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The most severe form of malaria is caused by Plasmodium falciparum.
These parasites invade human erythrocytes, and an essential step in this
processinvolves the ligand PfRh5, which forms a complex with cysteine-rich
protective antigen (CyRPA) and PfRh5-interacting protein (PfRipr) (RCR
complex) and binds basigin on the host cell. We identified a heteromeric
disulfide-linked complex consisting of P.falciparum Plasmodium
thrombospondin-related apical merozoite protein (PfPTRAMP) and P.
falciparum cysteine-rich small secreted protein (PfCSS) and have shown
that it binds RCR to form a pentameric complex, PCRCR. Using P.falciparum
lines with conditional knockouts, invasion inhibitory nanobodies to both
PfPTRAMP and PfCSS, and Iattice light-sheet microscopy, we show that
they are essential for merozoite invasion. The PCRCR complex functions
toanchor the contact between merozoite and erythrocyte membranes

brought together by strong parasite deformations. We solved the structure
of nanobody-PfCSS complexes to identify aninhibitory epitope. Our results
define the function of the PCRCR complex and identify invasion neutralizing

epitopes providing aroadmap for structure-guided development of these
proteins for ablood stage malaria vaccine.

Invasion of erythrocytes by the malaria-causing parasite Plasmo-
dium falciparum is complex and involves an initial interaction of
merozoites followed by attachment and internalization'. Merozoite
interaction with the erythrocyte involves wrapping and deformation
ofthe host cell membrane to orientate the parasite soitsapical end
binds the erythrocyte membrane vialigand-receptor interactions?.
Amovingjunctionisformedbetween the merozoite and erythrocyte
membrane and propelled along the surface of the parasite cell to
the posterior end via force generated by the parasite actomyosin
motor followed by fusion of the host membrane and parasite inter-
nalization™*™,

PfRh5 binds to the receptor basigin® and functions with
cysteine-rich protective antigen (CyRPA)”® and PfRh5-interacting pro-
tein (PfRipr)™° to form the RCR complex®". The RCR complexis linked
to a Ca* flux occurring during merozoite invasion® and inserts into
the membrane of the erythrocyte during invasion®. Other Plasmodium
speciesinfectinghumans do not have an orthologue of PfRh5 and con-
sequently are not dependent on basigin for merozoite invasion™. Plas-
modium thrombospondin-related apical merozoite protein (PTRAMP)
and cysteine-rich small secreted protein (CSS) in Plasmodium knowlesi
forma trimeric complex with PkRipr, the homologue of PfRipr”. PkP-
TRAMP binds to erythrocytes, and it has been hypothesized that this
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Fig.1| PFPTRAMP, PfCSS and PfRh5 are essential for growth of P. falciparum.
a-c, Inducible knockdown of PfRh5 (a), PFPTRAMP (b) and PfCSS (c) expression.
Rapa minus and plus rapamycin. HA-tagged PfRhS, PFPPTRAMP and PfCSS were
detected using anti-HA antibodies. Molecular weight markers (kDa) are shown
ontheright. Below each panelis a diagram of the protein with the position of
the HA tag (red) marked with an antibody symbol. The relevant PMX and SUB2
protease cleavage sites are shown for PfRh5*. Signal peptide sequence (SP)

IDC progress (hpi)

IDC progress (hpi)

atN-terminus and transmembrane sequence (TM) are grey. The predicted (p)
size of each processed polypeptide is shown. d-f, Representative experiments
showing P. falciparum parasitemia over time plus (red lines) and minus

(green lines) rapamycin for inducible knockdown of PfRh5 (3D7-Rh5iKO) (d),
PfPTRAMP (3D7-PTRAMPIKO) (e) and PfCSS (3D7-CSSiKO) (f). Intraerythrocytic
developmental cycle (IDC). Hours post invasion (hpi). Also shown in Extended
DataFig.1g-iis asecond independent representative experiment.

protein provides the means for PkCSS-PkPTRAMP-PkRipr complex
binding to erythrocytes, thus performing a function equivalent to
PfRhS in P falciparum®.

