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            Abstract
Plasmodium vivax is the most widely distributed malaria parasite that infects humans1. P. vivax invades reticulocytes exclusively, and successful entry depends on specific interactions between the P. vivax reticulocyte-binding protein 2b (PvRBP2b) and transferrin receptor 1 (TfR1)2. TfR1-deficient erythroid cells are refractory to invasion by P. vivax, and anti-PvRBP2b monoclonal antibodies inhibit reticulocyte binding and block P. vivax invasion in field isolates2. Here we report a high-resolution cryo-electron microscopy structure of a ternary complex of PvRBP2b bound to human TfR1 and transferrin, at 3.7 Å resolution. Mutational analyses show that PvRBP2b residues involved in complex formation are conserved; this suggests that antigens could be designed that act across P. vivax strains. Functional analyses of TfR1 highlight how P. vivax hijacks TfR1, an essential housekeeping protein, by binding to sites that govern host specificity, without affecting its cellular function of transporting iron. Crystal and solution structures of PvRBP2b in complex with antibody fragments characterize the inhibitory epitopes. Our results establish a structural framework for understanding how P. vivax reticulocyte-binding protein engages its receptor and the molecular mechanism of inhibitory monoclonal antibodies, providing important information for the design of novel vaccine candidates.
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                    Fig. 1: The cryo-EM structure of PvRBP2b–TfR1–Tf ternary complex at 3.7 Å resolution.[image: ]


Fig. 2: The PvRBP2b–TfR1–Tf interface.[image: ]


Fig. 3: Structure–function analyses of PvRBP2b and TfR1 residues involved in reticulocyte binding and complex formation.[image: ]


Fig. 4: Structural modes of inhibition for anti-PvRBP2b antibodies.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Details of cryo-EM data collection and analysis.
a, Coomassie-stained reducing SDS–PAGE gel of proteins used for the sample preparation. M, molecular weight marker. For gel source data, see Supplementary Fig. 1. b, Representative micrograph of the sample after drift correction and dose weighing. c, Representative 2D class averages. The 2D class averages exhibit different projections corresponding to each orientation. d, 3D classification effectively separated two groups of populations. Left, TfR1–Tf complex with one bound PvRBP2b molecule. Right, TfR1–Tf complex with two bound PvRBP2b molecules. Blue, TfR1–Tf; pink, PvRBP2b. Scale bar, 10 Å. e, Local resolution estimation diagram of the final refined maps. Left, the one-ligand complex; right: the two-ligand complex. Resolution keys are labelled from 3.5 to 6.0 Å. f, Resolution estimation of the cryo-EM map. Fourier shell correlation (FSC) plot showing resolutions at 0.143 FSC (dashed line) for both complexes, determined by the gold-standard method. g, Representative cryo-EM density for different parts of the C-terminal domain of PvRBP2b. Selected residues are also indicated. h, FSC curves of the final refined model versus the final cryo-EM map (full dataset, blue), of the outcome of model refinement with a half map versus the same map (red), and of the outcome of model refinement with a half map versus the other half map (green). In a–c, the experiment was performed once.


Extended Data Fig. 2 Detailed structural analyses of PvRBP2b and sedimentation velocity analysis of the formation of the ternary PvRBP2b(161–969)–TfR1–Tf complex.
a, Superposition of the cryo-EM structure of PvRBP2b with the previously reported crystal structure of the N-terminal domain (PDB ID: 5W53). b, Two orthogonal views of PvRBP2b shown in surface representation and coloured according to the potential on the surface of the molecule. Electrostatic surface potential was calculated using the program APBS in Chimera with the nonlinear Poisson–Boltzmann equation and contoured at ± 5 kT e−1. Negatively and positively charged surface areas are coloured red and blue, respectively. c, Continuous sedimentation coefficient (c(s)) distributions for the TfR1–Tf complex (2.5 μM complex) in the presence of increasing concentrations of PvRBP2b(161–969) (0.25–16 μM). The configuration and surface charge properties of the ternary complex suggest that this particle may display non-ideal sedimentation, possibly contributing to the observed shift in sedimentation coefficient. Thus, the integrated absorbance signal in the fast-sedimenting peak of the distributions was analysed as a function of PvRBP2b(161–969) concentration. d, Here the TfR1–Tf complex was assumed to sediment as a single, stable species. These data are consistent with the binding of two molecules of PvRBP2b(161–969) to the TfR1–Tf complex with macroscopic dissociation constants in the mid-nanomolar to low-micromolar range. e, Residuals for the best fit of the raw radial absorbance sedimentation velocity data to a c(s) distribution model for 2.5 μM of TfR1–Tf in the presence of (top to bottom): 0.25 μM, 0.5 μM, 1.0 μM, 2.0 μM, 4.0 μM, 8.0 μM and 16.0 μM PvRBP2b(161–969).


