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24 ABSTRACT

25 Plasmodium sporozoites express circumsporozoite protein (CSP) on their surface, an essential
26 protein that contains central repeating motifs. Antibodies targeting this region can neutralize
27 infection, and the partial efficacy of RTS,S/AS01 —the leading malaria vaccine against P. falciparum
28 (Pf) — has been associated with the humoral response against the repeats. Although structural
29 details of antibody recognition of PfCSP have recently emerged, the molecular basis of antibody-
30 mediated inhibition of other Plasmodium species via CSP binding remains unclear. Here, we
31 analyze the structure and molecular interactions of potent monoclonal antibody (mAb) 3D11
32 binding to P. berghei CSP (PbCSP) using molecular dynamics simulations, X-ray crystallography,
33 and cryoEM. We reveal that mAb 3D11 can accommodate all subtle variances of the PbCSP
34 repeating motifs, and, upon binding, induces structural ordering of PbCSP through homotypic
35 interactions. Together, our findings uncover common mechanisms of antibody evolution in

36 mammals against the CSP repeats of Plasmodium sporozoites.
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38 INTRODUCTION

39 Despite extensive biomedical and public health measures, malaria persists as a major
40 global health concern, with an estimated 405,000 deaths and 228 million cases annually (1).
41 Moreover, resistant strains have been detected against all currently available antimalarial drugs,
42 including sulfadoxine/pyrimethamine, mefloquine, halofantrine, quinine and artemisinin (2, 3).
43 Although ~94% deaths are caused by Plasmodium falciparum (Pf) (1), other Plasmodium species
44  thatinfect humans (P. vivax, P. malariae, P. knowlesi and P. ovale) also cause debilitating disease
45 and have been associated with fatal outcomes (4). All Plasmodium species have a complex life
46  cycle divided between a vertebrate host and an Anopheles mosquito vector (5). During a blood
47 meal, sporozoites are deposited into the skin of a host organism from the salivary glands of a
48 mosquito, and subsequently migrate through the bloodstream to infect host hepatocytes (6). Due
49  to the small number of parasites transmitted and the expression of protein antigens that possess
50 conserved functional regions (7, 8), the pre-erythrocytic sporozoite stage of the Plasmodium life
51 cycle has long been considered a promising target for the development of an anti-malarial vaccine

52 (9).

53 Circumsporozoite protein (CSP) is the most abundant protein on the surface of
54  Plasmodium sporozoites, and is necessary for parasite development in mosquitoes and
55 establishment of infection in host liver cells (10-12). Flanked by N- and C-terminal domains, CSP
56  contains an unusual central region consisting of multiple, short (4 to 8) amino acid (aa) repeats
57 (13-16). The sequence of the repeating motif depends on the Plasmodium species and field isolate
58 (17-19). Importantly, the central region of CSP is highly immunodominant and antibodies
59  targeting the repeats can inhibit sporozoite infectivity by preventing parasite migration (20) and
60  attachment to hepatocytes (21, 22). PfCSP is a major component of the leading malaria vaccine

61 RTS,S/AS01, which is currently undergoing pilot implementation in Africa (23, 24). Anti-PfCSP
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62 repeat antibodies have been suggested to form the predominant humoral immune response
63 elicited by RTS,S/AS01, and they correlate with vaccine efficacy (25-27). However, RTS,S/AS01
64  offers only modest and short-lived protection (28-30); thus it is critical to develop a better
65 molecular understanding of the antibody response against this Plasmodium antigen, particularly
66  the repeatregion (31-33), to provide valuable information needed for improved vaccine design.
67 Our understanding of Plasmodium biology and key host-parasite interactions has been
68 enhanced by studies using rodent parasites, including P. berghei (Pb), P. chabaudi and P. yoelii
69 (34). In vivo studies evaluating the inhibitory potential of mAbs are often derived from these
70 rodent parasite models, or transgenic rodent sporozoites harboring PfCSP, as Pf fails to infect
71 rodents. For example, mAb 3D11 was isolated from mice exposed to the bites of y-irradiated Pb-
72 infected mosquitoes (22). mAb 3D11 recognition of the central repeat of PbCSP on the surface of
73 live sporozoites results in abolished Pb infectivity in vitro and in vivo (35). Electron micrographs of
74 Pb sporozoites pre-treated with mAb 3D11 revealed the presence of amorphous, precipitated
75 material on the parasite surface caused by the circumsporozoite precipitation reaction (22). This
76  antibody continues to be widely used in model systems of sporozoite infection. For example, a
77 recent study used mAb 3D11 in combination with transmission-blocking mAb 4B7 to show that
78 antibody targeting of both the pre-erythrocytic and sexual stages of a Pfs25-transgenic Pb parasite
79 led to a synergistic reduction of parasite transmission in mice (36). However, it remains unclear
80  whether murine mAb 3D11 recognizes the central domain of PbCSP with the same molecular
81 principles as the most potent human anti-PfCSP repeat antibodies, for which molecular details
82  have recently emerged (37-44) .

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

84 by mAb 3D11. Our molecular studies reveal that mAb 3D11 binds across all PbCSP repeat motifs


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

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.02.131110; this version posted June 4, 2020. The copyright holder for this preprint (which
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
available under aCC-BY 4.0 International license.

85 and induces structural ordering of PbCSP in a spiral-like conformation using homotypic
86 interactions.
87

88  RESULTS

89 Repeat motifs of PFCSP and PbCSP have similar structural propensities

90 The central repeat of PfCSP and PbCSP consist of recurring 4-aa motifs rich in asparagine
91 and proline residues (Fig. 1A). PfCSP is composed of NANP repeating motifs interspersed with
92 intermittent NVDP repeats, and contains a singular NPDP motif in the junction immediately
93 following the N-terminal domain. While the major repeat motif of PfCSP has often been referred
94  toas NANP, numerous reports have identified NPNA as the structurally relevant unit of the central
95 region (39, 42, 45, 46). Similarly, the central domain of PbCSP contains an array of PPPP and PAPP
96 motifs interspersed with NPND or NAND motifs (Fig. 1A). Notably, both orthologs contain the

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

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

99 in solution, we performed molecular dynamics (MD) simulations using eight different peptides
100 ranging in length from 15-20 aa, with four peptides derived from Pf [KQPADGNPDPNANPN
101  (“KQPA”); NPDPNANPNVDPNANP (“NPDP”); (NVDPNANP),NVDP (“NVDP”); and (NPNA)s
102  (“NPNA”)], and four peptides from Pb [(PPPPNPND), (“NPND”); (PPPPNAND), (“NAND”);
103  (PAPPNAND), (“PAPP”); and PPPPNPNDPAPPNANAD (“Mixed”); Fig. 1B-G]. Each simulation was
104  conducted in water for a total production time of 18 us. All eight peptides were highly disordered
105 and adopted a large ensemble of conformations with low to moderate secondary structure
106 propensities (Fig. 1B and E), which are best described in statistical terms. The only secondary

107 structure observed was local, and consisted of sparse, transient hydrogen-bonded turns (Figs. 1C
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108 and F, S1and S2, and Supplemental Table 1). In particular, these interactions consisted of forward
109 a-, B-, and y-turns, with the B-turns being the most populated (up to 40%; Fig. 1C and F),
110  consistent with previous NMR studies focused on the NANP repeats (45). Across all peptides, the
111 average B-turn lifetime ranged from 2.7 £ 0.2 ns for the Pb PPNA turn to 4.4 + 0.4 ns for DPNA

112 turns found within PfCSP (Supplemental Table 1).

