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 2 

ABSTRACT 24 

Plasmodium sporozoites express circumsporozoite protein (CSP) on their surface, an essential 25 

protein that contains central repeating motifs. Antibodies targeting this region can neutralize 26 

infection, and the partial efficacy of RTS,S/AS01 – the leading malaria vaccine against P. falciparum 27 

(Pf) – has been associated with the humoral response against the repeats. Although structural 28 

details of antibody recognition of PfCSP have recently emerged, the molecular basis of antibody-29 

mediated inhibition of other Plasmodium species via CSP binding remains unclear. Here, we 30 

analyze the structure and molecular interactions of potent monoclonal antibody (mAb) 3D11 31 

binding to P. berghei CSP (PbCSP) using molecular dynamics simulations, X-ray crystallography, 32 

and cryoEM. We reveal that mAb 3D11 can accommodate all subtle variances of the PbCSP 33 

repeating motifs, and, upon binding, induces structural ordering of PbCSP through homotypic 34 

interactions. Together, our findings uncover common mechanisms of antibody evolution in 35 

mammals against the CSP repeats of Plasmodium sporozoites. 36 

  37 
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 3 

INTRODUCTION 38 

Despite extensive biomedical and public health measures, malaria persists as a major 39 

global health concern, with an estimated 405,000 deaths and 228 million cases annually (1). 40 

Moreover, resistant strains have been detected against all currently available antimalarial drugs, 41 

including sulfadoxine/pyrimethamine, mefloquine, halofantrine, quinine and artemisinin (2, 3). 42 

Although ~94% deaths are caused by Plasmodium falciparum (Pf) (1), other Plasmodium species 43 

that infect humans (P. vivax, P.  malariae, P. knowlesi and P. ovale) also cause debilitating disease 44 

and have been associated with fatal outcomes (4). All Plasmodium species have a complex life 45 

cycle divided between a vertebrate host and an Anopheles mosquito vector (5). During a blood 46 

meal, sporozoites are deposited into the skin of a host organism from the salivary glands of a 47 

mosquito, and subsequently migrate through the bloodstream to infect host hepatocytes (6). Due 48 

to the small number of parasites transmitted and the expression of protein antigens that possess 49 

conserved functional regions (7, 8), the pre-erythrocytic sporozoite stage of the Plasmodium life 50 

cycle has long been considered a promising target for the development of an anti-malarial vaccine 51 

(9).   52 

Circumsporozoite protein (CSP) is the most abundant protein on the surface of 53 

Plasmodium sporozoites, and is necessary for parasite development in mosquitoes and 54 

establishment of infection in host liver cells (10-12). Flanked by N- and C-terminal domains, CSP 55 

contains an unusual central region consisting of multiple, short (4 to 8) amino acid (aa) repeats 56 

(13-16). The sequence of the repeating motif depends on the Plasmodium species and field isolate 57 

(17-19). Importantly, the central region of CSP is highly immunodominant and antibodies 58 

targeting the repeats can inhibit sporozoite infectivity by preventing parasite migration (20) and 59 

attachment to hepatocytes (21, 22). PfCSP is a major component of the leading malaria vaccine 60 

RTS,S/AS01, which is currently undergoing pilot implementation in Africa (23, 24). Anti-PfCSP 61 
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repeat antibodies have been suggested to form the predominant humoral immune response 62 

elicited by RTS,S/AS01, and they correlate with vaccine efficacy (25-27). However, RTS,S/AS01 63 

offers only modest and short-lived protection (28-30); thus it is critical to develop a better 64 

molecular understanding of the antibody response against this Plasmodium antigen, particularly 65 

the repeat region (31-33), to provide valuable information needed for improved vaccine design.  66 

 Our understanding of Plasmodium biology and key host-parasite interactions has been 67 

enhanced by studies using rodent parasites, including P. berghei (Pb), P. chabaudi and P. yoelii 68 

(34). In vivo studies evaluating the inhibitory potential of mAbs are often derived from these 69 

rodent parasite models, or transgenic rodent sporozoites harboring PfCSP, as Pf fails to infect 70 

rodents. For example, mAb 3D11 was isolated from mice exposed to the bites of γ-irradiated Pb-71 

infected mosquitoes (22). mAb 3D11 recognition of the central repeat of PbCSP on the surface of 72 

live sporozoites results in abolished Pb infectivity in vitro and in vivo (35). Electron micrographs of 73 

Pb sporozoites pre-treated with mAb 3D11 revealed the presence of amorphous, precipitated 74 

material on the parasite surface caused by the circumsporozoite precipitation reaction (22). This 75 

antibody continues to be widely used in model systems of sporozoite infection. For example, a 76 

recent study used mAb 3D11 in combination with transmission-blocking mAb 4B7 to show that 77 

antibody targeting of both the pre-erythrocytic and sexual stages of a Pfs25-transgenic Pb parasite 78 

led to a synergistic reduction of parasite transmission in mice (36). However, it remains unclear 79 

whether murine mAb 3D11 recognizes the central domain of PbCSP with the same molecular 80 

principles as the most potent human anti-PfCSP repeat antibodies, for which molecular details 81 

have recently emerged (37-44) . 82 

Here, we characterized the structure of the PbCSP repeats unliganded and as recognized 83 

by mAb 3D11. Our molecular studies reveal that mAb 3D11 binds across all PbCSP repeat motifs 84 
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and induces structural ordering of PbCSP in a spiral-like conformation using homotypic 85 

interactions. 86 

 87 

RESULTS 88 

Repeat motifs of PfCSP and PbCSP have similar structural propensities 89 

The central repeat of PfCSP and PbCSP consist of recurring 4-aa motifs rich in asparagine 90 

and proline residues (Fig. 1A). PfCSP is composed of NANP repeating motifs interspersed with 91 

intermittent NVDP repeats, and contains a singular NPDP motif in the junction immediately 92 

following the N-terminal domain. While the major repeat motif of PfCSP has often been referred 93 

to as NANP, numerous reports have identified NPNA as the structurally relevant unit of the central 94 

region (39, 42, 45, 46). Similarly, the central domain of PbCSP contains an array of PPPP and PAPP 95 

motifs interspersed with NPND or NAND motifs (Fig. 1A). Notably, both orthologs contain the 96 

conserved pentamer, KLKQP, known as Region I, at the C-terminal end of the N-terminal domain. 97 

 To examine and compare the structural properties of the various Pf and Pb repeat motifs 98 

in solution, we performed molecular dynamics (MD) simulations using eight different peptides 99 

ranging in length from 15-20 aa, with four peptides derived from Pf [KQPADGNPDPNANPN 100 

(“KQPA”); NPDPNANPNVDPNANP (“NPDP”); (NVDPNANP)2NVDP (“NVDP”); and (NPNA)5 101 

(“NPNA”)], and four peptides from Pb [(PPPPNPND)2 (“NPND”); (PPPPNAND)2 (“NAND”); 102 

(PAPPNAND)2 (“PAPP”); and PPPPNPNDPAPPNANAD (“Mixed”); Fig. 1B-G]. Each simulation was 103 

conducted in water for a total production time of 18 μs. All eight peptides were highly disordered 104 

and adopted a large ensemble of conformations with low to moderate secondary structure 105 

propensities (Fig. 1B and E), which are best described in statistical terms. The only secondary 106 

structure observed was local, and consisted of sparse, transient hydrogen-bonded turns (Figs. 1C 107 
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and F, S1 and S2, and Supplemental Table 1). In particular, these interactions consisted of forward 108 

α-, β-, and γ-turns, with the β-turns being the most populated (up to 40%; Fig. 1C and F), 109 

consistent with previous NMR studies focused on the NANP repeats (45). Across all peptides, the 110 

average β-turn lifetime ranged from 2.7 ± 0.2 ns for the Pb PPNA turn to 4.4 ± 0.4 ns for DPNA 111 

turns found within PfCSP (Supplemental Table 1).  112 

In line with reports identifying NPNA as the main structural repeat motif of PfCSP (39, 42, 113 

45, 46), turns were predominantly observed within these motifs, as well as DPNA, NPNV and 114 

ADGN sequences amongst the PfCSP peptides. NPND and PPNA exhibited the greatest propensity 115 

to form β-turns of the PbCSP motifs. Importantly, each individual motif consistently exhibited the 116 

same structural tendencies, independent of their position and the overall peptide sequence in 117 

which they were contained (Fig. 1C and F, and Supplemental Table 1). Furthermore, using the 118 

probability rule stating that two events are independent if the equation P(A∩B) = P(A)·P(B) holds 119 

true, we show that the presence of an intramolecular hydrogen bond in one motif does not alter 120 

the hydrogen-bonding propensities of adjacent motifs (Fig. S2B and C). Therefore, we conclude 121 

that there is no discernable cooperativity between the structures of the different repeat motifs, 122 

and as such, in the absence of extended or nonlocal secondary structure, each of these motifs 123 

behaves as an independent unit with its own intrinsic secondary structure propensities.  124 

To examine the influence of Asn, Asp, and Gln sidechains on the conformational ensemble 125 

of the peptides, we computed contact maps for backbone-sidechain hydrogen bonds (Fig. S1 and 126 

Supplemental Table 1). We found that the majority of contacts are in the form of pseudo α-turns 127 

and β-turns, with backbone NH groups donating to sidechain O atoms. Notably, we discovered 128 

that these transient sidechain contacts do not have a stabilizing effect on backbone-backbone 129 

hydrogen bonds and consequently, are not correlated with the presence of these bonds 130 

(numerical example in Fig. S2B and C).  131 
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In summary, the four Pf and four Pb peptides corresponding to CSP central repeats were 132 

all found to be highly disordered, resulting in an ensemble of conformations. The only secondary 133 

structure elements present in the ensemble of conformations were sparse and local hydrogen-134 

bonded turns within each motif. Each structural motif acted independently from adjacent 135 

sequences and behaved similarly in various peptides. 136 

 137 

Multiple copies of mAb 3D11 bind PbCSP with high affinity 138 

Next, we investigated the binding of mAb 3D11 to the PbCSP repeat of low structural 139 

propensity. Our biolayer interferometry (BLI) studies indicated that Fab 3D11 binds PbCSP with 140 

complex kinetics, but overall high affinity (Fig. 2A). Isothermal titration calorimetry (ITC) also 141 

indicated a high affinity interaction, with a KD value of 159 ± 47 nM (Fig. 2B). In addition, ITC 142 

revealed a very high binding stoichiometry (N = 10 ± 1), suggesting that approximately ten copies 143 

of 3D11 Fab bound one molecule of PbCSP simultaneously. Size exclusion chromatography 144 

coupled with multi-angle light scattering (SEC-MALS) characterization of the 3D11 Fab-PbCSP 145 

complex confirmed the high binding stoichiometry with a molecular weight of 587 ± 7 kDa for the 146 

complex (Fig. 2C-D). This size is consistent with approximately eleven 3D11 Fabs bound to one 147 

molecule of PbCSP, and thus in agreement with the results from the ITC studies within 148 

experimental error. Therefore, through a number of biophysical studies, we show that up to 149 

eleven copies of 3D11 Fab can bind simultaneously to PbCSP with high affinity.  150 