In this Article, we identified PFPTRAMP and PfCSS as interacting
partners ofthe RCR complexin P.falciparum. The PPPTRAMP-PfCSS-
PfRipr-CyRPA-PfRh5 (PCRCR) complex is essential for merozoite
invasion. Weidentified nanobodies to PfCSS and PFTRAMP that block
merozoiteinvasion, and the three-dimensional structure of nanobody-
PfCSS complexes were determined to identify neutralizing epitopes.
Using lattice light-sheet microscopy (LLSM) of merozoites lacking
PfRh5, PFPTRAMP and PfCSS, we determined the function of PCRCR.

Results

PfPTRAMP and PfCSS are essential for invasion
Immunoprecipitation of PfRh5, CyRPA and PfRipr from P. falciparum
and analysis using mass spectrometry identified PFPTRAMP™ and
PfCSS" as components of the RCR complex (Extended DataFig.1a-f). To
analyse the function of PFPTRAMP, PfCSS and PfRh5, each correspond-
ing gene (pfptramp, PF3D7_ 1218000, pfcss, PF3D7_1404700 and pfrhS,
PF3D7_0424100) was placed under conditional control™. Conditional
deletion of Pfptramp, pfcss and pfrhSresulted in substantial decreases
inprotein expression (Fig.1a-c). It was also shown that expression lev-
els of PfRh5, CyRPA and PfRipr were not affected by the knockdown of

PfTRAMP or PfCSS (Extended Data Fig. 2). Analysis of parasite growth
showed they were not able to expand, indicating the function of each
protein was essential (Fig. 1d-f and Extended Data Fig. 1g-i) and that
the schizont toring stage transition was blocked, consistent with these
proteins being required for invasion (Fig. 2a).

PCRCR captures surface contact of merozoite and erythrocyte
PfPTRAMP, PfCSS and PfRh5 function was analysed using LLSM to
quantitate interaction of merozoites with erythrocytes (Fig. 2b-h
and Supplementary Table 1)*'>'°, 3D7-PTRAMPiKO, 3D7-CSSiKO and
3D7-Rh5iKO grew efficiently and invaded erythrocytes (Fig. 2b)"*'.
Theinteractions of 21 merozoites were visualized for each parasite (63
observations), and of these 32 merozoites (9,12 and 11 for each parasite
line) successfully invaded with most showing a Ca** flux (Fig. 2b, Sup-
plementary Table 1 and Supplementary Video 1). The ~50% invasion
frequency for merozoites interacting with erythrocytes accords well
with previous studies"”',

3D7-Rh5iKO, 3D7-PTRAMPiKO and 3D7-CSSiKO were grown
in rapamycin and merozoites imaged interacting with erythrocytes.
Betweenlland15merozoites wereimagedforeachparasiteline (41obser-
vations) (Supplementary Table 1), and of these none invaded (Fig. 2b
and Supplementary Video 2). The phenotype observed was identical
for PFPTRAMP, PfCSS and PfRhS5 conditional knockout merozoites.
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Therefore, APTRAMP and PfCSS are essential and presumably function
atthe same step as PfRh5 and the RCR complex in merozoite invasion®".

To characterize merozoite-erythrocyte interactions, we devel-
oped a semi-automated method for quantitation of surface contact
between the parasite and host cell that we termed parasite-associated
host membrane (PAM), which was used to quantitate deformations
(Fig. 2c-h). PAM of 3D7-Rh5iKO, 3D7-PTRAMPiKO and 3D7-CSSiKO
merozoitesduringinvasionincreased rapidly over thefirst10 s (Fig. 2c),
and this defined host membrane deformations (Fig. 2d). After10-25 s
the magnitude of PAM showed a second phase of increase and reached
alevel where the parasite became fully wrapped, which was maintained
afterinternalization. The plateauing between the end of deformation
and internalization was consistent with parasite ‘recoiling’, often con-
currentwith Ca®* flux®. This ‘recoil’ phase was a dip in PAM before inter-
nalization, in the example of single merozoite interactions (Fig. 2d).
However, this feature was obscured in averaged PAM from multiple
merozoites due to timing variabilities for pre-internalization deforma-
tions and recoiling (Fig. 2c).