113 In line with reports identifying NPNA as the main structural repeat motif of PfCSP (39, 42,
114 45, 46), turns were predominantly observed within these motifs, as well as DPNA, NPNV and
115  ADGN sequences amongst the PfCSP peptides. NPND and PPNA exhibited the greatest propensity
116  to form B-turns of the PbCSP motifs. Importantly, each individual motif consistently exhibited the
117 same structural tendencies, independent of their position and the overall peptide sequence in
118  which they were contained (Fig. 1C and F, and Supplemental Table 1). Furthermore, using the
119  probability rule stating that two events are independent if the equation P(ANB) = P(A)-P(B) holds
120  true, we show that the presence of an intramolecular hydrogen bond in one motif does not alter
121  the hydrogen-bonding propensities of adjacent motifs (Fig. $2B and C). Therefore, we conclude
122  that there is no discernable cooperativity between the structures of the different repeat motifs,
123 and as such, in the absence of extended or nonlocal secondary structure, each of these motifs

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

125 To examine the influence of Asn, Asp, and GIn sidechains on the conformational ensemble
126  of the peptides, we computed contact maps for backbone-sidechain hydrogen bonds (Fig. S1 and
127  Supplemental Table 1). We found that the majority of contacts are in the form of pseudo a-turns
128 and B-turns, with backbone NH groups donating to sidechain O atoms. Notably, we discovered
129  that these transient sidechain contacts do not have a stabilizing effect on backbone-backbone
130 hydrogen bonds and consequently, are not correlated with the presence of these bonds

131  (numerical example in Fig. S2B and C).
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132 In summary, the four Pf and four Pb peptides corresponding to CSP central repeats were
133 all found to be highly disordered, resulting in an ensemble of conformations. The only secondary
134  structure elements present in the ensemble of conformations were sparse and local hydrogen-
135 bonded turns within each motif. Each structural motif acted independently from adjacent

136  sequences and behaved similarly in various peptides.

137

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

139 Next, we investigated the binding of mAb 3D11 to the PbCSP repeat of low structural
140 propensity. Our biolayer interferometry (BLI) studies indicated that Fab 3D11 binds PbCSP with
141  complex kinetics, but overall high affinity (Fig. 2A). Isothermal titration calorimetry (ITC) also
142 indicated a high affinity interaction, with a Kp value of 159 + 47 nM (Fig. 2B). In addition, ITC
143 revealed a very high binding stoichiometry (N = 10 + 1), suggesting that approximately ten copies
144  of 3D11 Fab bound one molecule of PbCSP simultaneously. Size exclusion chromatography
145 coupled with multi-angle light scattering (SEC-MALS) characterization of the 3D11 Fab-PbCSP
146  complex confirmed the high binding stoichiometry with a molecular weight of 587 = 7 kDa for the
147 complex (Fig. 2C-D). This size is consistent with approximately eleven 3D11 Fabs bound to one
148 molecule of PbCSP, and thus in agreement with the results from the ITC studies within
149 experimental error. Therefore, through a number of biophysical studies, we show that up to

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

151

152 mAb 3D11 is cross-reactive with subtly different PbCSP motifs in the central repeat
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153 We next sought to define the exact mAb 3D11 epitope. We first conducted BLI studies to
154  confirm that mAb 3D11 does not bind the PbCSP C-terminal domain (residues 202-318; Fig. S3A).
155 Next, we performed ITC studies to evaluate 3D11 Fab binding to each of the four peptides derived
156  from the PbCSP central repeat region that were used in our MD simulations (Fig. 3A). Our
157 experiments revealed that mAb 3D11 preferentially binds the NPND and Mixed peptides with high
158 affinity (Kp=45+ 15 nM and 44 + 4 nM, respectively), but also binds the NAND and PAPP peptides,

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

160 To gain insight into the molecular basis of this preference, we solved the X-ray crystal
161 structures of 3D11 Fab in complex with each peptide. The structure of the 3D11 Fab-NPND
162 complex was determined at 2.30 A resolution, while the structures of 3D11 Fab in complex with
163 each of the other three peptides were all solved at ~1.60 A resolution (Table 1). Interestingly, all
164  four peptides adopted almost identical conformations when bound by 3D11 Fab (Fig. 3B and Fig.
165  S3), fitting deep into the binding groove and forming a curved U-shape structure (Fig. 3C).
166  Amongst all four peptides, the mAb 3D11 core epitope consisted of eight residues
167 [PN(A/P)NDP(A/P)P] with an all-atom RMSD < 0.5 A. Importantly, this shared recognition mode
168 ideally positions aromatic side chains in the mAb 3D11 complementarity determining regions
169 (CDRs) to form favorable pi-stacking and hydrophobic cage interactions around each PbCSP
170 peptide (Fig. S4). Indeed, the majority of these contacts are made with residues that are
171 conserved between all PbCSP repeat motifs, and thus contribute to the cross-reactive binding

172 profile of mAb 3D11.

173 Despite binding in nearly identical conformations, differences exist in the molecular
174  details of 3D11 Fab binding to each peptide that provide key insights into mAb 3D11 recognition

175 of PbCSP. Our crystal structures revealed that more van der Waals contacts were formed by a Pro
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176 residue in the PPPP and NPND motifs compared to an Ala at the same position in the PAPP and
177 NAND motifs (Fig. 3D). Consequently, the epitopes of the NAND, NPND and Mixed peptides had
178 a slightly greater buried surface area (BSA; 753, 762, and 765 A2, respectively) as compared to the
179 PAPP peptide (743 A?), which only consists of Ala-containing motifs (Supplemental Table 2). In
180 particular, Pro10 of the PPPP motif found in the NAND and NPND peptides forms more van der
181  Waals interactions with antibody residues H.Asn33 and H.Tyr52 compared to Alal0 of the PAPP
182 motif present in PAPP and Mixed peptides. Similarly, Pro6 of the NPND motif in the NPND and
183 Mixed peptides makes additional interactions with antibody residue K.Leu50 that are not present
184  for Ala6 of the NAND motif within the PAPP and NAND peptides (Supplemental Table 2). These
185 differences in interactions observed at the atomic level directly relate to the binding affinities
186 measured by ITC, where the PbCSP peptides that bury more surface area in the 3D11 paratope