 151 

mAb 3D11 is cross-reactive with subtly different PbCSP motifs in the central repeat 152 
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 We next sought to define the exact mAb 3D11 epitope. We first conducted BLI studies to 153 

confirm that mAb 3D11 does not bind the PbCSP C-terminal domain (residues 202-318; Fig. S3A). 154 

Next, we performed ITC studies to evaluate 3D11 Fab binding to each of the four peptides derived 155 

from the PbCSP central repeat region that were used in our MD simulations (Fig. 3A). Our 156 

experiments revealed that mAb 3D11 preferentially binds the NPND and Mixed peptides with high 157 

affinity (KD = 45 ± 15 nM and 44 ± 4 nM, respectively), but also binds the NAND and PAPP peptides, 158 

albeit with lower affinity (KD = 207 ± 1 nM and 611 ± 139 nM, respectively).  159 

To gain insight into the molecular basis of this preference, we solved the X-ray crystal 160 

structures of 3D11 Fab in complex with each peptide. The structure of the 3D11 Fab-NPND 161 

complex was determined at 2.30 Å resolution, while the structures of 3D11 Fab in complex with 162 

each of the other three peptides were all solved at ~1.60 Å resolution (Table 1). Interestingly, all 163 

four peptides adopted almost identical conformations when bound by 3D11 Fab (Fig. 3B and Fig. 164 

S3), fitting deep into the binding groove and forming a curved U-shape structure (Fig. 3C). 165 

Amongst all four peptides, the mAb 3D11 core epitope consisted of eight residues 166 

[PN(A/P)NDP(A/P)P] with an all-atom RMSD < 0.5 Å. Importantly, this shared recognition mode 167 

ideally positions aromatic side chains in the mAb 3D11 complementarity determining regions 168 

(CDRs) to form favorable pi-stacking and hydrophobic cage interactions around each PbCSP 169 

peptide (Fig. S4). Indeed, the majority of these contacts are made with residues that are 170 

conserved between all PbCSP repeat motifs, and thus contribute to the cross-reactive binding 171 

profile of mAb 3D11. 172 

Despite binding in nearly identical conformations, differences exist in the molecular 173 

details of 3D11 Fab binding to each peptide that provide key insights into mAb 3D11 recognition 174 

of PbCSP. Our crystal structures revealed that more van der Waals contacts were formed by a Pro 175 
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residue in the PPPP and NPND motifs compared to an Ala at the same position in the PAPP and 176 

NAND motifs (Fig. 3D). Consequently, the epitopes of the NAND, NPND and Mixed peptides had 177 

a slightly greater buried surface area (BSA; 753, 762, and 765 Å2, respectively) as compared to the 178 

PAPP peptide (743 Å2), which only consists of Ala-containing motifs (Supplemental Table 2). In 179 

particular, Pro10 of the PPPP motif found in the NAND and NPND peptides forms more van der 180 

Waals interactions with antibody residues H.Asn33 and H.Tyr52 compared to Ala10 of the PAPP 181 

motif present in PAPP and Mixed peptides. Similarly, Pro6 of the NPND motif in the NPND and 182 

Mixed peptides makes additional interactions with antibody residue K.Leu50 that are not present 183 

for Ala6 of the NAND motif within the PAPP and NAND peptides (Supplemental Table 2). These 184 

differences in interactions observed at the atomic level directly relate to the binding affinities 185 

measured by ITC, where the PbCSP peptides that bury more surface area in the 3D11 paratope 186 

show the highest binding affinities (Fig. 3A). 187 

 188 

3D11 binding stabilizes the central PbCSP repeat in a spiral-like conformation 189 

To understand how mAb 3D11 recognizes full-length PbCSP, we performed cryoEM 190 

analysis of the SEC-purified 3D11 Fab-PbCSP complex (Fig. 2D). A dataset of 165,747 3D11 Fab-191 

PbCSP particle images was refined with no symmetry imposed, resulting in a 3.2 Å resolution 192 

reconstruction showing seven predominant 3D11 Fabs peripherally arranged around PbCSP with 193 

their variable domains clustered around a central density (Fig. 4, Table 2 and Fig. S5). The PbCSP 194 

repeat forms the core of the complex and is arranged into a triangular spiral of 51 Å pitch and 16 195 

Å diameter (Fig. 4), which fits 61 out of 108 residues of the PbCSP central region. We assigned the 196 

density to the high-affinity PPPPNPND repeats.  197 
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The angle between two Fab variable domains is ~126o, such that approximately three Fabs 198 

are required to complete one full turn of the spiral (Fig. 5A-B). The cryoEM structure of the 3D11 199 

Fab-PbCSP complex and the crystal structures of the 3D11 Fab-peptide complexes are in 200 

remarkable agreement for both the Fab (RMSD=0.39 Å) and the PbCSP repeat region (RMSD=0.66 201 

Å) (Fig. S6). Minor differences exist in the N and C termini of the peptides, presumably because 202 

the termini are largely unrestricted in the crystal structure compared to the cryoEM structure. 203 

 204 

Contacts between 3D11 Fabs stabilize the PbCSP spiral structure 205 

To access their repeating and densely-packed epitopes, 3D11 Fabs are closely arranged 206 

against one another in the 3D11 Fab-PbCSP complex. Indeed, the epitope for a single Fab can be 207 

defined by 14 residues (PPPPNPNDPPPPNP, Supplemental Table 3), with the six C-terminal 208 

residues constituting the beginning of the epitope for the adjacent Fab. When considering two 209 

adjacent Fabs as a single binding unit, the BSA of the Fabs is 1313 Å2, and 1636 Å2 for PbCSP. 210 

Interestingly, we observe multiple Fab-Fab contacts in the cryoEM structure (Fig. 5C and Fig. S7). 211 

Comparison of the mAb 3D11 sequence to its inferred germline precursor (IGHV1-12 and IGKV1-212 

135) reveals that some of the residues involved in homotypic contacts have been somatically 213 

hypermutated (H.Tyr50, H.Val56, H.Asn58, H.Thr73 and K.Tyr27D; Fig. 5C-D). In contrast to 214 

H.Tyr50, H.Val56 and K.Tyr27D that mediate Fab-Fab contacts as well as interact directly with 215 

PbCSP, H.Asn58 and H.Thr73 are only involved in Fab-Fab interactions without contacting PbCSP. 216 

To investigate the role of affinity maturation in enhancing Fab-Fab contacts, somatically 217 

mutated heavy chain (HC) residues H.Asn58 and H.Thr73 were reverted to their inferred germline 218 

precursors (N58S and T73K: subsequently named H-58/73; Fig. 5D). We performed ITC studies to 219 

evaluate binding of wild-type (WT) and H-58/73 germline-reverted mutant 3D11 Fabs to two 220 
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peptides derived from PbCSP, designed based on our X-ray and cryoEM structures to constitute 221 

the minimal binding site for one 3D11 Fab (PPPPNPNDPPPP, denoted “NPNDx1“) or two 3D11 222 

Fabs in a “head-to-head” conformation (PPPPNPNDPPPPNPNDPPPPNPND, denoted “NPNDx2”). 223 

Although both WT and H-58/73 germline-reverted mutant Fabs bound NPNDx1 with comparable 224 

affinity, WT 3D11 Fab demonstrated significantly greater affinity for NPNDx2 compared to 225 

NPNDx1 (KD values of 45 ± 6 nM and 127 ± 32 nM, respectively; Fig. 5E). On the other hand, the 226 

H-58/73 germline-reverted mutant bound each peptide with similar affinities (KD values of 140 ± 227 

38 nM for NPNDx2 and 160 ± 56 nM for NPNDx1; Fig. 5E). The improved binding affinity of WT 228 

3D11 Fab for NPNDx2 compared to NPNDx1 which is not observed for the H-58/73 germline-229 

reverted mutant 3D11 Fab suggests an important role for residues H.Asn58 and H.Thr73 in 230 

mediating homotypic interactions between neighboring 3D11 Fabs bound to PbCSP. Together, 231 

these data provide evidence for the affinity maturation of homotypic contacts that indirectly 232 

strengthen mAb 3D11 affinity to PbCSP. 233 

 234 

DISCUSSION 235 

The CSP repeat is of broad interest for malaria vaccine design because it is targeted by 236 

inhibitory antibodies capable of preventing sporozoite infection as the parasite transits from 237 

Anopheles mosquitoes to mammalian hosts. Biophysical studies of the PfCSP central NANP repeat 238 

have shown that this region possesses low secondary structure propensities (45, 47-49), and AFM 239 

studies on live Pf sporozoites suggest a range of conformations for PfCSP (50, 51). Recent studies 240 

have uncovered that some of the most potent antibodies at inhibiting sporozoites are cross-241 

reactive with the PfCSP N-junction region that harbors KQPA, NPDP and NVDP motifs interspersed 242 

with NANP motifs (39, 40, 43). Our MD simulations of different sub-regions of the PfCSP central 243 
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repeat including the N-junction provided detailed descriptions of their conformational ensemble 244 

and revealed that all sequences possess similar low structural propensity.  245 

Our MD simulations for PbCSP also indicated that the low structural propensity of central 246 

repeat motifs with subtle sequence variance extends to other Plasmodium species. These findings 247 

are in agreement with studies linking repetitive, low-complexity peptide sequences to structural 248 

disorder (47-49). The role of the numerous repetitive sequences observed in parasitic genomes 249 

(52-54) remains to be fully understood, but is postulated to include maximizing parasite 250 

interactions with the target host cell (53), allowing the parasite to adapt under selective pressure 251 

by varying its number of repeats (55), and impairing the host immune response (56-58). 252 

Binding of the PfCSP repeat by inhibitory antibodies has been shown to induce various 253 

conformations in this intrinsically disordered region (37, 39, 40, 42-44, 59, 60). Here, we show 254 

that the PbCSP repeat adopts an extended and bent conformation when recognized by inhibitory 255 

mAb 3D11. Antibody recognition of the PfCSP repeat is often mediated by aromatic cages formed 256 

by the paratope, which surround prolines, backbone atoms and aliphatic portions of side chains 257 

in the epitope. Antibody paratope residues partaking in aromatic cages often include germline-258 

encoded residues, such as H.Trp52 from VH3-33 signature genes that are strongly recruited in the 259 

humoral response against PfCSP (38, 60, 61). Similarly, murine mAb 3D11 uses eight aromatic 260 

residues to recognize the PbCSP repeat. Germline-encoded K.Tyr32 appears to play a central role 261 

in mAb 3D11 PbCSP recognition by contacting consecutive Asn-Asp-Pro residues 262 

(PN(A/P)NDP(A/P)P) in the middle of the core epitope, contributing 58 Å2 of BSA on the Fab. These 263 

findings indicate a central role for germline-encoded aromatic residues in antibody binding of 264 