Extended Data Fig. 3 Structure of the one-ligand complex and conformational changes induced in TfR1 upon PvRBP2b binding.
a, Overall view of the one-ligand complex. Proteins are shown in ribbon representation. The molecule of TfR1 interacting with PvRBP2b is coloured according to domain organization. Protease-like domain, red; apical domain, green; helical domain, yellow. The other molecule of TfR1 that remains unliganded is coloured in wheat. Tf, cyan; Fe3+, red spheres. PvRBP2b N-terminal domain, violet; PvRBP2b C-terminal domain, blue. b, Superimposition of the unliganded TfR1 molecule from the one-ligand complex on the ligand-bound TfR1 from the two-ligand complex. Colour-coded as in a. The movement of the apical domain is indicated schematically by a black arrow. For clarity, both Tf molecules have been omitted. c, Closer view of the superimposition shown in b. The residues that are most affected by PvRBP2b binding are shown as sticks and labelled. d, The superposition of TfR1 in complex with Tf and PvRBP2b (coloured according to domain), and TfR1 in the complex with Tf only (grey, PDB ID: 3S9L). The r.m.s.d. between the 1,090 aligned Cα atoms is 0.81 Å. The movement of the apical domain is represented schematically with black arrows. e, Superposition of Tf in the cryo-EM structure of PvRBP2b–TfR1–Tf complex (in cyan) with the crystal structure of holo-Tf in Tf–TfR1 complex (left, wheat, PDB ID: 3S9L) or with the crystal structure of holo-Tf (middle, green, PDB ID: 3V83) or with the structure of apo-Tf (right, orange, PDB ID: 2HAV). Fe3+, red spheres. R.m.s.d. values are indicated above each superimposition. f, Two orthogonal views of the superposition between two subclasses for the two-ligand complex. Molecules are shown in cartoon representation and coloured in violet and cyan for subclasses 1 and 2, respectively. The most important difference between the two subclasses is the movement of the N-terminal domain of PvRBP2b, indicated by the black arrows. g, Close view of the PvRBP2b–Tf interaction site. The N2 subdomain of Tf in the cryo-EM structure (cyan) is superimposed in the crystal structures of holo-Tf in closed conformation (wheat), holo-Tf in partially open conformation (green) and apo-Tf in open conformation (orange). The movement of the N1 subdomain is highlighted schematically with black arrows.