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

188

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

190 To understand how mAb 3D11 recognizes full-length PbCSP, we performed cryoEM
191 analysis of the SEC-purified 3D11 Fab-PbCSP complex (Fig. 2D). A dataset of 165,747 3D11 Fab-
192 PbCSP particle images was refined with no symmetry imposed, resulting in a 3.2 A resolution
193 reconstruction showing seven predominant 3D11 Fabs peripherally arranged around PbCSP with
194  their variable domains clustered around a central density (Fig. 4, Table 2 and Fig. S5). The PbCSP
195 repeat forms the core of the complex and is arranged into a triangular spiral of 51 A pitch and 16
196 A diameter (Fig. 4), which fits 61 out of 108 residues of the PbCSP central region. We assigned the

197 density to the high-affinity PPPPNPND repeats.
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198 The angle between two Fab variable domains is ~126°, such that approximately three Fabs
199 are required to complete one full turn of the spiral (Fig. 5A-B). The cryoEM structure of the 3D11
200 Fab-PbCSP complex and the crystal structures of the 3D11 Fab-peptide complexes are in
201  remarkable agreement for both the Fab (RMSD=0.39 A) and the PbCSP repeat region (RMSD=0.66
202 A) (Fig. S6). Minor differences exist in the N and C termini of the peptides, presumably because

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

204

205 Contacts between 3D11 Fabs stabilize the PbCSP spiral structure

206 To access their repeating and densely-packed epitopes, 3D11 Fabs are closely arranged
207 against one another in the 3D11 Fab-PbCSP complex. Indeed, the epitope for a single Fab can be
208 defined by 14 residues (PPPPNPNDPPPPNP, Supplemental Table 3), with the six C-terminal
209 residues constituting the beginning of the epitope for the adjacent Fab. When considering two
210  adjacent Fabs as a single binding unit, the BSA of the Fabs is 1313 A% and 1636 A? for PbCSP.
211 Interestingly, we observe multiple Fab-Fab contacts in the cryoEM structure (Fig. 5C and Fig. S7).
212 Comparison of the mAb 3D11 sequence to its inferred germline precursor (IGHV1-12 and IGKV1-
213 135) reveals that some of the residues involved in homotypic contacts have been somatically
214 hypermutated (H.Tyr50, H.Val56, H.Asn58, H.Thr73 and K.Tyr27D; Fig. 5C-D). In contrast to
215 H.Tyr50, H.Val56 and K.Tyr27D that mediate Fab-Fab contacts as well as interact directly with

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

217 To investigate the role of affinity maturation in enhancing Fab-Fab contacts, somatically
218 mutated heavy chain (HC) residues H.Asn58 and H.Thr73 were reverted to their inferred germline
219 precursors (N58S and T73K: subsequently named H-58/73; Fig. 5D). We performed ITC studies to

220  evaluate binding of wild-type (WT) and H-58/73 germline-reverted mutant 3D11 Fabs to two

10
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221 peptides derived from PbCSP, designed based on our X-ray and cryoEM structures to constitute
222  the minimal binding site for one 3D11 Fab (PPPPNPNDPPPP, denoted “NPNDx1“) or two 3D11
223 Fabs in a “head-to-head” conformation (PPPPNPNDPPPPNPNDPPPPNPND, denoted “NPNDx2").
224  Although both WT and H-58/73 germline-reverted mutant Fabs bound NPNDx1 with comparable
225 affinity, WT 3D11 Fab demonstrated significantly greater affinity for NPNDx2 compared to
226 NPNDx1 (KD values of 45 + 6 nM and 127 + 32 nM, respectively; Fig. 5E). On the other hand, the
227 H-58/73 germline-reverted mutant bound each peptide with similar affinities (KD values of 140
228 38 nM for NPNDx2 and 160 + 56 nM for NPNDx1; Fig. 5E). The improved binding affinity of WT
229 3D11 Fab for NPNDx2 compared to NPNDx1 which is not observed for the H-58/73 germline-
230 reverted mutant 3D11 Fab suggests an important role for residues H.Asn58 and H.Thr73 in
231 mediating homotypic interactions between neighboring 3D11 Fabs bound to PbCSP. Together,
232  these data provide evidence for the affinity maturation of homotypic contacts that indirectly

233 strengthen mAb 3D11 affinity to PbCSP.

234

235  DISCUSSION

236 The CSP repeat is of broad interest for malaria vaccine design because it is targeted by
237 inhibitory antibodies capable of preventing sporozoite infection as the parasite transits from
238  Anopheles mosquitoes to mammalian hosts. Biophysical studies of the PfCSP central NANP repeat
239 have shown that this region possesses low secondary structure propensities (45, 47-49), and AFM
240  studies on live Pf sporozoites suggest a range of conformations for PfCSP (50, 51). Recent studies
241 have uncovered that some of the most potent antibodies at inhibiting sporozoites are cross-
242 reactive with the PfCSP N-junction region that harbors KQPA, NPDP and NVDP motifs interspersed

243  with NANP motifs (39, 40, 43). Our MD simulations of different sub-regions of the PfCSP central

11
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244 repeat including the N-junction provided detailed descriptions of their conformational ensemble
245 and revealed that all sequences possess similar low structural propensity.

246 Our MD simulations for PbCSP also indicated that the low structural propensity of central
247 repeat motifs with subtle sequence variance extends to other Plasmodium species. These findings
248 are in agreement with studies linking repetitive, low-complexity peptide sequences to structural
249 disorder (47-49). The role of the numerous repetitive sequences observed in parasitic genomes
250 (52-54) remains to be fully understood, but is postulated to include maximizing parasite
251 interactions with the target host cell (53), allowing the parasite to adapt under selective pressure
252 by varying its number of repeats (55), and impairing the host immune response (56-58).

253 Binding of the PfCSP repeat by inhibitory antibodies has been shown to induce various
254 conformations in this intrinsically disordered region (37, 39, 40, 42-44, 59, 60). Here, we show
255  that the PbCSP repeat adopts an extended and bent conformation when recognized by inhibitory
256 mAb 3D11. Antibody recognition of the PfCSP repeat is often mediated by aromatic cages formed
257 by the paratope, which surround prolines, backbone atoms and aliphatic portions of side chains
258 in the epitope. Antibody paratope residues partaking in aromatic cages often include germline-
259 encoded residues, such as H.Trp52 from VH3-33 signature genes that are strongly recruited in the
260 humoral response against PfCSP (38, 60, 61). Similarly, murine mAb 3D11 uses eight aromatic
261 residues to recognize the PbCSP repeat. Germline-encoded K.Tyr32 appears to play a central role
262 in mAb 3D11 PbCSP recognition by contacting consecutive Asn-Asp-Pro residues
263  (PN(A/P)NDP(A/P)P) in the middle of the core epitope, contributing 58 A2 of BSA on the Fab. These
264  findings indicate a central role for germline-encoded aromatic residues in antibody binding of
265 Plasmodium CSP repeats across species.