Plasmodium CSP repeats across species.  265 

Our structural and biophysical data demonstrated that mAb 3D11 is cross-reactive and 266 

binds the different repeat motifs of PbCSP in nearly identical conformations. Such cross-reactivity 267 
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is also exhibited by inhibitory human antibodies encoded by a variety of Ig-gene combinations 268 

when binding repeat motifs of subtle differences in PfCSP (39, 40, 43, 44, 62). Moreover, it was 269 

previously reported that human anti-PfCSP antibody affinity is often directly associated with 270 

epitope cross-reactivity (40). Given the high inhibitory potency of mAb 3D11, our findings suggest 271 

that favorable selection of cross-reactive clones during B cell maturation may have evolved as a 272 

common mechanism of the immune response in mammals against Plasmodium CSP. 273 

Most residues that mediate mAb 3D11 contacts with the PbCSP repeat are germline-274 

encoded; indeed, of nine affinity-matured residues in the HC and three in the KC, only three are 275 

involved in direct contacts with the antigen (H.Trp50, H.Val56 and K.Tyr27D). Due to the repetitive 276 

nature of the central repeat motifs, multiple antibodies bind simultaneously to one CSP protein 277 

and neighboring Fabs engage in homotypic interactions (37, 41). Our data suggest that somatic 278 

mutations of residues that partake in Fab-Fab contacts enhance homotypic interactions and 279 

indirectly improve the binding affinity of the mAb to PbCSP. In this aspect, mAb 3D11 binding to 280 

PbCSP resembles binding of some neutralizing human mAbs to PfCSP (37, 40, 41). Taken together, 281 

these findings indicate that homotypic interactions are a feature by which the mammalian 282 

immune system can robustly engage repetitive Plasmodium antigens with high affinity. 283 

Interestingly, recent studies have reported that Fab-Fab interactions occur in other antibody-284 

antigen complexes, providing evidence that homotypic contacts can drive diverse biology: for 285 

example, homotypic interactions were described between two nanobodies bound to a 286 

pentameric antigen (63) and between two Rituximab antibodies when bound to B cell membrane 287 

protein CD20 (64).  288 

Our cryoEM analysis also revealed how the PbCSP repeat, like that of PfCSP, can adopt a 289 

highly organized spiral structure upon mAb binding. Such spiral assembly of CSP was previously 290 

observed upon human mAb 311 Fab and IgG binding, which induced a PfCSP spiral with a greater 291 
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diameter (27 Å) and smaller pitch (49 Å) compared to the 3D11-PbCSP complex (16 Å diameter 292 

and 51 Å pitch) (41) (Fig. S8). Differences in the architecture of these two complexes can be 293 

attributed to the fact that mAbs 3D11 and 311 recognize their respective antigens in distinct 294 

conformations. Because different anti-CSP inhibitory antibodies can bind the repeat region in a 295 

variety of conformations (37, 39, 43, 44, 59), it is likely that many types of CSP-antibody 296 

assemblies exist. Further studies are needed to investigate whether formation of highly organized 297 

complexes is possible on the surface of live sporozoites and how antibody-CSP interactions occur 298 

in the context of polyclonal serum. These insights will be important for our structure-function 299 

understanding of the mechanisms employed by these repeat-targeting antibodies to inhibit 300 

sporozoite development, migration and infection of hepatocytes.   301 
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 333 

MATERIALS AND METHODS 334 

Molecular dynamics simulations 335 

We performed all-atom molecular dynamics simulations of the following peptides: (NPNA)5, 336 

KQPADGNPDPNANPN, NPDPNANPNVDPNANP, (NVDPNANP)2NVDP, (PPPPNPND)2, (PPPPNAND)2, 337 

(PAPPNAND)2, and PPPPNPNDPAPPNAND as blocked monomers in water with 0.15M NaCl. Each 338 
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simulation system consisted of the respective peptide with an acetylated N-terminus and 339 

amidated C-terminus solvated in a dodecahedral box with side lengths of 4.9 nm. 340 

The systems were simulated using the program GROMACS 5.1.4 (65, 66) with the CHARMM22* 341 

(67-71) force field for the protein and the TIP3P (72) water model. All simulations were performed 342 

with periodic boundary conditions at a constant pressure and temperature of 1 bar and 300 K, 343 

respectively. The LINCS algorithm was used to constrain all bond lengths (73, 74). A cut-off of 1.4 344 

nm was used for Lennard-Jones interactions. The Particle-Mesh Ewald algorithm (75, 76) was used 345 

to calculate long-range electrostatics interactions with a Fourier spacing of 0.12 and an 346 

interpolation order of 4. The Nosé-Hoover thermostat (77, 78) was used for temperature coupling 347 

with the peptide and solvent coupled to two temperature baths and a time constant of 0.1 ps. 348 

The Parrinello-Rahman algorithm (79) was used for pressure coupling with a time constant of 2 349 

ps. The integration step size was 2 fs and the system coordinates were stored every 10 ps.  350 

The simulations were performed for 300 ns for 20 independent replicas of (NPNA)5 and 10 351 

independent replicas of all other sequences. The initial structures of the peptides were selected 352 

from 10 ns simulations in which extended conformations of the peptides were collapsed in vacuo. 353 

The first 100 ns of each trajectory were omitted as the time required for system relaxation based 354 

on the convergence analysis of the radius of gyration (Rg) shown in Fig. S2. This protocol resulted 355 

in a total of 4 μs of production time for the (NPNA)5 dataset and a total of 2 μs of production time 356 

for the other systems, which was used to compute equilibrium ensemble properties. The peptide 357 

snapshots were generated with VMD (80) and the plots were created with Matplotlib (81). 358 

3D11 Fab production and purification 359 

The mAb 3D11-expressing hybridoma cell line variable heavy and light chain antibody genes were 360 

sequenced (Applied Biological Materials Inc). mAb 3D11 VK and VH regions were cloned 361 
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individually into custom pcDNA3.4 expression vectors immediately upstream of human Igκ and 362 

Igγ1-CH1 domains, respectively. The resulting 3D11 Fab light and heavy chain vectors were co-363 

transfected into HEK293F cells for transient expression, and purified via KappaSelect affinity 364 

chromatography (GE Healthcare), cation exchange chromatography (MonoS, GE Healthcare), and 365 

size exclusion chromatography (Superdex 200 Increase 10/300 GL, GE Healthcare).  366 

Recombinant PbCSP production and purification 367 

A construct of full-length PbCSP, the PbCSP C-terminal domain and the PbCSP aTSR domain from 368 

strain ANKA (NCBI reference sequence XP_022712148.1, residues 24-318) were designed with 369 

potential N-linked glycosylation sites mutated to glutamine and cloned into pcDNA3.4 expression 370 

vectors. The resulting constructs were transiently transfected in HEK293F cells, and purified by 371 

HisTrap FF affinity chromatography (GE Healthcare) and size exclusion chromatography (Superdex 372 

200 Increase 10/300 GL, GE Healthcare). 373 

Binding kinetics by biolayer interferometry 374 

BLI (Octet RED96, FortéBio) experiments were conducted to determine the binding kinetics of the 375 

3D11 Fab to recombinant PbCSP. PbCSP was diluted to 10 µg/ml in kinetics buffer (PBS, pH 7.4, 376 

0.01% [w/v] BSA, 0.002% [v/v] Tween-20) and immobilized onto Ni-NTA (NTA) biosensors 377 

(FortéBio). After a steady baseline was established, biosensors were dipped into wells containing 378 

twofold dilutions of 3D11 Fab in kinetics buffer. Tips were then immersed back into kinetics buffer 379 

for measurement of the dissociation rate. Kinetics data were analyzed using the FortéBio’s Data 380 

Analysis software 9.0, and curves were fitted to a 2:1 binding model.  381 

 Binding thermodynamics by isothermal titration calorimetry 382 
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Calorimetric titration experiments were performed with an Auto-iTC200 instrument (Malvern) at 383 

37°C. Full-length PbCSP and PbCSP-derived peptides (GenScript) were diluted in Tris-buffered 384 

saline (TBS; 20 mM Tris, pH 8.0 and 150 mM sodium chloride) and added to the calorimetric cell. 385 

Titrations were performed with 3D11 Fab in the syringe, diluted in TBS, in 15 successive injections 386 

of 2.5 μl. Full-length PbCSP was diluted to 5 μM and titrated with 3D11 Fab at 400 μM. All PbCSP-387 

derived peptides were diluted to 20 μM and titrated with 3D11 Fab at 200-300 μM, with the 388 

exception of the NPNDx2 peptide that was diluted to 9-10 μM and titrated with 180-200 μM 3D11 389 

Fab. Experiments were performed at least two times, and the mean and standard error of the 390 

mean are reported. The experimental data were analyzed using Origin 7.0 according to a 1:1 391 

binding model. 392 

Size-exclusion chromatography-multi-angle light scattering (SEC/MALS) 393 

Full-length PbCSP was co-complexed with a molar excess of 3D11 Fab and loaded on a Superose 394 

6 Increase 10/300 GL (GE Healthcare) using an Agilent Technologies 1260 Infinity II HPLC coupled 395 

in-line with the following calibrated detectors: (i) MiniDawn Treos MALS detector (Wyatt); (ii) 396 

Quasielastic light scattering (QELS) detector (Wyatt); and (iii) Optilab T-reX refractive index (RI) 397 

detector (Wyatt). Data processing was performed using the ASTRA software (Wyatt). 398 

Crystallization and structure determination 399 

Purified 3D11 Fab was mixed in a 1:5 molar ratio with each PbCSP peptide. The 3D11 Fab/PAPP 400 

complex was concentrated to 5 mg/mL and mixed in a 1:1 ratio with 20% (w/v) PEG 3350, 0.15 M 401 

malic acid pH 7. Crystals appeared after ~1 d and were cryoprotected in 15% (v/v) ethylene glycol 402 

before being flash-frozen in liquid nitrogen. The 3D11 Fab/NAND complex was concentrated to 5 403 

mg/mL and mixed in a 1:1 ratio with 20% (w/v) PEG 3350, 0.2 M di-sodium tartrate. Crystals 404 

appeared after ~3 d and were cryoprotected in 15% (v/v) ethylene glycol before being flash-frozen 405 
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in liquid nitrogen. The 3D11 Fab/NPND complex was concentrated to 2.1 mg/mL and mixed in a 406 