In contrast, rapamycin-treated 3D7-Rh5iKO, 3D7-PTRAMPiKO
and 3D7-CSSiKO merozoites had a significantly decreased PAM (sur-
face area) of the parasite interacting with the host membrane and an
extended period of moderate to weak deformations (Fig. 2c-e). Dur-
ing the first 10 s of interaction, deformation was the same as parental
merozoites. The magnitude of deformation then dipped significantly
after the first 10 s, went through rounds of increasing and decreasing
surface contact (PAM) and in some cases fell below the deformation
threshold as the parasite continued to make unsuccessful attempts
toinvade (Fig.2d,e). Rapamycin-treated merozoites displayed similar
maximum and average deformations compared withinvading parental
merozoites (Fig. 2f,g). However, total deformation time showed a highly
significantincrease for merozoites lacking PfRh5, PFPTRAMP or PfCSS
function (Fig. 2h).Inthe absence of the function of these proteins, the
parasite rebounds from the strong deformation to a baseline with a
minimal degree of PAM at the apical end. Therefore, the function of
PfRh5, PFPTRAMP and PfCSS is not required for establishment and
maintenance of the initial merozoite apical interaction with the eryth-
rocytethat precedes andis required for strong deformations. However,
itisrequired to capture and hold the increased membrane surface
contact formed between the merozoite and erythrocyte membranes
created by strong deformations. In addition, merozoites are capable
of multiple rounds of strong deformations mediated by generation of
force fromthe parasite pushinginto the host cell membrane.

PfPTRAMP and PfCSS are present on invading merozoites
Subcellularlocalization of PFPTRAMP and PfCSS during merozoite inva-
sionwas determined and compared with the RCR complex’. PFPTRAMP

and PfCSS were concentrated at the merozoite apical end abutting
the erythrocyte membrane during invasion with strong overlap in
co-localization with each other and CyRPA; however, there were areas
with weaker overlap (Fig. 3a-c). Todetermine the subcellular localiza-
tion of PfCSS and PFPTRAMP during merozoite invasion, co-localization
experiments were performed with RON4. RON4 shows a ring fluores-
cence surrounding the parasite that corresponds to the moving junc-
tion". PFCSS and PfPTRAMP localization was posterior to RON4 in the
merozoite (Fig. 3d,e) consistent with a surface location where they
would be removed by SUB2 sheddase as the junction extends to the
posterior of the merozoite during invasion’. PfCSS and PFPTRAMP were
located on the surface of invading merozoites as shown using Triton
X-100 (TX-100)-treated and untreated parasites (Fig. 3f-i).

PfPTRAMP forms a disulfide bonded heterodimer with PfCSS

To determine whether PFPTRAMP and PfCSS form a complex, we first
immunoprecipitated PFCSS-HA (hemagglutinin) resulting in enrich-
ment of PFPTRAMP as detected by mass spectrometry (Extended Data
Fig.3).Second,immunoprecipitation of PFCSS-HA with anti-HA anti-
bodies revealed a 65 kDa band under non-reducing conditions that
migrated at 34 kDa (p34) whenreduced (Fig. 4a). The reciprocal experi-
ment with anti-PfPTRAMP monoclonal antibody (mAb) 1D9 detected
the same 65 kDaband under non-reducing conditionsand at 30-32 kDa
when reduced. Third, conditional knockdown of PFPTRAMP expres-
sion disrupted the 65 kDa band so that the 33 kDa PfCSS protein was
predominantly observed (Extended DataFig.4). Takentogether, these
data show PfPTRAMP and PfCSS form a disulfide linked heterodimer.

