amongst natural parasite populations
in Africa [110,111]. This might explain the lack of association with protective immunity in cohort
studies which would depend on the allele type used for detecting Ab responses, posing a major hurdle
to its consideration as an effective vaccine candidate. EBA-175 RIII–V-specific Abs have also been
associated with protection from symptomatic malaria [112]. Moreover, a previous study has shown
that immunization with recombinant RIII–V induces Abs potently inhibiting merozoite invasion [105].
Testing Abs raised against two EBA-175 RIII-V dimorphic alleles indicated that dimorphic region
III contributed little to vaccine-induced immunity and conserved RIV-V contained inhibitory Abs’
predominant epitopes [105].

Six HABPs distributed throughout the whole of EBA-175 were identified when it was synthesized
in sequential 20 non-overlapping aa peptides (Figure 4B). Peptide 1758 (80K-N99) was located in RI for
which no binding activity has been reported before, peptides 1779 (356N-I375) and 1783 (436H-K455) were
located in RII (sub-region denoted as 5’Cys F2) previously reported as being a binding region and 1815
(1220Y-H1239) and 1818 (1280N-L1299) were located in RIV (Figures 4B and 5A). In-depth analysis showed
that 436H enabled dimerization with a contralateral 435V (both residues contained in HABP 1783) in
an inverted EBA-175 molecule, forming a handshake-like structure. Residues 439K and 442D bound
glycophorin A glycan 5 Neu5Ac1 via H-bonds. HABP 1783 450W has also induced fold stabilization at
this site in the same RII and contained critical residue 446R establishing a salt bridge with 30D, thereby
dramatically reducing RBC binding when 446R is mutated (Figures 4B and 6) [95,113,114].

Similarly, HABP 1779 has been localized close to glycan 5 and 6 binding sites in the F1 region
(Figure 6D) but did not interact directly with them [99,100], HABP 1815 (Y1220-H1239) has been seen
to contain a conserved sequence in all EBL molecules in RV, whereas HABP 1818 RV residues R1258

and F1265 bound to mediate EBA-175 traffic from merozoite micronemes to their membrane [114,115].
HABP 1818 has been located close to rhomboid protease 4 cleavage site enabling EBA-175 release during
invasion for parasitophorous vacuole (PV) formation [114]. All small pieces of peptides covering the
whole protein take part in relevant functions during invasion, such as binding, traffic, and cleavage site.
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It has been shown that anti-EBA-175 RII Abs have potently blocked native EBA-175 binding
to erythrocytes and even inhibited P. falciparum strain invasion of erythrocytes by pathways that
do not require sialic acid for invasion in vitro [116,117] EBA-175 RII function has been evaluated by
creating panels of mAbs derived from animal models. mAbs R215, R217, and R256 are specific and
compete for the F2 RII domain, potently blocking EBA-175 binding to RBCs and merozoite invasion of
RBC. However, mAb R217 had 100-fold lower IC50 than R218 against parasites in culture. Structure
determination has revealed that this mAb targeted a conformational epitope containing residues
475–485 and 561–567 overlapping the dimer interface and glycan-binding residues. mAb R216 has
recognized F2 to a reduced extent but could not effectively block EBA-175 binding to RBC; mAb R218
has recognized the F1 domain, managing to inhibit parasite growth in a less efficient manner than
F2-specific Abs [118].

All these known results for EBA-175 highlight the correlation between the interaction interface
involving HABP 1783 and neutralizing epitopes. However, such analysis must be enriched with Abs
produced upon immunization with other EBA-175 regions having limited polymorphism, such as the
conserved RIV-V region where predominant inhibitory Ab epitopes have been reported [105]. It cannot
be ruled out that regions outside RII could be strongly involved in RBC interaction [119]. Studies
involving synthetic peptides have shown that three of them located in regions IV and V (Figure 4B)
interact strongly with RBC.

4. Conclusions

P. falciparum and P. vivax have multiple, complex RBC invasion routes mediated by specific
receptor-ligand interactions. Elucidating and combining functional studies with structural ones enables
contributing to the development of prophylactic and/or therapeutic measures helping to mitigate
malaria, a disease posing a drastic worldwide public health problem. The proteins analyzed in this
review impose great challenges for studying them in-depth due to their complexity concerning their
high polymorphism (DBP1 and EBA175) or participation in molecular complex formation (Pf Rh5).
Analyzing these important proteins has revealed hotspots (small regions) which might be converted
into important intervention points, i.e., DBP1 HARPB 1639 located in SD3, Pf Rh5 HABP 36727 located
in a different site than that for contact with its main BSG receptor and HABP 1783 located in the
EBA-175’s F2 region, directly contacting GPA. However, it should be stressed regarding EBA-175 that
the search should also be directed towards other regions, such as IV and V (having functional evidence
of binding), for resolving the high level of polymorphism detected in region II.
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bnAb broadly neutralizing antibody
BSG basigin
CryoEM cryogenic electron microscopy
CyRPA cysteine-rich protective antigen
Cys cysteine
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DARC Duffy antigen receptor for chemokines
DBL Duffy binding-like
DBP1 Duffy binding protein 1
EBA175 erythrocyte binding antigen 175
GPA glycophorin A
HABP high activity binding peptide
HARBP high activity reticulocyte binding peptide
IPP protein-protein interaction
ITC isothermal titration calorimetry
mAb monoclonal antibody
NMR nuclear magnetic resonance
Pf Rh5 Plasmodium falciparum reticulocyte-binding protein homologue 5
PV parasitophorous vacuole
RBC red blood cell
RII-DBP region II Duffy binding protein
Ripr Rh5-interacting protein
SD1 subdomain 1
SD2 subdomain 2
SD3 subdomain 3
TJ tight junction
TfR-1 transferrin receptor 1
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