1:1 ratio with 25% (w/v) PEG 3350, 0.2 M lithium sulfate, 0.1 M Tris pH 8.5. Crystals appeared 407 

after ~12 d and were cryoprotected in 20% (v/v) ethylene glycol before being flash-frozen in liquid 408 

nitrogen. The 3D11 Fab/Mixed complex was concentrated to 5 mg/mL and mixed in a 1:1 ratio 409 

with 25.5% (w/v) PEG 4000, 15% (v/v) glycerol, 0.17 M ammonium acetate, 0.085 M sodium 410 

citrate pH 5.6. Crystals appeared after ~ 1 d and were cryoprotected in 20% (v/v) glycerol before 411 

being flash-frozen in liquid nitrogen.  412 

Data were collected at the 23-ID-D or 23-ID-B beamline at the Argonne National 413 

Laboratory Advanced Photon Source, or at the 17-ID-1 beamline at the National Synchrotron Light 414 

Source II. All datasets were processed and scaled using XDS (82). The structures were determined 415 

by molecular replacement using Phaser (83). Refinement of the structures was performed using 416 

phenix.refine (84) and iterations of refinement using Coot (85). Access to all software was 417 

supported through SBGrid (86). 418 

CryoEM data collection and image processing 419 

The PbCSP/3D11 complex was concentrated to 3 mg/mL and incubated briefly with 0.01% 420 

(w/v) n-Dodecyl β-D-maltopyranoside. 3 µl of the sample was deposited on holey gold grids 421 

prepared in-house (87), which were glow discharged in air for 15 s before use. Sample was blotted 422 

for 12.5 s, and subsequently plunge-frozen in a mixture of liquid ethane and propane (88) using a 423 

modified FEI Vitrobot (maintained at 4°C and 100% humidity). Data collection was performed on 424 

a Thermo Fisher Scientific Titan Krios G3 operated at 300 kV with a Falcon 3EC camera automated 425 

with the EPU software. A nominal magnification of 75,000´ (calibrated pixel size of 1.06 Å) and 426 

defocus range between 1.6 and 2.2 μm were used for data collection. Exposures were 427 

fractionated as movies of 30 frames with total exposure of 42.7 electrons/Å2. A total of 2,080 raw 428 

movies were obtained.  429 
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Image processing was carried out in cryoSPARC v2 (89). Initial specimen movement 430 

correction, exposure weighting, and CTF parameters estimation were done using patch-based 431 

algorithms. Manual particle selection was performed on 30 micrographs to create templates for 432 

the template-based picking. 669,223 particle images were selected by template picking and 433 

individual particle images were corrected for beam-induced motion with the local motion 434 

algorithm (90). Ab-initio structure determination revealed that most particles present in the 435 

dataset correspond to the 3D11 Fab-PbCSP complex, with a minor population of particles 436 

corresponding to unbound 3D11 Fab. After several rounds of heterogeneous refinement, 165,747 437 

particle images were selected for non-uniform refinement with no symmetry applied, which 438 

resulted in a 3.2 Å resolution map of the 3D11 Fab-PbCSP complex estimated from the gold-439 

standard Fourier shell correlation (FSC) criterion.  440 

Model building 441 

To create a starting model of the 3D11 Fab-PbCSP complex, seven copies of the 442 

Fab3D11/PbCSP-peptide crystal structure were manually docked into the 3D11 Fab-PbCSP 443 

cryoEM map using UCSF Chimera (91), followed by manual building using Coot (85). All models 444 

were refined using the phenix.real_space_refine (84) with secondary structure and geometry 445 

restraints. The final models were evaluated by MolProbity (92).  446 
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Table 1: X-ray crystallography data collection and refinement statistics. 447 

 448 

a  Values in parentheses refer to the highest resolution bin. 449 

b  Rmerge  = Σhkl Σi  | Ihkl, i  - <Ihkl > | / Σhkl  <Ihkl > 450 

c  Rpim  = Σhkl  [1/(N – 1)]1/2 Σi  | Ihkl, i  - <Ihkl > | / Σhkl  <Ihkl > 451 

d Rwork  = (Σ  | |Fo | −  |Fc | |) / (Σ  | |Fo |) - for all data except as indicated in footnote e. 452 

e 5% of data were used for the Rfree calculation 453 

  454 

 3D11-PAPP 3D11-NAND  3D11-NPND 3D11-Mixed 

Beamline APS-23-ID-D APS-23-ID-D  NSLS-II-17-ID-1 APS-23-ID-B 
Wavelength (Å) 1.033170 1.033200  0.979329 1.033167 
Space group P3221 P3221  P3221 P3221 
Cell dimensions      
a,b,c (Å) 59.3, 59.3, 233.5 59.7, 59.7, 234.9  59.9, 59.9, 235.0 60.3, 60.3, 233.7 
α, β, γ (°) 90, 90, 120 90, 90, 120  90, 90, 120 90, 90, 120 
Resolution (Å)a 40.0-1.60 (1.70-1.60) 40.0-1.55 (1.65-1.55)  40.0-2.27 (2.37-2.27) 40.0-1.55 (1.65-1.55) 
No. molecules in ASU 1 1  1 1 
No. observations 1,210,903 (196,555) 684,564 (117,091)  450,057 (47,142) 1,423,235 (247,601) 
No. unique observations 64,371 (10,497) 70,664 (11,753)  23,398 (2,556) 72,981 (12,222) 
Multiplicity 18.8 (18.7) 9.5 (9.7)  19.1 (17.4) 19.5 (20.3) 
Rmerge (%)b 10.3 (84.7) 8.4 (80.1)  13.8 (57.1) 8.3 (78.0) 
Rpim (%)c 2.4 (20.1) 2.9 (26.5)  3.2 (13.5) 1.9 (17.6) 
<I/σ I> 16.3 (1.5) 13.8 (1.5)  19.0 (4.1) 19.6 (1.7) 
CC½ 99.9 (68.0) 99.9 (56.7)  99.9 (93.5) 99.9 (84.3) 
Completeness (%) 99.9 (100.0) 98.3 (97.2)  99.3 (94.4) 100.0 (100.0) 
Refinement Statistics      
Reflections used in refinement 64,275 70,660  23,327 72,843 
Reflections used for R-free 1,999 1,986  1,173 2,000 
Non-hydrogen atoms 3,823 3,915  3,665 3,858 
Macromolecule 3,411 3,423  3,382 3,439 
Water 384 380  259 359 
Heteroatom 28 112  24 60 
Rwork

d / Rfree
e 15.9 / 18.8 16.4 / 18.4  16.6 / 22.2 16.6 / 18.1 

Rms deviations from ideality      
Bond lengths (Å) 0.016 0.010  0.006 0.011 
Bond angle (°) 1.43 1.15  0.87 1.22 
Ramachandran plot      
Favored regions (%) 98.9 98.0  97.7 98.2 
Allowed regions (%) 1.1 2.1  2.3 1.8 
B-factors (Å2)      
Wilson B-value 27.1 24.0  32.0 26.3 
Average B-factors 35.0 31.4  35.2 31.2 
Average macromolecule 33.6 29.4  34.8 29.7 
Average heteroatom 54.4 54.8  54.4 57.6 
Average water molecule 46.3 41.9  38.3 41.2 
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Table 2. CryoEM data collection and refinement statistics. 455 

Data Collection  
Electron microscope Titan Krios G3 
Camera Falcon 3EC 
Voltage (kV) 300 
Nominal magnification 75,000 
Calibrated physical pixel size (Å) 1.06 
Total exposure (e- /Å2) 42.7 
Number of frames 30 
Image Processing  
Motion correction software cryoSPARCv2 
CTF estimation software cryoSPARCv2 
Particle selection software cryoSPARCv2 
3D map classification and refinement software cryoSPARCv2 
Micrographs used 2,080 
Particles selected 669,223 
Global resolution (Å) 3.2 
Particles contributing to final maps 165,747 
Model Building  
Modeling software Coot, phenix.real_space_refine 
Number of residues built  3,085 
RMS (bonds) 0.002 
RMS (angles) 0.56 
Ramachandran favored (%) 95.8 
Rotamer outliers (%) 0.5 
Clashscore 6.27 
MolProbity score 1.63 
EMRinger score 2.54 

456 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 23 

FIGURES LEGEND 457 

Figure 1. Comparison of PfCSP and PbCSP repeat sequences and structures. (A) Schematic 458 

representations of PfCSP strain NF54 and PbCSP strain ANKA, each comprising an N-terminal domain, 459 

central repeat region, and C-terminal domain. The junctional region (J) immediately following the N-460 

terminal domain of PfCSP is indicated. Colored bars represent each repeat motif. The sequences of each 461 

CSP central repeat region and corresponding peptides used in the study are shown below their respective 462 

schematics. (B-G) Conformational ensembles of CSP peptides in solution from molecular dynamics 463 

simulations. (B) Superposition of the conformations of the four PfCSP-derived peptides at each 464 

nanosecond. The peptides are aligned to the conformational median structure and only the backbone is 465 

shown for clarity. (C) Ensemble-averaged backbone-backbone hydrogen-bonding maps for each PfCSP 466 

peptide sequence. The propensity for hydrogen bonds between the NH groups (y-axis) and CO groups (x-467 

axis) is indicated by the color scale on the right. (D) Sample molecular dynamics snapshots of the highest-468 

propensity turn for each PfCSP peptide are shown as sticks with hydrogen bonds shown as grey lines. The 469 

highest-propensity turn for each peptide is indicated by the arrowhead on the corresponding hydrogen-470 

bonding map. (E) Superposition of the conformations of the four PbCSP-derived peptides at each 471 

nanosecond. The peptides are aligned to the conformational median structure and only the backbone is 472 

shown for clarity. (F) Ensemble-averaged backbone-backbone hydrogen-bonding maps for each PbCSP 473 

peptide sequence. The propensity for hydrogen bonds between the NH groups (y-axis) and CO groups (x-474 

axis) is indicated by the color scale on the right. (G) Sample molecular dynamics snapshots of the highest-475 

propensity turn for each PbCSP peptide are shown as sticks with hydrogen bonds shown as grey lines. The 476 

highest-propensity turn for each peptide is indicated by the arrowhead on the corresponding hydrogen-477 

bonding map. 478 

  479 
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Figure 2. Biophysical characterization of 3D11 Fab-PbCSP binding. (A) Binding kinetics of twofold dilutions 480 

of 3D11 Fab to full-length PbCSP. Representative sensorgrams are shown in black and 2:1 model best fits 481 

in red. Data are representative of three independent measurements. (B) Isothermal titration calorimetry 482 

(ITC) analysis of 3D11 Fab binding to full-length PfCSP at 37oC. Above, raw data of 16 injections of 3D11 483 

Fab (0.2 mM) into the sample cell containing PbCSP (0.02 mM). Below, plot and trendline of heat of 484 

injectant corresponding to the raw data. KD and N values resulting from three independent experiments 485 

are indicated. Standard error values are reported as standard error of the mean (SEM). (C) Results from 486 

size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) for the 3D11 Fab-487 

PbCSP complex. A representative measurement of the molar mass of the 3D11 Fab-PbCSP complex is 488 

shown as the red line. Mean molar mass and SD are as indicated. (D) SDS-PAGE analysis of resulting Peaks 489 