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

267 binds the different repeat motifs of PbCSP in nearly identical conformations. Such cross-reactivity

12
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268 is also exhibited by inhibitory human antibodies encoded by a variety of Ig-gene combinations
269 when binding repeat motifs of subtle differences in PfCSP (39, 40, 43, 44, 62). Moreover, it was
270 previously reported that human anti-PfCSP antibody affinity is often directly associated with
271 epitope cross-reactivity (40). Given the high inhibitory potency of mAb 3D11, our findings suggest
272  that favorable selection of cross-reactive clones during B cell maturation may have evolved as a
273 common mechanism of the immune response in mammals against Plasmodium CSP.

274 Most residues that mediate mAb 3D11 contacts with the PbCSP repeat are germline-
275 encoded; indeed, of nine affinity-matured residues in the HC and three in the KC, only three are
276 involved in direct contacts with the antigen (H.Trp50, H.Val56 and K.Tyr27D). Due to the repetitive
277 nature of the central repeat motifs, multiple antibodies bind simultaneously to one CSP protein
278 and neighboring Fabs engage in homotypic interactions (37, 41). Our data suggest that somatic
279 mutations of residues that partake in Fab-Fab contacts enhance homotypic interactions and
280 indirectly improve the binding affinity of the mAb to PbCSP. In this aspect, mAb 3D11 binding to
281 PbCSP resembles binding of some neutralizing human mAbs to PfCSP (37, 40, 41). Taken together,
282  these findings indicate that homotypic interactions are a feature by which the mammalian
283 immune system can robustly engage repetitive Plasmodium antigens with high affinity.
284 Interestingly, recent studies have reported that Fab-Fab interactions occur in other antibody-
285 antigen complexes, providing evidence that homotypic contacts can drive diverse biology: for
286  example, homotypic interactions were described between two nanobodies bound to a
287 pentameric antigen (63) and between two Rituximab antibodies when bound to B cell membrane
288  protein CD20 (64).

289 Our cryoEM analysis also revealed how the PbCSP repeat, like that of PfCSP, can adopt a
290 highly organized spiral structure upon mAb binding. Such spiral assembly of CSP was previously

291 observed upon human mAb 311 Fab and IgG binding, which induced a PfCSP spiral with a greater

13
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292  diameter (27 A) and smaller pitch (49 A) compared to the 3D11-PbCSP complex (16 A diameter
293  and 51 A pitch) (41) (Fig. $8). Differences in the architecture of these two complexes can be
294  attributed to the fact that mAbs 3D11 and 311 recognize their respective antigens in distinct
295 conformations. Because different anti-CSP inhibitory antibodies can bind the repeat region in a
296  variety of conformations (37, 39, 43, 44, 59), it is likely that many types of CSP-antibody
297 assemblies exist. Further studies are needed to investigate whether formation of highly organized
298 complexes is possible on the surface of live sporozoites and how antibody-CSP interactions occur
299 in the context of polyclonal serum. These insights will be important for our structure-function
300 understanding of the mechanisms employed by these repeat-targeting antibodies to inhibit
301 sporozoite development, migration and infection of hepatocytes.

302
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334  MATERIALS AND METHODS

335  Molecular dynamics simulations

336 We performed all-atom molecular dynamics simulations of the following peptides: (NPNA)s,
337 KQPADGNPDPNANPN, NPDPNANPNVDPNANP, (NVDPNANP),NVDP, (PPPPNPND),, (PPPPNAND),

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

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

341  The systems were simulated using the program GROMACS 5.1.4 (65, 66) with the CHARMM?22*
342  (67-71)force field for the protein and the TIP3P (72) water model. All simulations were performed
343  with periodic boundary conditions at a constant pressure and temperature of 1 bar and 300 K,
344 respectively. The LINCS algorithm was used to constrain all bond lengths (73, 74). A cut-off of 1.4
345 nm was used for Lennard-Jones interactions. The Particle-Mesh Ewald algorithm (75, 76) was used
346  to calculate long-range electrostatics interactions with a Fourier spacing of 0.12 and an
347 interpolation order of 4. The Nosé-Hoover thermostat (77, 78) was used for temperature coupling
348  with the peptide and solvent coupled to two temperature baths and a time constant of 0.1 ps.
349  The Parrinello-Rahman algorithm (79) was used for pressure coupling with a time constant of 2

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

351  The simulations were performed for 300 ns for 20 independent replicas of (NPNA)s and 10
352 independent replicas of all other sequences. The initial structures of the peptides were selected
353  from 10 ns simulations in which extended conformations of the peptides were collapsed in vacuo.
354  The first 100 ns of each trajectory were omitted as the time required for system relaxation based
355 on the convergence analysis of the radius of gyration (Rg) shown in Fig. $2. This protocol resulted
356 in a total of 4 ps of production time for the (NPNA)s dataset and a total of 2 pus of production time
357  for the other systems, which was used to compute equilibrium ensemble properties. The peptide

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

359 3D11 Fab production and purification

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

361 sequenced (Applied Biological Materials Inc). mAb 3D11 V¢ and Vs regions were cloned
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362 individually into custom pcDNA3.4 expression vectors immediately upstream of human Igk and
363 lgy1-Cy1l domains, respectively. The resulting 3D11 Fab light and heavy chain vectors were co-
364  transfected into HEK293F cells for transient expression, and purified via KappaSelect affinity
365  chromatography (GE Healthcare), cation exchange chromatography (MonoS, GE Healthcare), and

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

367 Recombinant PbCSP production and purification

368 A construct of full-length PbCSP, the PbCSP C-terminal domain and the PbCSP aTSR domain from
369 strain ANKA (NCBI reference sequence XP_022712148.1, residues 24-318) were designed with
370 potential N-linked glycosylation sites mutated to glutamine and cloned into pcDNA3.4 expression
371  vectors. The resulting constructs were transiently transfected in HEK293F cells, and purified by
372 HisTrap FF affinity chromatography (GE Healthcare) and size exclusion chromatography (Superdex