PTRAMP-CSS bind Ripr and enhance PfRh5 erythrocyte
binding
PfPTRAMP, PfCSS and PTRAMP-CSS heterodimer were used to test
their ability to bind the RCR complex and human erythrocytes. Initially,
we determined whether PFPTRAMP and PfCSS were proteolytically
cleaved toensure that the equivalent of the mature processed proteins
was expressed. PfCSS was not processed; however, PFPTRAMP was
cleaved by plasmepsin X (PMX) (Extended Data Fig. 4). PfCSS and PfP-
TRAMP constructs were designed, and the monomericand PTRAMP-
CSS dimer were expressed and purified to homogeneity (Fig. 4b).
Binding of PTRAMP-CSS and PfCSS to PfRipr was detected,
with a moderate affinity of equilibrium dissociation constant
(Kp)3.6 + 0.09 uM and K, 1.1 £ 0.07 puM, respectively (Fig. 4c,d). The
monomers of PfRh5 or CyRPA showed no binding to PTRAMP-CSS
(Fig.4e). The ability of PFCSS to bind to PfRiprindicated it bound PfRipr
and that PFPTRAMP does not contribute to thisinteraction (Fig. 4c,d).
Finally, PFPTRAMP bound to PfCSS at a lower affinity of K, 19 + 5 uM
(Fig. 4f), suggesting that while the interacting surface between these

Fig. 2| Conditional knockout of PfRh5, PFPTRAMP and PfCSS shows their
function was essential for invasion of human erythrocytes by P. falciparum
merozoites. a, Quantitation of merozoite invasion of erythrocytes when
expression of PfRhS, PFPTRAMP or PfCSS was knocked down using rapamycin.
Shown are each P falciparum parasite line in which either PfRh5 (3D7-PfRh5iKO),
PfPTRAMP (3D7-PTRAMPIKO) or PfCSS (3D7-CSSiKO) is under inducible
knockout control with rapamycin (R) compared with control with no rapamycin
(C). Histogram represents two independent experiments (Expt 1and Expt 2)

of each parasite line with mean + s.e.m. b, Representative snapshots showing
parasites (cyan) interacting with erythrocytes (magenta) pre-loaded with Ca*
indicator (yellow) displayed using Imaris in 3D Blend mode and XZ views. In

the control condition (top; 3D7-PfRh5iK0), the parasite shows a Ca* flux with
internalization and echinocytosis. In rapamycin-treated (Rapa) (bottom; 3D7-
PfRhSiKO), the parasite caused deformations on the erythrocyte but noinvasion
orechinocytosis. Scale bars, 2 um. ¢, PAM time plot showing the first-minute
interaction by invading control (blue, n = 32), non-invading control (orange,
n=31)and Rapa-treated parasites (red, n = 41) with neighbouring erythrocytes
after parasite egress, where ¢ = O represents the timepointimmediately before
interaction began. Solid lines represent mean values, and shaded regions

represent +95% confidence interval (Cl). d, PAM time plot from two parasite-
erythrocyte interactions showing the definition of deformation (solid red and
bluelines), which exclude the internalization period and beyond (dashed blue
line), as well as periods where PAM < 20 voxels per pm? (dashed red lines). e, PAM
time plot from clabelled with thresholds for defining the degree of parasite-
erythrocyte interaction and respective images for visualization. Images show
three examples in 3D Blend mode view and one example in XY, YZand XZviews
each for weak, moderate and strong deformations, displayed with Imaris. Scale
bars, 2 um. f-h, Bar graphs showing maximum deformation (*P = 0.0308) (f),
average deformation (Pvalues from left to right: **P = 0.0043, *P = 0.0268,
*P=0.0197,*P=0.0137) (g) and total deformation time (Pvalues from left to right:
*P=0.0051,*P=0.0233, ***P<0.000L, *P = 0.0155, ***P < 0.0001, ***P < 0.0001)
(h) during the first-minute interaction by invading control (blue), non-invading
control (orange) and Rapa-treated (red) parasites from 3D7-PfRh5iKO (n =9 for
control, n=12for non-invading control, n =11 for Rapa-treated), 3D7-CSSiKO
(n=11for control, n =10 for non-invading control, n =15 for Rapa-treated) and
3D7-PTRAMPIKO (n =12 for control, n = 9 for non-invading control, n =15 for
Rapa-treated) parasite lines. Bar heights represent mean values, and error bars
represent standard deviation (s.d.). Mann-Whitney two-tailed test.
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two proteins is complementary, the disulfide bond is critical for for-
mation and stability of the heterodimer. Our finding that the unpaired
cysteine residue (C30) in PfCSS (see below), proposed to form the
disulfide bonded heterodimer, was essential for growth supported
the functional importance of PTRAMP-CSS (Extended DataFig. 1).