Extended Data Fig. 4 Site-directed mutagenesis of PvRBP2b and TfR1.
a, SDS–PAGE of purified PvRBP2b mutant recombinant proteins. Two micrograms of each protein were loaded onto a 4–12% NuPAGE gradient gel under reducing conditions and stained with Coomassie blue. b, Circular dichroism spectra of recombinant PvRBP2b mutants. c, Analytical SEC (left to right panel) of complex formation between TfR1–Tf and PvRBP2b with mutant residues Y538, Y542, K600 or Y604. SDS–PAGE of fractions from the SEC analyses. d, SDS–PAGE gel of purified TfR1 mutant recombinant proteins. Two micrograms of each protein were loaded onto a 4–12% NuPAGE gradient gel under reducing conditions and stained with Coomassie blue. e, Analytical SEC of TfR1 mutants in complex with Tf. f, Circular dichroism spectra of recombinant TfR1 mutants. All experiments were performed once. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 5 Most TfR1 residues that interact with PvRBP2b are specific to human TfR1.
a, Schematic representation of TfR1 sequence coloured according to domain. Apical domain, green; protease-like domain, red; helical domain, yellow. Domain boundaries are indicated above the schematic. The most important residues forming either hydrogen bonds or salt bridges with PvRBP2b are indicated below with black arrows. b, Comparison between Machupo virus GP1 and PvRBP2b binding sites. Human TfR1 is shown in the centre in surface representation and coloured according to the domain organization. The residues that interact with PvRBP2b are shown in violet and those that interact with Machupo virus GP1 are dark blue. Residues overlapping the two sites are shown in magenta. The surrounding panels show fragments of the alignment between TfR1 sequences from different species (human, mouse, rat, hamster, cat and dog). Residues are coloured according to their chemical properties (acidic, red; basic, blue; polar, magenta; cysteine, yellow; hydrophobic, grey scale with intensity proportional to hydrophobicity). The fragments of the alignment corresponding to the apical and protease-like domains of TfR1 are additionally shaded in green and red, respectively. The residues interacting with PvRBP2b are indicated with stars above the alignment, which are coloured according to the type of interaction (hydrogen bonds, green; salt bridges, red; others, empty stars). The Machupo virus GP1-interaction site is indicated with a dark blue line. The position of the G217 deletion and the G142S polymorphism are indicated with black arrows above the alignment. c, Analytical SEC results showing PvRBP2b(161–1454) interaction with mouse Tf and TfR1. For gel source data, see Supplementary Fig. 1. Top, elution profiles for the separate components and for the combined components. Bottom, SDS–PAGE of SEC fractions. Left, human Tf and human TfR1; middle left, mouse Tf and human TfR1; middle right, human Tf and mouse TfR1; right, mouse Tf and mouse TfR1. The same representative SDS–PAGE gel is used for PvRBP2b protein SEC analyses. All analytical SEC experiments were performed once.


Extended Data Fig. 6 Reticulocyte-binding and SAXS data analyses for the N-terminal domain of PvRBP2b in complexes with four different inhibitory Fab fragments.
a, PvRBP2b(161–1454) binding in the presence or absence of anti-PvRBP2b monoclonal antibodies (3E9, 4F7, 6H1, 8G7 and 10B12) or anti-PfRh4 monoclonal antibodies (10C9), analysed by flow cytometry. Dot plots of PvRBP2b(161–1454) binding (y axis) to reticulocytes stained with thiazole orange (TO, x axis). This experiment was repeated independently four times with similar results. b, Arbitrarily offset scattering intensity profiles for the PvRBP2b–Fab complexes. The background-subtracted SAXS data are shown as black open circles representing natural logarithm of mean intensity lnI(q) as a function of momentum transfer q in Å−1. a.u., arbitrary unit. The theoretical scattering profiles (solid lines: PvRBP2b–3E9, blue; PvRBP2b–4F7, red; PvRBP2b–6H1, green; PvRBP2b–10B12, yellow) calculated from the crystal structures were fitted to the experimental scattering data using CRYSOL. c, Guinier plots for qRg ≤ 1.3 (qRg is the product of momentum transfer (q) and the radius of gyration (Rg)), showing that neither high-molecular-mass aggregates nor inter-particle interference contribute measurably to scattering and the data are of high quality (colours as in b). d, Pair-wise inter-atomic distance distribution function, P(r) (colours as in b). e, Two orthogonal views of ab initio bead models represented as grey spheres, superimposed with the crystal structure of the corresponding antibody complexes. For the PvRBP2b–10B12 complex, COLLAGE was used to rigid-body fit two crystal structures, the N-terminal domain of PvRBP2b (PDB ID: 5W53) and the structure of the 10B12 Fab fragment alone. f, Table summarizing SAXS data collection and analysis. The radius of gyration and initial scattering intensity I(0) were approximated using the Guinier equation with PRIMUS. The radius of gyration and maximum particle dimension Dmax were calculated from the P(r) analysis using program GNOM. The normalized spatial discrepancy parameter (NSD) indicates the similarity between 20 independently generated ab initio models. The χ parameter provides the assessment of the fit of the average model to the experimental data calculated using program CRYSOL. The structural parameters and their associated errors are those derived by least-squares curve-fitting analysis of the scattering data as formulated within the listed software packages.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table


Extended Data Table 2 Summary of interactions between PvRBP2b and TfR1–TfFull size table


Extended Data Table 3 Data collection and refinement statistics for PvRBP2b complexes with Fab fragmentsFull size table


Extended Data Table 4 Summary of interactions between PvRBP2b and Fab fragments of monoclonal antibodies 3E9, 4F7 and 6H1Full size table
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