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

374 Binding kinetics by biolayer interferometry

375 BLI (Octet RED96, FortéBio) experiments were conducted to determine the binding kinetics of the
376  3D11 Fab to recombinant PbCSP. PbCSP was diluted to 10 pug/ml in kinetics buffer (PBS, pH 7.4,
377 0.01% [w/v] BSA, 0.002% [v/v] Tween-20) and immobilized onto Ni-NTA (NTA) biosensors
378 (FortéBio). After a steady baseline was established, biosensors were dipped into wells containing
379  twofold dilutions of 3D11 Fab in kinetics buffer. Tips were then immersed back into kinetics buffer
380 for measurement of the dissociation rate. Kinetics data were analyzed using the FortéBio’s Data

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

382 Binding thermodynamics by isothermal titration calorimetry
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383 Calorimetric titration experiments were performed with an Auto-iTCyo0 instrument (Malvern) at
384  37°C. Full-length PbCSP and PbCSP-derived peptides (GenScript) were diluted in Tris-buffered
385 saline (TBS; 20 mM Tris, pH 8.0 and 150 mM sodium chloride) and added to the calorimetric cell.
386  Titrations were performed with 3D11 Fab in the syringe, diluted in TBS, in 15 successive injections
387 of 2.5 pl. Full-length PbCSP was diluted to 5 uM and titrated with 3D11 Fab at 400 uM. All PbCSP-
388 derived peptides were diluted to 20 uM and titrated with 3D11 Fab at 200-300 uM, with the
389 exception of the NPNDx2 peptide that was diluted to 9-10 uM and titrated with 180-200 uM 3D11
390 Fab. Experiments were performed at least two times, and the mean and standard error of the
391 mean are reported. The experimental data were analyzed using Origin 7.0 according to a 1:1

392 binding model.

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

394 Full-length PbCSP was co-complexed with a molar excess of 3D11 Fab and loaded on a Superose
395 6 Increase 10/300 GL (GE Healthcare) using an Agilent Technologies 1260 Infinity Il HPLC coupled
396 in-line with the following calibrated detectors: (i) MiniDawn Treos MALS detector (Wyatt); (ii)
397  Quasielastic light scattering (QELS) detector (Wyatt); and (iii) Optilab T-reX refractive index (RI)

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

399 Crystallization and structure determination

400 Purified 3D11 Fab was mixed in a 1:5 molar ratio with each PbCSP peptide. The 3D11 Fab/PAPP
401 complex was concentrated to 5 mg/mL and mixed in a 1:1 ratio with 20% (w/v) PEG 3350, 0.15 M
402 malic acid pH 7. Crystals appeared after ~1 d and were cryoprotected in 15% (v/v) ethylene glycol
403 before being flash-frozen in liquid nitrogen. The 3D11 Fab/NAND complex was concentrated to 5
404 mg/mL and mixed in a 1:1 ratio with 20% (w/v) PEG 3350, 0.2 M di-sodium tartrate. Crystals

405 appeared after ~3 d and were cryoprotected in 15% (v/v) ethylene glycol before being flash-frozen
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406 in liquid nitrogen. The 3D11 Fab/NPND complex was concentrated to 2.1 mg/mL and mixed in a
407 1:1 ratio with 25% (w/v) PEG 3350, 0.2 M lithium sulfate, 0.1 M Tris pH 8.5. Crystals appeared
408 after ~12 d and were cryoprotected in 20% (v/v) ethylene glycol before being flash-frozen in liquid
409 nitrogen. The 3D11 Fab/Mixed complex was concentrated to 5 mg/mL and mixed in a 1:1 ratio
410  with 25.5% (w/v) PEG 4000, 15% (v/v) glycerol, 0.17 M ammonium acetate, 0.085 M sodium
411 citrate pH 5.6. Crystals appeared after ~ 1 d and were cryoprotected in 20% (v/v) glycerol before

412 being flash-frozen in liquid nitrogen.

413 Data were collected at the 23-ID-D or 23-ID-B beamline at the Argonne National
414 Laboratory Advanced Photon Source, or at the 17-ID-1 beamline at the National Synchrotron Light
415 Source Il. All datasets were processed and scaled using XDS (82). The structures were determined
416 by molecular replacement using Phaser (83). Refinement of the structures was performed using
417  phenix.refine (84) and iterations of refinement using Coot (85). Access to all software was

418  supported through SBGrid (86).

419 CryoEM data collection and image processing

420 The PbCSP/3D11 complex was concentrated to 3 mg/mLand incubated briefly with 0.01%
421 (w/v) n-Dodecyl B-D-maltopyranoside. 3 pl of the sample was deposited on holey gold grids
422 prepared in-house (87), which were glow discharged in air for 15 s before use. Sample was blotted
423  for 12.5 s, and subsequently plunge-frozen in a mixture of liquid ethane and propane (88) using a
424 modified FEI Vitrobot (maintained at 4°C and 100% humidity). Data collection was performed on
425 a Thermo Fisher Scientific Titan Krios G3 operated at 300 kV with a Falcon 3EC camera automated
426  with the EPU software. A nominal magnification of 75,000x (calibrated pixel size of 1.06 A) and
427 defocus range between 1.6 and 2.2 um were used for data collection. Exposures were
428 fractionated as movies of 30 frames with total exposure of 42.7 electrons/A2. A total of 2,080 raw

429 movies were obtained.
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430 Image processing was carried out in cryoSPARC v2 (89). Initial specimen movement
431 correction, exposure weighting, and CTF parameters estimation were done using patch-based
432 algorithms. Manual particle selection was performed on 30 micrographs to create templates for
433  the template-based picking. 669,223 particle images were selected by template picking and
434 individual particle images were corrected for beam-induced motion with the local motion
435 algorithm (90). Ab-initio structure determination revealed that most particles present in the
436  dataset correspond to the 3D11 Fab-PbCSP complex, with a minor population of particles
437 corresponding to unbound 3D11 Fab. After several rounds of heterogeneous refinement, 165,747
438 particle images were selected for non-uniform refinement with no symmetry applied, which
439 resulted in a 3.2 A resolution map of the 3D11 Fab-PbCSP complex estimated from the gold-

440  standard Fourier shell correlation (FSC) criterion.

441  Model building

442 To create a starting model of the 3D11 Fab-PbCSP complex, seven copies of the
443 Fab3D11/PbCSP-peptide crystal structure were manually docked into the 3D11 Fab-PbCSP
444  cryoEM map using UCSF Chimera (91), followed by manual building using Coot (85). All models
445  were refined using the phenix.real_space_refine (84) with secondary structure and geometry

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

3D11-PAPP 3D11-NAND 3D11-NPND 3D11-Mixed
Beamline APS-23-ID-D APS-23-ID-D NSLS-11-17-1D-1 APS-23-ID-B
Wavelength (A) 1.033170 1.033200 0.979329 1.033167
Space group P3,21 P3,21 P3,21 P3,21
Cell dimensions
a,b,c(R) 59.3,59.3, 233.5 59.7,59.7, 234.9 59.9,59.9, 235.0 60.3, 60.3, 233.7
o, B,v(°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Resolution (A)?