PfPTRAMP, PfCSS, PTRAMP-CSS and PTRAMP-CSS-Ripr were
incubated with human erythrocytes, and no direct binding was
detected (Fig. 4g and Extended Data Fig. 5a). However, when PTRAMP-
CSSwas added with the RCR complex, significant binding was detected.
Consistent with our previous studies, PfRipr and CyRPAbound eryth-
rocytes only as part of the tripartite RCR complex". While PfRh5 bound
erythrocytes either alone or in the RCR complex, it bound most effi-
ciently in the pentameric complex with PCRCR (Fig. 4g). When added
to human erythrocytes, PCRCR was not sufficient to induce a basal
increase in Ca®" in vitro as shown previously for RCR (Extended Data
Fig. 5b)". These results show PCRCR enhances the ability of PfRhS to
bind the receptor basigin on erythrocytes.

PfCSS and PFPTRAMP nanobodies inhibit merozoite invasion
We generated nanobodies to PfCSS and PFPTRAMP and determined the
binding affinities, binding sites and ability to block binding to PfRipr
(Fig. 5a, Extended Data Fig. 6, and Supplementary Tables 2 and 3).
Anti-PfPTRAMP nanobodies H8 and H10 bound to distal sites on
PTRAMP-CSS and did not block binding to PfRipr (Fig. 5a and Extended
Data Fig. 6b). Anti-PfCSS nanobodies bound to three distinct sites on
PfCSS. The first site comprised 12 out of the 14 nanobodies tested, and
all competed with PfRipr for binding to PfCSS (Fig. 5a and Extended
DataFig. 6¢). Within this bin, nanobodies bound to three overlapping
epitopes. The second and third sites were distinct from the PfRipr
bindingsite and comprised nanobodies H2 and D2. H2 competed with
PfPTRAMP for binding to PfCSS. D2 nanobody bound to asite distal to
the PfRipr and PfPTRAMP binding sites and did not block binding of
PTRAMP-CSS to PfRipr (Extended Data Fig. 6d).

The anti-PfCSS nanobody D2 inhibited parasite growth with
potency comparable with 1G12 anti-PfRipr mAb (Fig. 5b)". PFPTRAMP
nanobodies H8 and H10 showed inhibitory activity, with the former
nanobody showing over 80% inhibition, whereas anti-CSS (2D2) and
anti-PTRAMP (1D9, 3D8) mAbs did not inhibit growth. Inhibition of
growth was dose dependent for D2 nanobody (anti-PfCSS) and H8
(anti-PfPTRAMP) with a half maximal effective concentration (ECs,)
of 283 pg ml™ and 288 pg ml™, respectively (Fig. 5¢). D2 and H8 nano-
body-Fc fusion proteins also inhibited growth to similar levels as the
nanobodies and were used to show specificity to PTRAMP-CSS in
merozoites (Extended DataFig.7). D2-Fcand H8-Fcrecognized recom-
binant PTRAMP-CSS in non-reducing conditions, suggesting they bind
conformational epitopes. Inaddition, D2-Fcrecognized PTRAMP-CSS
inmerozoites. The ability of D2 and H8 nanobodies and nanobody-Fc
fusions to inhibit growth showed PTRAMP-CSS was exposed on the
merozoite surface and plays an essential role in invasion. Nanobodies
blocking binding of PfCSS to PfPTRAMP and PfRipr did not inhibit
growth suggesting the PTRAMP-CSS-Ripr complex was pre-formed
in micronemes before exposure on the surface during invasion and
consistent with co-localization of PfCSS and PFPTRAMP with CyRPA
in mature schizonts (Extended Data Fig. 8).