1 and 2 from SEC-MALS. Each peak was sampled in reducing and non-reducing conditions as indicated by 490 

+ and -, respectively. 491 

 492 

Figure 3. 3D11 Fab binding to PbCSP repeat peptides. (A) Affinities of 3D11 Fab for PAPP, NAND, NPND 493 

and Mixed peptides as measured by ITC. Symbols represent independent measurements. Mean KD values 494 

are shown above the corresponding bar. Error bars represent SEM. (B) The 3D11 Fab binds the PAPP (pink), 495 

NAND (purple), NPND (blue) and Mixed (red) peptides in nearly identical conformations. mAb 3D11 CDRs 496 

are indicated. (C) Overview and side view of the NAND peptide (purple) in the binding groove of the 3D11 497 

Fab shown as surface representation (H-chain shown in black and K-chain shown in grey). (D) Van der 498 

Waals interactions formed by side chain atoms of both Ala and Pro residues are indicated by orange 499 

dashed lines, and those unique to Pro6 and Pro10 are indicated by green dashed lines.  500 

 501 

Figure 4. Spiral organization of the PbCSP repeat upon 3D11 Fab binding. (A) CryoEM map of the 3D11 502 

Fab-PbCSP complex is shown as a transparent light gray surface with the PbCSP density highlighted in 503 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 25 

black. (B) The PbCSP model built into the cryoEM map is shown in dark grey as sticks and aligned to the 504 

schematic representation of the PbCSP protein sequence.  505 

 506 

Figure 5. Homotypic interactions between 3D11 Fabs stabilize the 3D11 Fab-PbCSP complex. (A) The 507 

cryoEM map of the 3D11 Fab-PbCSP complex contains density for seven predominant 3D11 Fabs. Densities 508 

of individual Fabs are colored from pink to grey. (B) Close-up view of two adjacent 3D11 Fabs (pink and 509 

blue) from the cryoEM structure in complex with PbCSP (black). A red box denotes the site of Fab-PbCSP 510 

and Fab-Fab interactions. (C) Details of 3D11 Fab-Fab homotypic interactions. Residues forming Fab-Fab 511 

contacts are labelled in black. mAb 3D11 affinity matured residues that engage in Fab-Fab contacts but do 512 

not directly interact with PbCSP are labelled in red. Black dashes indicate H-bonds between residues. (D) 513 

Sequence alignment of mAb 3D11 with inferred germline precursors for the heavy and light chains (upper 514 

and lower row, respectively). Affinity matured residues that contact PbCSP are highlighted in yellow and 515 

affinity matured residues involved in homotypic interactions are indicated in red. (E) Binding affinity of WT 516 

3D11 and H-58/73 germline-reverted mutant (Mut) Fabs to NPNDx1 (grey bars) and NPNDx2 (white bars) 517 

peptides as measured by ITC. Symbols represent independent measurements. Mean KD values resulting 518 

from at least two independent experiments are shown. Error bars represent standard error of the mean. 519 

An unpaired one-tailed t-test was performed using GraphPad Prism 8 to evaluate statistical significance: 520 

*P < 0.05. 521 

 522 

Supplementary Figures Legend 523 

Figure S1. Ensemble-averaged hydrogen-bonding propensities for PfCSP- and PbCSP-derived peptides. 524 

(A) The propensity for hydrogen bonds between the NH groups of the backbone (y-axis) and CO groups of 525 

the side chains (x-axis) is indicated by the color scale on the right. (B) The propensity for hydrogen bonds 526 

between the NH groups of the side chains (y-axis) and CO groups of the backbone (x-axis) is indicated by 527 
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the color scale on the right. (C) The propensity for hydrogen bonds between the NH groups of the side 528 

chains (y-axis) and CO groups of the side chains (x-axis) is indicated by the color scale on the right.  529 

 530 

Figure S2. Experimental details of MD simulations. (A) Time evolution of the radius of gyration of the 531 

different peptides from MD simulations. Shading represents the standard error of the mean computed 532 

from the different simulation repeats (see Methods). The simulations are statistically converged after 100 533 

ns. The average radius of gyration for each peptide is reported on the right. The individual peptides have 534 

been shifted on the y-axis to allow for ease of visualization. (B) The simulated propensity of having a 535 

specific hydrogen bond is shown on the diagonal, with the propensity of two specific hydrogen bonds 536 

(P(A∩B)) shown above the diagonal. Each individual NPNA motif is labelled from I-V. The difference of the 537 

simulated values from the calculated values (P(A)·P(B)) is shown below the diagonal. These differences are 538 

all well below the average standard error of mean of 0.04, confirming that the individual motifs are 539 

uncorrelated. (C) A mathematical example showing that the β-turn and pseudo β-turn propensities are 540 

independent and uncorrelated (P(A∩B) = P(A)·P(B)). This holds true for all the simulated peptides. 541 

 542 

Figure S3. Experimental details of mAb 3D11 binding. (A) 3D11 Fab binding to peptides representative of 543 

the PbCSP aTSR domain (residue 263-318; red) and the full C-terminal domain (residues 202-318; C-CSP; 544 

blue). Full-length PbCSP (residue 24-318) was used as a positive control (black). (B) Composite omit map 545 

electron density contoured at 1.0 sigma (blue mesh) around PbCSP peptides PAPP, NAND, NPND and 546 

Mixed in complex with the 3D11 Fab. (C) Slight differences in H-bonding at the N- and C-terminal ends of 547 

the PbCSP repeat peptides when bound to the 3D11 Fab in the crystal structures. PbCSP peptides are 548 

colored as in Fig. 3. Antibody residues partaking in H-bonds are colored orange. mAb 3D11 HCDR2 is 549 

colored in black and KCDR2 in white. 550 
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 551 

Figure S4. Interactions between mAb 3D11 aromatic side chains and PbCSP peptides. Interactions formed 552 

between PbCSP peptide residues and aromatic side chains of the 3D11 Fab HCDR (black) and KCDR (white). 553 

PbCSP peptides are colored as in Fig. 3. 554 

 555 

Figure S5. CryoEM analysis of the 3D11 Fab-PbCSP complex. (A) A representative cryoEM micrograph. 556 

Scale bar, 50 nm. (B) Selected 2D class averages of the 3D11 Fab-PbCSP complex. (C) Particle orientation 557 

distribution plot. (D) Fourier shell correlation curve from the final 3D non-uniform refinement of the 3D11 558 

Fab-PbCSP complex in cryoSPARC v2. (E) Local resolution (Å) plotted on the surface of the cryoEM map. 559 

(F) CryoEM density of PbCSP (grey mesh) with the model built shown as sticks (black carbons).  560 

 561 

Figure S6. Comparison between 3D11 Fab-PbCSP cryoEM structure and 3D11 Fab-NPND peptide crystal 562 

structure. Color representation of all-atom RMSD of 3D11 Fab variable region and PbCSP core epitope 563 

between the Fab-PbCSP cryoEM structure and the 3D11-NPND peptide crystal structure. RMSD values 564 

were calculated using UCSF Chimera (91) and plotted by color on the secondary structure of the 3D11-565 

NPND peptide crystal structure. 566 

 567 

Figure S7. Homotypic contacts between 3D11 Fabs in the 3D11 Fab-PbCSP cryoEM structure. (A) and 568 

(B) main interaction interfaces between adjacent 3D11 Fabs in the 3D11 Fab-PbCSP cryoEM structure. (C) 569 

Table of contacts between 3D11 Fabs. HB: hydrogen bond (3.8 Å cut-off). 570 

 571 
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Figure S8. Comparison between cryoEM structures of 3D11 Fab-PbCSP and 311 Fab-PfCSP (PDB ID: 6MB3) 572 

(41). CryoEM maps of the 3D11 Fab-PbCSP ((A) and (E)) and 311 Fab-PfCSP ((B) and (F)) complexes are 573 

shown as a transparent light gray surface with the CSP density highlighted in black for PbCSP and in blue 574 

for PfCSP. The CSP models built into the cryoEM maps are shown as grey (for PbCSP; (C) and (F)) or blue 575 

(for PbCSP; (D) and (H)) sticks and aligned to the schematic representations of their respective protein 576 

sequences. 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 
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Table S1. Hydrogen bonding propensities from simulations of peptides in solution. (A) Hydrogen-bonding 591 

propensity for each simulated motif and lifetime of each β-turn for the four PfCSP-derived peptides. (B) 592 

Hydrogen-bonding propensity for each simulated motif and lifetime of each β-turn for the four PbCSP-593 

derived peptides. 594 

A 595 

Peptide KQPA NPDP NVDP NPNA 

Motif ADGN DPNA DPNA NPNV DPNA DPNA NPNV DPNA NPNV NPNA NPNA NPNA NPNA NPNA 

β-turn 0.34 
±0.04 

0.38 
±0.03 

0.37 
±0.06 

0.17 
±0.04 

0.38 
±0.05 

0.43 
±0.04 

0.17 
±0.05 

0.44 
±0.07 

0.16 
±0.02 

0.30 
±0.03 

0.24 
±0.05 

0.42 
±0.04 

0.33 
±0.05 

0.19 
±0.03 

β-turn 
Lifetime 
(ns) 

3.53 
±0.30 

3.94 
±0.26 

4.22 
±0.44 

2.79 
±0.27 

3.97 
±0.26 

4.31 
±0.27 

3.20 
±0.32 

5.52 
±0.55 

2.27 
±0.16 

3.80 
±0.24 

4.72 
±0.38 

4.35 
±0.26 

4.26 
±0.25 

2.21 
±0.09 

Backbone-
Backbone 
H-bonds 

0.34 
±0.04 

0.68 
±0.06 

0.77 
±0.13 

0.30 
±0.04 

0.69 
±0.09 

0.78 
±0.10 

0.36 
±0.07 

0.86 
±0.13 

0.30 
±0.04 

0.59 
±0.06 

0.48 
±0.08 

0.74 
±0.06 

0.58 
±0.07 

0.24 
±0.04 

Pseudo 
β-turn 

0.00 
±0.00 

0.07 
±0.02 

0.10 
±0.02 

0.04 
±0.01 

0.08 
±0.01 

0.10 
±0.02 

0.02 
±0.01 

0.10 
±0.02 

0.02 
±0.01 

0.09 
±0.03 

0.03 
±0.01 

0.09 
±0.04 

0.06 
±0.03 

0.06 
±0.01 

Backbone-
Sidechain 
H-bonds 

0.02 
±0.01 

0.15 
±0.03 

0.22 
±0.05 

0.15 
±0.03 

0.18 
±0.03 

0.21 
±0.04 

0.11 
±0.04 

0.19 
±0.04 

0.13 
±0.04 

0.27 
±0.07 

0.07 
±0.02 

0.22 
±0.07 

0.16 
±0.07 

0.21 
±0.04 

 596 
B 597 

Peptide NPND NAND PAPP MIX 

Motif NPND NPND PPNA PPNA PPNA PPNA NPND PPNA 

β-turn 0.14 
±0.07 

0.13 
±0.04 

0.31 
±0.07 

0.19 
±0.05 

0.24 
±0.07 

0.29 
±0.08 

0.10 
±0.03 

0.16 
±0.03 

β-turn 
Lifetime 
(ns) 