No. molecules in ASU
No. observations

No. unique observations

40.0-1.60 (1.70-1.60)
1

1,210,903 (196,555)
64,371 (10,497)

40.0-1.55 (1.65-1.55)
1

684,564 (117,091)
70,664 (11,753)

40.0-2.27 (2.37-2.27)
1

450,057 (47,142)
23,398 (2,556)

40.0-1.55 (1.65-1.55)
1

1,423,235 (247,601)
72,981 (12,222)

Multiplicity 18.8 (18.7) 9.5(9.7) 19.1(17.4) 19.5 (20.3)
Rmerge (%)° 10.3 (84.7) 8.4(80.1) 13.8(57.1) 8.3(78.0)
Rpim (%)° 2.4(20.1) 2.9 (26.5) 3.2 (13.5) 1.9 (17.6)
<lfo 1> 16.3 (1.5) 13.8 (1.5) 19.0 (4.1) 19.6 (1.7)
CCx 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® / Rfree® 159/18.8 16.4/18.4 16.6/22.2 16.6/18.1
Rms deviations from ideality
Bond lengths (A) 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 21 23 1.8
B-factors (A2?)
Wilson B-value 27.1 24.0 32.0 26.3
Average B-factors 35.0 31.4 35.2 31.2
Average macromolecule 33.6 294 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

a Values in parentheses refer to the highest resolution bin.

b Rmerge = Zhi Zi | Ini,i - <lhki > | / Zhki <lhki >

¢ Rpim =Zhit [1/(N=1)]1/2Zi | lhkii - <lnki > | / 2ok <lnid >

dRwork =(Z | |Fo | = |Fe| |)/(Z | |Fo|) - for all data except as indicated in footnote e.

e 5% of data were used for the Rfree calculation
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455  Table 2. CryoEM data collection and refinement statistics.

Data Collection

Electron microscope Titan Krios G3
Camera Falcon 3EC
Voltage (kV) 300

Nominal magnification 75,000
Calibrated physical pixel size (A) 1.06

Total exposure (e- /A?) 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 (A) 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
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457 FIGURES LEGEND

458 Figure 1.Comparison of PfCSP and PbCSP repeat sequences and structures. (A) Schematic
459 representations of PfCSP strain NF54 and PbCSP strain ANKA, each comprising an N-terminal domain,
460  central repeat region, and C-terminal domain. The junctional region (J) immediately following the N-
461  terminal domain of PfCSP is indicated. Colored bars represent each repeat motif. The sequences of each
462 CSP central repeat region and corresponding peptides used in the study are shown below their respective
463 schematics. (B-G) Conformational ensembles of CSP peptides in solution from molecular dynamics
464  simulations. (B) Superposition of the conformations of the four PfCSP-derived peptides at each
465 nanosecond. The peptides are aligned to the conformational median structure and only the backbone is
466  shown for clarity. (C) Ensemble-averaged backbone-backbone hydrogen-bonding maps for each PfCSP
467 peptide sequence. The propensity for hydrogen bonds between the NH groups (y-axis) and CO groups (x-
468 axis) is indicated by the color scale on the right. (D) Sample molecular dynamics snapshots of the highest-
469 propensity turn for each PfCSP peptide are shown as sticks with hydrogen bonds shown as grey lines. The
470 highest-propensity turn for each peptide is indicated by the arrowhead on the corresponding hydrogen-
471 bonding map. (E) Superposition of the conformations of the four PbCSP-derived peptides at each
472 nanosecond. The peptides are aligned to the conformational median structure and only the backbone is
473 shown for clarity. (F) Ensemble-averaged backbone-backbone hydrogen-bonding maps for each PbCSP
474 peptide sequence. The propensity for hydrogen bonds between the NH groups (y-axis) and CO groups (x-
475 axis) is indicated by the color scale on the right. (G) Sample molecular dynamics snapshots of the highest-
476 propensity turn for each PbCSP peptide are shown as sticks with hydrogen bonds shown as grey lines. The
477 highest-propensity turn for each peptide is indicated by the arrowhead on the corresponding hydrogen-

478 bonding map.

479
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480 Figure 2. Biophysical characterization of 3D11 Fab-PbCSP binding. (A) Binding kinetics of twofold dilutions
481 of 3D11 Fab to full-length PbCSP. Representative sensorgrams are shown in black and 2:1 model best fits
482 in red. Data are representative of three independent measurements. (B) Isothermal titration calorimetry
483 (ITC) analysis of 3D11 Fab binding to full-length PfCSP at 37°C. Above, raw data of 16 injections of 3D11
484  Fab (0.2 mM) into the sample cell containing PbCSP (0.02 mM). Below, plot and trendline of heat of
485 injectant corresponding to the raw data. Kp and N values resulting from three independent experiments
486  are indicated. Standard error values are reported as standard error of the mean (SEM). (C) Results from
487 size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) for the 3D11 Fab-
488 PbCSP complex. A representative measurement of the molar mass of the 3D11 Fab-PbCSP complex is
489 shown as the red line. Mean molar mass and SD are as indicated. (D) SDS-PAGE analysis of resulting Peaks
490 1 and 2 from SEC-MALS. Each peak was sampled in reducing and non-reducing conditions as indicated by
491 +and -, respectively.

492

493 Figure 3. 3D11 Fab binding to PbCSP repeat peptides. (A) Affinities of 3D11 Fab for PAPP, NAND, NPND
494  and Mixed peptides as measured by ITC. Symbols represent independent measurements. Mean Kp values
495  are shown above the corresponding bar. Error bars represent SEM. (B) The 3D11 Fab binds the PAPP (pink),
496  NAND (purple), NPND (blue) and Mixed (red) peptides in nearly identical conformations. mAb 3D11 CDRs
497  areindicated. (C) Overview and side view of the NAND peptide (purple) in the binding groove of the 3D11
498 Fab shown as surface representation (H-chain shown in black and K-chain shown in grey). (D) Van der
499  Waals interactions formed by side chain atoms of both Ala and Pro residues are indicated by orange

500 dashed lines, and those unique to Pro6 and Prol0 are indicated by green dashed lines.

501
502 Figure 4. Spiral organization of the PbCSP repeat upon 3D11 Fab binding. (A) CryoEM map of the 3D11

503 Fab-PbCSP complex is shown as a transparent light gray surface with the PbCSP density highlighted in
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504 black. (B) The PbCSP model built into the cryoEM map is shown in dark grey as sticks and aligned to the
505 schematic representation of the PbCSP protein sequence.