LLSMwas usedto confirm D2 and H8 nanobodies inhibited merozo-
iteinvasion of erythrocytes (Fig. 5d-g and Supplementary Table 1),

Using anti-PfCSS D2 nanobody, 23 merozoites were imaged interacting
with erythrocytes, and of these 3 invaded. For H8 nanobody, 12 mero-
zoites were imaged interacting with the erythrocyte membrane, and
noneinvaded. Consequently, D2 and H8 nanobodies blocked merozoite
invasion to ~87% and 100%, respectively, in accordance with growth
inhibition assays (Fig. 5¢).

Parental merozoites deformed the membrane, and 42-44% suc-
cessfully invaded (Fig. 5d,e and Supplementary Table 1). For D2 and
H8 nanobody-treated merozoites, the PAM plateaued as observed
for merozoites lacking PfRh5, PFPTRAMP or PfCSS function (Fig. 2).
Maximum and average deformation was the same for parental and D2
or H8 nanobody-treated merozoites indicating these activities were
normal when PfCSS or PFPTRAMP function was inhibited (Fig. 5d,g).In
contrast, total deformation time was significantly increased consist-
ent with merozoites mediating rounds of deformation in repeated
attempts to invade, as observed for those lacking PfRh5, PFPTRAMP
or PfCSS function (Fig. 5d,g). Therefore, D2 and H8 nanobodies inhibit
PfCSS and PfPTRAMP function, respectively, and block the function of
PCRCRininvasion.

Structure of PFCSS-nanobody complexes
Crystal structures of nanobodies D2 (inhibitory) and H2 (non-inhibitory)
in complex with PfCSS were determined to a resolution of 4.13 A and
2.00 A, respectively (Supplementary Table 4). Analysis of the PfCSS
sequence revealed similarity to the Plasmodium 6-Cys protein family,
with 8 of the 11 cysteines conserved among five double domain P. falci-
parum 6-Cys proteins (Extended Data Fig. 9)***. Indeed, PfFCSS adopts
two ‘degenerate’ 6-Cys domains, denoted here as D1and D2 (Fig. 6a,b).
Both domains contain a -sandwich fold with a mix of five on four par-
allel and antiparallel B-sheets. The D2 domain has an a-helix between
residues 213 and 229 that replaces a 3-sheet and loop present in other
6-Cys proteins (Fig. 6¢)*?2. The eight conserved cysteines are paired to
adoptthe characteristic C1-C2 and C4-C5 6-Cys motifsinboth D1and
D2 domains (Fig. 6a,b). Aninterdomain disulfide bond between residues
C80and C276 appears torigidify the position of the two domains (root
meansquare deviation (rmsd) of PfCSS between two crystal structures,
0.49 A). Importantly, C30 was solvent exposed and available for pair-
ing to form a disulfide linkage with PFPPTRAMP (Extended Data Fig. 3).
Consistent with the competition binning data, D2 and H2 nano-
bodies bind to non-overlapping sites in PfCSS (Fig. 6a). D2 nanobody
contacts both the D1 and D2 domains with most contacts targeted to
one face of the -sheet of the D1 domain (buried surface area (BSA) of
655 A?) and the remaining to a loop in the D2 domain (BSA of 175 A2)
(Supplementary Table 5). The D2 CDR3 contributes more than half the
total BSA (421 A%), with CDR1, CDR2, FR2 and FR3 contributing the rest
(Fig. 6d). CDR3 and FR3 of D2 forminteractions with an N-linked glycan
on Asn88 of PfCSS, with a BSA of 378 A2 (Extended Data Fig. 10), which
wasglycosylated in the recombinant protein. Therefore, binding of D2
nanobody to aglycan deficient PTRAMP-CSS construct was determined
using biolayer interferometry. Although affinity for the glycan deficient
PTRAMP-CSS was tenfold lower, it showed notable binding (K, =73 nM
compared with Ky = 7.5 nM), confirming D2 nanobody can bind to a
‘parasite-like’ PTRAMP-CSS heterodimer (Extended Data Fig. 10).
The non-inhibitory nanobody H2 interacts solely with the
D1 domain of PfCSS (total BSA of 750 A?) (Fig. 6e). It binds near the
solvent-exposed Cys30, which we predict forms a disulfide bond with