4.96 
±1.22 

2.46 
±0.21 

3.47 
±0.34 

2.54 
±0.17 

3.16 
±0.22 

1.30 
±0.08 

2.82 
±0.33 

2.78 
±0.20 

Backbone-
Backbone
H-bonds 

0.14 
±0.07 

0.13 
±0.04 

0.41 
±0.06 

0.28 
±0.06 

0.32 
±0.08 

0.40 
±0.08 

0.10 
±0.03 

0.25 
±0.03 

Pseudo 
β-turn 

0.01 
±0.01 

0.03 
±0.01 

0.00 
±0.01 

0.01 
±0.01 

0.00 
±0.01 

0.02 
±0.01 

0.01 
±0.01 

0.01 
±0.01 

Backbone-
Sidechain 
H-bonds 

0.02 
±0.01 

0.08 
±0.03 

0.01 
±0.01 

0.03 
±0.01 

0.01 
±0.01 

0.03 
±0.01 

0.06 
±0.02 

0.03 
±0.01 
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Table S2. Table of contacts between 3D11 Fab and PbCSP peptides. *Rows are shaded according to the number of times interactions are 599 

observed between all four crystal structures, summed in the final column. 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

* Core epitope consists of residues 3 to 10 in each peptide (PN(A/P)NDP(A/P)P) 618 

 
Antigen 

Interaction 3D11-HC 3D11-KC Total 
 PAPP  

(BSA Å2) 
NAND  
(BSA Å2) 

NPND 
 (BSA Å2) 

Mixed  
(BSA Å2) 

 Pro1 (0) Pro1 (30) Pro1 (2)      
 Ala2 (0) Pro2 (0) Pro2 (7) Pro2 (0)     
 Pro3 (8) Pro3 (8) Pro3 (7) Pro3 (7)     
 Pro4 (104) Pro4 (102) Pro4 (107) Pro4 (110)     
 Pro Pro Pro Pro vdW Tyr32, Ala95, Ala101, Tyr102 Arg46, Asp55 4 
   Pro   Pro vdW Tyr27   2 
 ProO ProO ProO ProO HB Tyr32OH   4 
 Asn5 (99) Asn5 (104) Asn5 (98) Asn5 (94)     
 Asn Asn Asn Asn vdW Tyr32, Ala95 Arg46, Ser49, Leu50, Glu53 4 
     Asn Asn vdW Ala101   2 
 AsnO AsnO AsnO AsnO HB   Arg46NH1, Arg46NH2 4 
 AsnND2 AsnND2 AsnND2 AsnND2 HB   Ser49OG 4 
   AsnND2     HB   Glu53OE1 1 
 Ala6 (49) Ala6 (48) Pro6 (62) Pro6 (65)     
 Ala Ala Pro Pro vdW Tyr32 Tyr32, Asn34, Arg46, Ser49, Leu50 4 
 Asn7 (155) Asn7 (155) Asn7 (155) Asn7 (155)     
 Asn Asn Asn Asn vdW His35, Ser94, Ala95 Tyr32, Asn34, Arg46, Trp89, Gly91 4 
     Asn   vdW   Gln90 1 
 AsnO AsnO AsnO AsnO HB   Asn34ND2 4 
 AsnOD1 AsnOD1 AsnOD1 AsnOD1 HB   Arg46NH1 4 
 AsnND2 AsnND2 AsnND2 AsnND2 HB Ala95O   4 
 Asp8 (98) Asp8 (98) Asp8 (98) Asp8 (98)     
 Asp Asp Asp Asp vdW Asn33, His35, Tyr50 Tyr32, Gly91, Arg96 4 
 Asp Asp   Asp vdW   Trp89 3 
 AspOD2 AspOD2 AspOD2 AspOD2 HB Asn33ND2   4 
 AspOD1 AspOD1 AspOD1 AspOD1 SB His35NE2   4 
 AspOD2 AspOD2 AspOD2 AspOD2 SB His35NE2 Arg96NE, Arg96NH2 4 
 Pro9 (106) Pro9 (106) Pro9 (98) Pro9 (108)     
 Pro Pro Pro Pro vdW Asn33, Tyr50 Tyr27D, Tyr32, Gly91, Arg96  4 
 Pro Pro   Pro vdW   Thr92 3 
 Pro   Pro Pro vdW   Asp28 3 
 ProO ProO ProO ProO HB Asn33ND2   4 
 Ala10 (36) Pro10 (42) Pro10 (45) Ala10 (37)     
 Ala Pro Pro Ala vdW Asn33, Tyr50, Tyr52   4 
 Pro11 (96) Pro11 (98) Pro11 (99) Pro11 (98)     
 Pro Pro Pro Pro vdW Asn33, Tyr50, Tyr52, Asn54, 

Val56, Asn58 
  4 

     ProO   HB Asn54ND2   1 
 Pro12 (11) Pro12 (7) Pro12 (8) Pro12 (10)     
 Asn13 (36) Asn13 (51) Asn13 (21) Asn13 (45)     
    Pro14 (36)         
   Asn15 (0)      
H-bonds 9 10 10 9     
Salt Bridges 4 4 4 4     
Core epitope* 
BSA (Å2) 

743 753 762 765     

Total BSA (Å2) 798 849 843 827     

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 31 

vdW: van der Waals interaction (5.0 Å cut-off) 619 

HB: hydrogen bond (3.8 Å cut-off) 620 

SB: salt bridge (4.0 Å cut-off)621 
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Table S3. Table of contacts between one of the 3D11 Fabs and PbCSP in cryoEM structure. 622 

 Antigen (BSA Å2) Interaction 3D11-HC 3D11-KC 
 25 Pro (7) vdW  Ser56 
 27 Pro (12) vdW Tyr32  
 28 Pro (99) vdW Tyr32, Ala95, Ala101  
  ProO HB Tyr32OH  
 

29 Asn (105) vdW  
Tyr32, Arg46, Ser49, 
Leu50, Glu53 

  AsnND2 HB  Glu53OE1 
  AsnO HB  Arg46NH1 
 30 Pro (71) vdW Ala95 Arg46 
 31 Asn (153) vdW  Asn34, Arg46, Trp89 
   SB   
  AsnND2 HB Ala95O  
  AsnO   Asn34ND2 
 32 Asp (98) vdW Asn33, His35 Asn34, Gly91, Arg96 
  AspO HB Asn33ND2  
  AspOD1 HB,SB Asn33ND2 Arg96NH2, Arg96NE 
  AspOD2 HB,SB His35NE2  
 

33 Pro (103) vdW  
Tyr27D, Tyr32, 
Gly91 

  ProO HB Asn33ND2  
 34 Pro (41) vdW Tyr52, Asn33  
 35 Pro (106) vdW Tyr50, Tyr52, Asn58  
 36 Pro (13) vdW Asn54, Lys56  
  ProO HB Asn54ND2  
 37 Asn (13) vdW Asn54  
  AsnOD1 HB Asn54ND2  
 38 Ala (2) vdW Asn54  

H-bonds  13    
Salt Bridges  4    
Core epitope* BSA 
(Å2)  776    
Total BSA (Å2)  823    
      

*Core epitope consists of residues 28 to 35 in PbCSP (PNPNDPPP) 623 

vdW: van der Waals interaction (5.0 Å cut-off) 624 

HB: hydrogen bond (3.8 Å cut-off) 625 

SB: salt bridge (4.0 Å cut-off) 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 33 

References  641 

1. WHO, World malaria report 2018.  (2019). 642 

2. L. Cui, S. Mharakurwa, D. Ndiaye, P. K. Rathod, P. J. Rosenthal, Antimalarial Drug Resistance: 643 

Literature Review and Activities and Findings of the ICEMR Network. Am J Trop Med Hyg. 93, 57-644 

68 (2015). 645 

3. L. S. Ross, D. A. Fidock, Elucidating Mechanisms of Drug-Resistant Plasmodium falciparum. Cell 646 

Host Microbe. 26, 35-47 (2019). 647 

4. A. A. Lover, J. K. Baird, R. Gosling, R. N. Price, Malaria Elimination: Time to Target All Species. Am J 648 

Trop Med Hyg. 99, 17-23 (2018). 649 

5. B. F. Hall, A. S. Fauci, Malaria control, elimination, and eradication: the role of the evolving 650 

biomedical research agenda. J Infect Dis. 200, 1639-1643 (2009). 651 

6. T. F. de Koning-Ward, P. R. Gilson, B. S. Crabb, Advances in molecular genetic systems in malaria. 652 

Nat Rev Microbiol. 13, 373-387 (2015). 653 

7. R. Rosenberg, R. A. Wirtz, I. Schneider, R. Burge, An estimation of the number of malaria 654 

sporozoites ejected by a feeding mosquito. Trans R Soc Trop Med Hyg. 84, 209-212 (1990). 655 

8. R. C. Smith, J. Vega-Rodriguez, M. Jacobs-Lorena, The Plasmodium bottleneck: malaria parasite 656 

losses in the mosquito vector. Mem Inst Oswaldo Cruz. 109, 644-661 (2014). 657 

9. R. S. Nussenzweig, V. Nussenzweig, Development of sporozoite vaccines. Philos Trans R Soc Lond 658 

B Biol Sci. 307, 117-128 (1984). 659 

10. C. Cerami, U. Frevert, P. Sinnis, B. Takacs, P. Clavijo, M. J. Santos, V. Nussenzweig, The basolateral 660 

domain of the hepatocyte plasma membrane bears receptors for the circumsporozoite protein of 661 

Plasmodium falciparum sporozoites. Cell. 70, 1021-1033 (1992). 662 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 34 

11. U. Frevert, P. Sinnis, C. Cerami, W. Shreffler, B. Takacs, V. Nussenzweig, Malaria circumsporozoite 663 

protein binds to heparan sulfate proteoglycans associated with the surface membrane of 664 

hepatocytes. J Exp Med. 177, 1287-1298 (1993). 665 

12. R. Menard, A. A. Sultan, C. Cortes, R. Altszuler, M. R. van Dijk, C. J. Janse, A. P. Waters, R. S. 666 

Nussenzweig, V. Nussenzweig, Circumsporozoite protein is required for development of malaria 667 

sporozoites in mosquitoes. Nature. 385, 336-340 (1997). 668 

13. D. J. Eichinger, D. E. Arnot, J. P. Tam, V. Nussenzweig, V. Enea, Circumsporozoite protein of 669 

Plasmodium berghei: gene cloning and identification of the immunodominant epitopes. Mol Cell 670 