506

507 Figure 5. Homotypic interactions between 3D11 Fabs stabilize the 3D11 Fab-PbCSP complex. (A) The
508 cryoEM map of the 3D11 Fab-PbCSP complex contains density for seven predominant 3D11 Fabs. Densities
509 of individual Fabs are colored from pink to grey. (B) Close-up view of two adjacent 3D11 Fabs (pink and
510 blue) from the cryoEM structure in complex with PbCSP (black). A red box denotes the site of Fab-PbCSP
511 and Fab-Fab interactions. (C) Details of 3D11 Fab-Fab homotypic interactions. Residues forming Fab-Fab
512 contacts are labelled in black. mAb 3D11 affinity matured residues that engage in Fab-Fab contacts but do
513 not directly interact with PbCSP are labelled in red. Black dashes indicate H-bonds between residues. (D)
514  Sequence alignment of mAb 3D11 with inferred germline precursors for the heavy and light chains (upper
515 and lower row, respectively). Affinity matured residues that contact PbCSP are highlighted in yellow and
516  affinity matured residues involved in homotypic interactions are indicated in red. (E) Binding affinity of WT
517 3D11 and H-58/73 germline-reverted mutant (Mut) Fabs to NPNDx1 (grey bars) and NPNDx2 (white bars)
518 peptides as measured by ITC. Symbols represent independent measurements. Mean Kp values resulting
519 from at least two independent experiments are shown. Error bars represent standard error of the mean.
520  An unpaired one-tailed t-test was performed using GraphPad Prism 8 to evaluate statistical significance:
521  *P<0.05.

522

523  Supplementary Figures Legend

524 Figure S1. Ensemble-averaged hydrogen-bonding propensities for PfCSP- and PbCSP-derived peptides.
525 (A) The propensity for hydrogen bonds between the NH groups of the backbone (y-axis) and CO groups of
526  the side chains (x-axis) is indicated by the color scale on the right. (B) The propensity for hydrogen bonds

527  between the NH groups of the side chains (y-axis) and CO groups of the backbone (x-axis) is indicated by

25
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528  the color scale on the right. (C) The propensity for hydrogen bonds between the NH groups of the side

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

530

531 Figure S2. Experimental details of MD simulations. (A) Time evolution of the radius of gyration of the
532 different peptides from MD simulations. Shading represents the standard error of the mean computed
533  from the different simulation repeats (see Methods). The simulations are statistically converged after 100
534 ns. The average radius of gyration for each peptide is reported on the right. The individual peptides have
535 been shifted on the y-axis to allow for ease of visualization. (B) The simulated propensity of having a
536  specific hydrogen bond is shown on the diagonal, with the propensity of two specific hydrogen bonds
537  (P(ANB)) shown above the diagonal. Each individual NPNA motif is labelled from I-V. The difference of the
538  simulated values from the calculated values (P(A)-P(B)) is shown below the diagonal. These differences are
539 all well below the average standard error of mean of 0.04, confirming that the individual motifs are
540 uncorrelated. (C) A mathematical example showing that the B-turn and pseudo B-turn propensities are

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

542

543 Figure S3. Experimental details of mAb 3D11 binding. (A) 3D11 Fab binding to peptides representative of
544  the PbCSP aTSR domain (residue 263-318; red) and the full C-terminal domain (residues 202-318; C-CSP;
545  blue). Full-length PbCSP (residue 24-318) was used as a positive control (black). (B) Composite omit map
546  electron density contoured at 1.0 sigma (blue mesh) around PbCSP peptides PAPP, NAND, NPND and
547 Mixed in complex with the 3D11 Fab. (C) Slight differences in H-bonding at the N- and C-terminal ends of
548  the PbCSP repeat peptides when bound to the 3D11 Fab in the crystal structures. PbCSP peptides are
549 colored as in Fig. 3. Antibody residues partaking in H-bonds are colored orange. mAb 3D11 HCDR2 is

550 colored in black and KCDR2 in white.
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551

552 Figure S4. Interactions between mAb 3D11 aromatic side chains and PbCSP peptides. Interactions formed
553  between PbCSP peptide residues and aromatic side chains of the 3D11 Fab HCDR (black) and KCDR (white).

554 PbCSP peptides are colored as in Fig. 3.

555

556 Figure S5. CryoEM analysis of the 3D11 Fab-PbCSP complex. (A) A representative cryoEM micrograph.
557  Scale bar, 50 nm. (B) Selected 2D class averages of the 3D11 Fab-PbCSP complex. (C) Particle orientation
558 distribution plot. (D) Fourier shell correlation curve from the final 3D non-uniform refinement of the 3D11
559 Fab-PbCSP complex in cryoSPARC v2. (E) Local resolution (A) plotted on the surface of the cryoEM map.

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

561

562 Figure S6. Comparison between 3D11 Fab-PbCSP cryoEM structure and 3D11 Fab-NPND peptide crystal
563 structure. Color representation of all-atom RMSD of 3D11 Fab variable region and PbCSP core epitope
564 between the Fab-PbCSP cryoEM structure and the 3D11-NPND peptide crystal structure. RMSD values
565  were calculated using UCSF Chimera (91) and plotted by color on the secondary structure of the 3D11-
566 NPND peptide crystal structure.

567

568 Figure S7. Homotypic contacts between 3D11 Fabs in the 3D11 Fab-PbCSP cryoEM structure. (A) and
569  (B) main interaction interfaces between adjacent 3D11 Fabs in the 3D11 Fab-PbCSP cryoEM structure. (C)

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

571
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Figure S8. Comparison between cryoEM structures of 3D11 Fab-PbCSP and 311 Fab-PfCSP (PDB ID: 6MB3)
(41). CryoEM maps of the 3D11 Fab-PbCSP ((A) and (E)) and 311 Fab-PfCSP ((B) and (F)) complexes are
shown as a transparent light gray surface with the CSP density highlighted in black for PbCSP and in blue
for PfCSP. The CSP models built into the cryoEM maps are shown as grey (for PbCSP; (C) and (F)) or blue
(for PbCSP; (D) and (H)) sticks and aligned to the schematic representations of their respective protein