Biol. 6, 3965-3972 (1986). 671 

14. J. B. Dame, J. L. Williams, T. F. McCutchan, J. L. Weber, R. A. Wirtz, W. T. Hockmeyer, W. L. Maloy, 672 

J. D. Haynes, I. Schneider, D. Roberts, et al., Structure of the gene encoding the immunodominant 673 

surface antigen on the sporozoite of the human malaria parasite Plasmodium falciparum. Science. 674 

225, 593-599 (1984). 675 

15. M. L. Plassmeyer et al., Structure of the Plasmodium falciparum circumsporozoite protein, a 676 

leading malaria vaccine candidate. J Biol Chem. 284, 26951-26963 (2009). 677 

16. F. Zavala, A. H. Cochrane, E. H. Nardin, R. S. Nussenzweig, V. Nussenzweig, Circumsporozoite 678 

proteins of malaria parasites contain a single immunodominant region with two or more identical 679 

epitopes. J Exp Med. 157, 1947-1957 (1983). 680 

17. S. M. Chenet, L. L. Tapia, A. A. Escalante, S. Durand, C. Lucas, D. J. Bacon, Genetic diversity and 681 

population structure of genes encoding vaccine candidate antigens of Plasmodium vivax. Malar J. 682 

11, 68 (2012). 683 

18. S. M. Rich, M. U. Ferreira, F. J. Ayala, The origin of antigenic diversity in Plasmodium falciparum. 684 

Parasitol Today. 16, 390-396 (2000). 685 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 35 

19. R. Tahar, P. Ringwald, L. K. Basco, Heterogeneity in the circumsporozoite protein gene of 686 

Plasmodium malariae isolates from sub-Saharan Africa. Mol Biochem Parasitol. 92, 71-78 (1998). 687 

20. S. Mishra, R. S. Nussenzweig, V. Nussenzweig, Antibodies to Plasmodium circumsporozoite protein 688 

(CSP) inhibit sporozoite's cell traversal activity. J Immunol Methods. 377, 47-52 (2012). 689 

21. P. Potocnjak, N. Yoshida, R. S. Nussenzweig, V. Nussenzweig, Monovalent fragments (Fab) of 690 

monoclonal antibodies to a sporozoite surface antigen (Pb44) protect mice against malarial 691 

infection. J Exp Med. 151, 1504-1513 (1980). 692 

22. N. Yoshida, R. S. Nussenzweig, P. Potocnjak, V. Nussenzweig, M. Aikawa, Hybridoma produces 693 

protective antibodies directed against the sporozoite stage of malaria parasite. Science. 207, 71-694 

73 (1980). 695 

23. P. Adepoju, RTS,S malaria vaccine pilots in three African countries. Lancet. 393, 1685 (2019). 696 

24. S. J. Draper, B. K. Sack, C. R. King, C. M. Nielsen, J. C. Rayner, M. K. Higgins, C. A. Long, R. A. Seder, 697 

Malaria Vaccines: Recent Advances and New Horizons. Cell Host Microbe. 24, 43-56 (2018). 698 

25. C. Dobano et al., Concentration and avidity of antibodies to different circumsporozoite epitopes 699 

correlate with RTS,S/AS01E malaria vaccine efficacy. Nat Commun. 10, 2174 (2019). 700 

26. M. B. B. McCall, P. G. Kremsner, B. Mordmuller, Correlating efficacy and immunogenicity in malaria 701 

vaccine trials. Semin Immunol. 39, 52-64 (2018). 702 

27. A. Olotu, G. Fegan, J. Wambua, G. Nyangweso, A. Leach, M. Lievens, D. C. Kaslow, P. Njuguna, K. 703 

Marsh, P. Bejon, Seven-Year Efficacy of RTS,S/AS01 Malaria Vaccine among Young African 704 

Children. N Engl J Med. 374, 2519-2529 (2016). 705 

28. S. C. T. P. Rts, Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in 706 

infants and children in Africa: final results of a phase 3, individually randomised, controlled trial. 707 

Lancet. 386, 31-45 (2015). 708 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 36 

29. S. C. T. P. Rts et al., A phase 3 trial of RTS,S/AS01 malaria vaccine in African infants. N Engl J Med. 709 

367, 2284-2295 (2012). 710 

30. S. C. T. P. Rts et al., First results of phase 3 trial of RTS,S/AS01 malaria vaccine in African children. 711 

N Engl J Med. 365, 1863-1875 (2011). 712 

31. D. H. Davies, P. Duffy, J. L. Bodmer, P. L. Felgner, D. L. Doolan, Large screen approaches to identify 713 

novel malaria vaccine candidates. Vaccine. 33, 7496-7505 (2015). 714 

32. D. L. Doolan, Plasmodium immunomics. Int J Parasitol. 41, 3-20 (2011). 715 

33. J. J. Illingworth, D. G. Alanine, R. Brown, J. M. Marshall, H. E. Bartlett, S. E. Silk, G. M. Labbe, D. 716 

Quinkert, J. S. Cho, J. P. Wendler, D. J. Pattinson, L. Barfod, A. D. Douglas, M. W. Shea, K. E. Wright, 717 

S. C. de Cassan, M. K. Higgins, S. J. Draper, Functional Comparison of Blood-Stage Plasmodium 718 

falciparum Malaria Vaccine Candidate Antigens. Front Immunol. 10, 1254 (2019). 719 

34. M. De Niz, V. T. Heussler, Rodent malaria models: insights into human disease and parasite biology. 720 

Curr Opin Microbiol. 46, 93-101 (2018). 721 

35. A. H. Cochrane, M. Aikawa, M. Jeng, R. S. Nussenzweig, Antibody-induced ultrastructural changes 722 

of malarial sporozoites. J Immunol. 116, 859-867 (1976). 723 

36. E. Sherrard-Smith, K. A. Sala, M. Betancourt, L. M. Upton, F. Angrisano, M. J. Morin, A. C. Ghani, T. 724 

S. Churcher, A. M. Blagborough, Synergy in anti-malarial pre-erythrocytic and transmission-725 

blocking antibodies is achieved by reducing parasite density. Elife. 7 (2018). 726 

37. K. Imkeller, S. W. Scally, A. Bosch, G. P. Marti, G. Costa, G. Triller, R. Murugan, V. Renna, H. Jumaa, 727 

P. G. Kremsner, B. K. L. Sim, S. L. Hoffman, B. Mordmuller, E. A. Levashina, J. P. Julien, H. 728 

Wardemann, Antihomotypic affinity maturation improves human B cell responses against a 729 

repetitive epitope. Science. 360, 1358-1362 (2018). 730 

38. J. P. Julien, H. Wardemann, Antibodies against Plasmodium falciparum malaria at the molecular 731 

level. Nat Rev Immunol. 10.1038/s41577-019-0209-5 (2019). 732 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 37 

39. N. K. Kisalu et al., A human monoclonal antibody prevents malaria infection by targeting a new 733 

site of vulnerability on the parasite. Nat Med. 24, 408-416 (2018). 734 

40. R. Murugan, S. W. Scally, G. Costa, G. Mustafa, E. Thai, T. Decker, A. Bosch, K. Prieto, E. A. 735 

Levashina, J.-P. Julien, H. Wardemann, Evolution of protective human antibodies against 736 

Plasmodium falciparum circumsporozoite protein repeat motifs. bioRxiv. 10.1101/798769, 798769 737 

(2019). 738 

41. D. Oyen, J. L. Torres, C. A. Cottrell, C. Richter King, I. A. Wilson, A. B. Ward, Cryo-EM structure of P. 739 

falciparum circumsporozoite protein with a vaccine-elicited antibody is stabilized by somatically 740 

mutated inter-Fab contacts. Sci Adv. 4, eaau8529 (2018). 741 

42. D. Oyen, J. L. Torres, U. Wille-Reece, C. F. Ockenhouse, D. Emerling, J. Glanville, W. Volkmuth, Y. 742 

Flores-Garcia, F. Zavala, A. B. Ward, C. R. King, I. A. Wilson, Structural basis for antibody recognition 743 

of the NANP repeats in Plasmodium falciparum circumsporozoite protein. Proc Natl Acad Sci U S 744 

A. 114, E10438-E10445 (2017). 745 

43. J. Tan et al., A public antibody lineage that potently inhibits malaria infection through dual binding 746 

to the circumsporozoite protein. Nat Med. 24, 401-407 (2018). 747 

44. G. Triller, S. W. Scally, G. Costa, M. Pissarev, C. Kreschel, A. Bosch, E. Marois, B. K. Sack, R. Murugan, 748 

A. M. Salman, C. J. Janse, S. M. Khan, S. H. I. Kappe, A. A. Adegnika, B. Mordmuller, E. A. Levashina, 749 

J. P. Julien, H. Wardemann, Natural Parasite Exposure Induces Protective Human Anti-Malarial 750 

Antibodies. Immunity. 47, 1197-1209 e1110 (2017). 751 

45. H. J. Dyson, A. C. Satterthwait, R. A. Lerner, P. E. Wright, Conformational preferences of synthetic 752 

peptides derived from the immunodominant site of the circumsporozoite protein of Plasmodium 753 

falciparum by 1H NMR. Biochemistry. 29, 7828-7837 (1990). 754 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 38 

46. A. Ghasparian, K. Moehle, A. Linden, J. A. Robinson, Crystal structure of an NPNA-repeat motif 755 

from the circumsporozoite protein of the malaria parasite Plasmodium falciparum. Chem Commun 756 

(Camb). 10.1039/b510812h, 174-176 (2006). 757 

47. S. Rauscher, R. Pomes, Structural disorder and protein elasticity. Adv Exp Med Biol. 725, 159-183 758 

(2012). 759 

48. S. Rauscher, R. Pomes, The liquid structure of elastin. Elife. 6 (2017). 760 

49. P. Romero, Z. Obradovic, X. Li, E. C. Garner, C. J. Brown, A. K. Dunker, Sequence complexity of 761 

disordered protein. Proteins. 42, 38-48 (2001). 762 

50. A. P. Patra, S. Sharma, S. R. Ainavarapu, Force Spectroscopy of the Plasmodium falciparum Vaccine 763 

Candidate Circumsporozoite Protein Suggests a Mechanically Pliable Repeat Region. J Biol Chem. 764 

292, 2110-2119 (2017). 765 

51. R. Herrera et al., Reversible Conformational Change in the Plasmodium falciparum 766 

Circumsporozoite Protein Masks Its Adhesion Domains. Infect Immun. 83, 3771-3780 (2015). 767 