sequences.
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Table S1. Hydrogen bonding propensities from simulations of peptides in solution. (A) Hydrogen-bonding
propensity for each simulated motif and lifetime of each B-turn for the four PfCSP-derived peptides. (B)
Hydrogen-bonding propensity for each simulated motif and lifetime of each B-turn for the four PbCSP-
derived peptides.
A
Peptide KQPA NPDP NVDP NPNA
Motif ADGN | DPNA | DPNA | NPNV | DPNA | DPNA | NPNV | DPNA | NPNV | NPNA | NPNA | NPNA | NPNA | NPNA
B-turn 034 | 038 | 037 | 017 | 038 | 043 | 017 | 044 | 016 | 030 | 024 | 042 | 033 | 0.19
+0.04 | +0.03 | +0.06 | +0.04 | +0.05 | #0.04 | +0.05 | +0.07 | +0.02 | +0.03 | #0.05 | #0.04 | +0.05 | +0.03
B-turn
Lifetime 353 | 394 | 422 | 279 | 397 | 431 | 320 | 552 | 227 | 380 | 472 | 435 | 426 | 221
(ns) +0.30 | +0.26 | +0.44 | +0.27 | #0.26 | #0.27 | +0.32 | +0.55 | +0.16 | +0.24 | +0.38 | #0.26 | +0.25 | +0.09
gzztgzzz' 034 | 068 | 077 | 030 | 069 | 078 | 036 | 0.86 | 030 | 059 | 048 | 0.74 | 058 | 0.24
H-bonds +0.04 | +0.06 | +0.13 | +0.04 | +0.09 | #0.10 | #0.07 | +0.13 | +0.04 | +0.06 | +0.08 | +0.06 | +0.07 | +0.04
Pseudo 0.00 | 007 | 010 | 004 | 008 | 010 | 0.02 | 010 | 0.02 | 009 | 003 | 0.09 | 0.06 | 0.6
B-turn +0.00 | +0.02 | +0.02 | +0.01 | #0.01 | #0.02 | +0.01 | +0.02 | +0.01 | +0.03 | #0.01 | #0.04 | +0.03 | #0.01
Backbone-
Sidechain | 002 | 015 | 022 | 015 | 018 | 021 | 011 | 019 | 013 | 027 | 007 | 022 | 016 | 021
H-bonds +0.01 | +0.03 | +0.05 | +0.03 | +0.03 | +0.04 | #0.04 | +0.04 | +0.04 | +0.07 | +0.02 | +0.07 | #0.07 | #0.04
B
Peptide NPND NAND PAPP MIX
Motif NPND NPND PPNA PPNA PPNA PPNA NPND PPNA
B-turn 0.14 0.13 031 0.19 0.24 0.29 0.10 0.16
+0.07 +0.04 +0.07 +0.05 +0.07 +0.08 +0.03 +0.03
Eft;“tfr';e 4.96 2.46 3.47 2.54 3.16 1.30 2.82 2.78
(ns) +1.22 +0.21 +0.34 +0.17 +0.22 +0.08 +0.33 +0.20
gzztgzzz' 0.14 0.13 0.41 0.28 032 0.40 0.10 0.25
+0.07 +0.04 +0.06 +0.06 +0.08 +0.08 +0.03 +0.03
H-bonds
Pseudo 0.01 0.03 0.00 0.01 0.00 0.02 0.01 0.01
B-turn +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01
S;chbh‘;?: 0.02 0.08 0.01 0.03 0.01 0.03 0.06 0.03
H-bonds +0.01 +0.03 +0.01 +0.01 +0.01 +0.01 +0.02 +0.01
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599  Table S2. Table of contacts between 3D11 Fab and PbCSP peptides. *Rows are shaded according to the number of times interactions are

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

. 601
Antigen
Interaction 3D11-HC 3D11-KC Total
PAPP NAND NPND Mixed 60 2
(BSA A?) (BSA A?) (BSA A?) (BSA A?)
Prol (0) Prol (30) Prol (2)
Ala2 (0) Pro2 (0) Pro2 (7) Pro2 (0) 603
Pro3 (8) Pro3 (8) Pro3 (7) Pro3 (7)
Pro4 (104) Pro4 (102) Pro4 (107) Pro4 (110)
'Po  Po  Po  Po  vdW  TyB32Ala95Alal0L, Tyrl02  Argd6,AspSS 4
Pro Pro vdW Tyr27 2 604
[Po®  P®  P®  P®  HB  Ty®*% 4
Asn5 (99) Asn5 (104) Asn5 (98) Asn5 (94) 605
fTAsn A Asm A vdW TyB2,Al95  Argd6,Sedd,LeusO,GluS3 4
Asn Asn AlalOl 2
e e e M= w0 606
Asn™? Glu53°H 1
Ala6 (49) Ala6 (48) Pro6 (62) Pro6 (65) 607
Asn7 (155) Asn7 (155) Asn7 (155) Asn7 (155)
Asn 608
609
610
611
Pro9 (106) Pro9 (106) Pro9 (98) Pro9 (108)
612
Alal0 (36) Prol0 (42) Pro10 (45) Alal0 (37) 613
Prol1 (96) Prol1 (98) Prol1 (99) Prol1 (98)
614
Pro®
Prol2 (11) Prol2 (7) Prol2 (8) Pro12 (10) 615
Asnl13 (36) Asnl13 (51) Asnl3 (21) Asnl3 (45)
Prol4 (36)
Asnl5 (0)
H-bonds 9 10 10 9 616
Salt Bridges 4 4 4 4
Core epitope™ 743 753 762 765
BSA (A?) 617
Total BSA (A% 798 849 843 827

618  * Core epitope consists of residues 3 to 10 in each peptide (PN(A/P)NDP(A/P)P)
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619

620
621

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

HB: hydrogen bond (3.8 A cut-off)
SB: salt bridge (4.0 A cut-off)
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Table S3. Table of contacts between one of the 3D11 Fabs and PbCSP in cryoEM structure.

Antigen (BSA A?) Interaction 3D11-HC 3D11-KC
25  Pro(7) vdW Ser56
27  Pro(12) vdW Tyr32
28  Pro (99) vdW Tyr32, Ala95, Alal01
Pro® HB Tyr320"
Tyr32, Arg46, Ser49,
29  Asn (105) vdW Leu50, Glu53
Asn™2 HB Glu53°H!
Asn® HB ArgdeNt!
30  Pro(71) vdW Ala95 Arg46
31  Asn(153) vdW Asn34, Arg46, Trp89
SB
Asn™? HB Ala95°
Asn® Asn34ND2
32 Asp (98) vdW Asn33, His35 Asn34, Gly91, Arg96
Asp® HB Asn33N2
Asp©! HB,SB Asn33N2 Arg96M"2, Arg96Nt
Asp©? HB,SB His35M2
Tyr27D, Tyr32,
33 Pro(103) vdW Gly91
Pro® HB Asn33N2
34 Pro (41) vdW Tyr52, Asn33
35  Pro (106) vdW Tyr50, Tyr52, Asn58
36 Pro(13) vdW Asn54, Lys56
Pro® HB Asn54ND2
37  Asn(13) vdW Asn54
Asn®! HB Asn54ND2
33  Ala(Q2) vdW Asn54
H-bonds 13
Salt Bridges 4
Core epitope* BSA
A 776
Total BSA (A2) 823

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

vdW: van der Waals interaction (5.0 A cut-off)
HB: hydrogen bond (3.8 A cut-off)
SB: salt bridge (4.0 A cut-off)
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Figure S7
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