52. J. C. Tan, A. Tan, L. Checkley, C. M. Honsa, M. T. Ferdig, Variable numbers of tandem repeats in 768 

Plasmodium falciparum genes. J Mol Evol. 71, 268-278 (2010). 769 

53. T. A. Mendes, F. P. Lobo, T. S. Rodrigues, G. F. Rodrigues-Luiz, W. D. daRocha, R. T. Fujiwara, S. M. 770 

Teixeira, D. C. Bartholomeu, Repeat-enriched proteins are related to host cell invasion and 771 

immune evasion in parasitic protozoa. Mol Biol Evol. 30, 951-963 (2013). 772 

54. A. C. D. B. C. A. C. D. B. Crystallogr. et al., Repetitive sequences in malaria parasite proteins. FEMS 773 

Microbiol Rev. 41, 923-940 (2017). 774 

55. H. M. Davies, S. D. Nofal, E. J. McLaughlin, A. R. Osborne, Repetitive sequences in malaria parasite 775 

proteins. FEMS Microbiol Rev. 41, 923-940 (2017). 776 

56. A. Ly, D. S. Hansen, Development of B Cell Memory in Malaria. Front Immunol. 10, 559 (2019). 777 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 39 

57. S. Portugal, C. M. Tipton, H. Sohn, Y. Kone, J. Wang, S. Li, J. Skinner, K. Virtaneva, D. E. Sturdevant, 778 

S. F. Porcella, O. K. Doumbo, S. Doumbo, K. Kayentao, A. Ongoiba, B. Traore, I. Sanz, S. K. Pierce, 779 

P. D. Crompton, Malaria-associated atypical memory B cells exhibit markedly reduced B cell 780 

receptor signaling and effector function. Elife. 4 (2015). 781 

58. R. T. Sullivan, C. C. Kim, M. F. Fontana, M. E. Feeney, P. Jagannathan, M. J. Boyle, C. J. Drakeley, I. 782 

Ssewanyana, F. Nankya, H. Mayanja-Kizza, G. Dorsey, B. Greenhouse, FCRL5 Delineates 783 

Functionally Impaired Memory B Cells Associated with Plasmodium falciparum Exposure. PLoS 784 

Pathog. 11, e1004894 (2015). 785 

59. S. W. Scally, J. P. Julien, Peek-Peak-Pique: Repeating Motifs of Subtle Variance Are Targets for 786 

Potent Malaria Antibodies. Immunity. 48, 851-854 (2018). 787 

60. T. Pholcharee, D. Oyen, J. L. Torres, Y. Flores-Garcia, G. M. Martin, G. E. Gonzalez-Paez, D. Emerling, 788 

W. Volkmuth, E. Locke, C. R. King, F. Zavala, A. B. Ward, I. A. Wilson, Diverse Antibody Responses 789 

to Conserved Structural Motifs in Plasmodium falciparum Circumsporozoite Protein. J Mol Biol. 790 

432, 1048-1063 (2020). 791 

61. R. Murugan, L. Buchauer, G. Triller, C. Kreschel, G. Costa, G. Pidelaserra Marti, K. Imkeller, C. E. 792 

Busse, S. Chakravarty, B. K. L. Sim, S. L. Hoffman, E. A. Levashina, P. G. Kremsner, B. Mordmuller, 793 

T. Hofer, H. Wardemann, Clonal selection drives protective memory B cell responses in controlled 794 

human malaria infection. Sci Immunol. 3 (2018). 795 

62. S. W. Scally, R. Murugan, A. Bosch, G. Triller, G. Costa, B. Mordmuller, P. G. Kremsner, B. K. L. Sim, 796 

S. L. Hoffman, E. A. Levashina, H. Wardemann, J. P. Julien, Rare PfCSP C-terminal antibodies 797 

induced by live sporozoite vaccination are ineffective against malaria infection. J Exp Med. 215, 798 

63-75 (2018). 799 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 40 

63. R. A. Bernedo-Navarro, E. Romao, T. Yano, J. Pinto, H. De Greve, Y. G. Sterckx, S. Muyldermans, 800 

Structural Basis for the Specific Neutralization of Stx2a with a Camelid Single Domain Antibody 801 

Fragment. Toxins (Basel). 10 (2018). 802 

64. L. Rouge, N. Chiang, M. Steffek, C. Kugel, T. I. Croll, C. Tam, A. Estevez, C. P. Arthur, C. M. Koth, C. 803 

Ciferri, E. Kraft, J. Payandeh, G. Nakamura, J. T. Koerber, A. Rohou, Structure of CD20 in complex 804 

with the therapeutic monoclonal antibody rituximab. Science. 367, 1224-1230 (2020). 805 

65. M. J. M. Abraham, T., Schulz, R. Pall, S. Smith, J.C., Hess, B., Lindahl, E., GROMACS: High 806 

performance molecular simulations through multi-level parallelism from laptops to 807 

supercomputers. SoftwareX. 1-2. 808 

66. H. J. C. v. d. S. Berendsen, D. van Drunen, R., GROMACS: A message-passing parallel molecular 809 

dynamics implementation. Computer Physics Communications. 91 (1995). 810 

67. S. Piana, K. Lindorff-Larsen, D. E. Shaw, How robust are protein folding simulations with respect to 811 

force field parameterization? Biophys J. 100, L47-49 (2011). 812 

68. R. B. Best, G. Hummer, Optimized molecular dynamics force fields applied to the helix-coil 813 

transition of polypeptides. J Phys Chem B. 113, 9004-9015 (2009). 814 

69. K. Lindorff-Larsen, P. Maragakis, S. Piana, M. P. Eastwood, R. O. Dror, D. E. Shaw, Systematic 815 

validation of protein force fields against experimental data. PLoS One. 7, e32131 (2012). 816 

70. R. B. Best, J. Mittal, Protein simulations with an optimized water model: cooperative helix 817 

formation and temperature-induced unfolded state collapse. J Phys Chem B. 114, 14916-14923 818 

(2010). 819 

71. A. D. MacKerell et al., All-atom empirical potential for molecular modeling and dynamics studies 820 

of proteins. J Phys Chem B. 102, 3586-3616 (1998). 821 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 41 

72. W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, M. L. Klein, Comparison of simple 822 

potential functions for simulating liquid water. The Journal of Chemical Physics. 79, 926-935 823 

(1983). 824 

73. B. B. Hess, Henk & Berendsen, Herman & Fraaije, Johannes, LINCS: A Linear Constraint Solver for 825 

molecular simulations. Journal of Computational Chemistry. 18 (1997). 826 

74. B. Hess, P-LINCS: A Parallel Linear Constraint Solver for Molecular Simulation. J Chem Theory 827 

Comput. 4, 116-122 (2008). 828 

75. T. Darden, D. York, L. Pedersen, Particle mesh Ewald: An N⋅log(N) method for Ewald sums in large 829 

systems. The Journal of Chemical Physics. 98, 10089-10092 (1993). 830 

76. U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, L. G. Pedersen, A smooth particle mesh 831 

Ewald method. The Journal of Chemical Physics. 103, 8577-8593 (1995). 832 

77. S. Nosé, A unified formulation of the constant temperature molecular dynamics methods. The 833 

Journal of Chemical Physics. 81, 511-519 (1984). 834 

78. W. G. Hoover, Canonical dynamics: Equilibrium phase-space distributions. Physical Review A. 31, 835 

1695-1697 (1985). 836 

79. M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: A new molecular dynamics 837 

method. Journal of Applied Physics. 52, 7182-7190 (1981). 838 

80. W. Humphrey, A. Dalke, K. Schulten, VMD: visual molecular dynamics. J Mol Graph. 14, 33-38, 27-839 

38 (1996). 840 

81. J. D. Hunter, Matplotlib: A 2D Graphics Environment. Computing in Science & Engineering. 9, 90-841 

95 (2007). 842 

82. W. Kabsch, Xds. Acta Crystallogr D Biol Crystallogr. 66, 125-132 (2010). 843 

83. A. J. McCoy, R. W. Grosse-Kunstleve, P. D. Adams, M. D. Winn, L. C. Storoni, R. J. Read, Phaser 844 

crystallographic software. J Appl Crystallogr. 40, 658-674 (2007). 845 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


 42 

84. P. D. Adams, P. V. Afonine, G. Bunkoczi, V. B. Chen, I. W. Davis, N. Echols, J. J. Headd, L. W. Hung, 846 

G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy, N. W. Moriarty, R. Oeffner, R. J. Read, D. C. 847 

Richardson, J. S. Richardson, T. C. Terwilliger, P. H. Zwart, PHENIX: a comprehensive Python-based 848 

system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr. 66, 213-221 849 

(2010). 850 

85. P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, Features and development of Coot. Acta Crystallogr 851 

D Biol Crystallogr. 66, 486-501 (2010). 852 

86. A. Morin, B. Eisenbraun, J. Key, P. C. Sanschagrin, M. A. Timony, M. Ottaviano, P. Sliz, Collaboration 853 

gets the most out of software. Elife. 2, e01456 (2013). 854 

87. C. R. Marr, S. Benlekbir, J. L. Rubinstein, Fabrication of carbon films with approximately 500nm 855 

holes for cryo-EM with a direct detector device. J Struct Biol. 185, 42-47 (2014). 856 

88. W. F. Tivol, A. Briegel, G. J. Jensen, An improved cryogen for plunge freezing. Microsc Microanal. 857 

14, 375-379 (2008). 858 

89. A. Punjani, J. L. Rubinstein, D. J. Fleet, M. A. Brubaker, cryoSPARC: algorithms for rapid 859 

unsupervised cryo-EM structure determination. Nat Methods. 14, 290-296 (2017). 860 

90. J. L. Rubinstein, M. A. Brubaker, Alignment of cryo-EM movies of individual particles by 861 

optimization of image translations. J Struct Biol. 192, 188-195 (2015). 862 

91. E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, T. E. Ferrin, 863 

UCSF Chimera--a visualization system for exploratory research and analysis. J Comput Chem. 25, 864 

1605-1612 (2004). 865 

92. V. B. Chen, W. B. Arendall, 3rd, J. J. Headd, D. A. Keedy, R. M. Immormino, G. J. Kapral, L. W. 866 

Murray, J. S. Richardson, D. C. Richardson, MolProbity: all-atom structure validation for 867 

macromolecular crystallography. Acta Crystallogr D Biol Crystallogr. 66, 12-21 (2010). 868 

 869 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


B

D

E

G

KQPA NPDP NVDP NPNA

NPND NAND PAPP Mixed

C

F

A
Figure 1

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure 4

B

A

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure 5

B

A A

A
A

A

C

D

E

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure S1

B

C

A

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


BA
Figure S2

C

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


0 100 200
0

2

4

6

Time (s)

R
es

po
ns

e 
(n

m
)

Figure S3
A B

C

PbCSP

PbCSP C-CSPPbCSP !TSR

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure S5
A

B

C D

E

F

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure S6

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure S7 A B

C

KC Residue

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/


Figure S8

DC

A B

E F

G H

E

E

E

E

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.02.131110doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.131110
http://creativecommons.org/licenses/by/4.0/