Fig.3|PfCSS and PfPTRAMP co-localize with each other and with CyRPA
duringinvasion. Super-resolution imaging of invading merozoites. a, PfCSS
was detected using an HA antibody, and PFPTRAMP was detected using the 3D8
mouse monoclonal antibody. Both proteins overlap during merozoite invasion.
b,c, HA-tagged PfCSS (b) and PfPTRAMP (c) were co-stained with CyRPA and
overlapped during merozoite invasion. Scale bars, 2 pm. Intensity plots along
the drawn dashed line are displayed on the right side. d,e, Invading merozoites
were fixed and stained for PFCSS-HA (d) or HA-PfPTRAMP (e) together

with RON4. RON4 was used as a marker of the tight junction and allowed to
differentiate between early, mid, and late invasion events. f-i, PFCSS-HA (f,g) or
HA-PfPTRAMP (h,i) invading merozoites were fixed and either permeabilized
(TX-100, f,h) or not (no TX-100, g,i) before staining for HA and CyRPA. Positive
signalin the absence of permeabilization suggests that the labelled proteins are
exposed at this stage, allowing for the access of antibodies. Arrows show signal
overlap. 4’,6-diamidino-2-phenylindole (DAPI). Differential interference contrast
(DIC). Scale bars, 2 pm.
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PfPTRAMP, consistent with the inability of H2 to bind PTRAMP-CSS.  structure and are likely flexible. In the D2 nanobody-PfCSS crystal
H2bindsinaside onorientation, with most contacts mediatedby CDR3  structure, these residues form the first 3-strand of a -sheet involved
(BSA 447 A%); however, the CDR2, FR2 and FR3 all contribute (Fig. 6e  inthe sandwich fold. However, in the H2-PfCSS crystal structure, this
and Supplementary Table 6). The CDR1 does not interact with PfCSS.  B-strand was replaced by the H2 CDR3, highlighting the flexibility of
Notably, the first six residues of PfCSS are missing from the crystal this3-strand in the absence of PFPTRAMP (Extended Data Fig. 10c).
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Fig. 4| PFPTRAMP and PfCSS form afunctional heterodimer and acomplex
with PfRipr, CyRPA and PfRh5 to enhance PfRh5 binding to erythrocytes.

a, The P.falciparum line PfCSS-HA was used forimmunoprecipitation (IP) from
merozoite supernatants of PfCSS using anti-HA antibodies (left) and PFPTRAMP
using monoclonal antibody 1D9 (right) under non-reduced (NR) and reduced
(Red.) conditions. The positions of the PTRAMP-CSS heterodimer, PFCSS-HA and
PfPTRAMP (p32 and p30) proteins detected are arrowed. Shown are cartoons of
PfCSS and PfPTRAMP with the position of antibody epitopes, the processing by
PMX and SUB2 and the polypeptides detected. b, Size exclusion chromatography
profiles for PTRAMP-CSS (black), PFPTRAMP (blue) and PfCSS (green) from a
Superdex 200 Increase 10/300 GL column. Absorbance (A). SDS-PAGE of the
final purified PFPTRAMP, PfCSS and PTRAMP-CSS proteinsin reducing (R) and

non-reducing (N) conditions. The molecular weight markers are shown on the
leftin kDa. c-f, Representative sensorgrams and 1:1 model best fit (black).

¢, PfRipr binding to PTRAMP-CSS (Ripr versus PTRAMP-CSS). d, PfRipr binding
to PfCSS (Ripr versus CSS). e, PTRAMP-CSS does not bind to PfRh5 or CyRPA
(PTRAMP-CSS versus Rh5 and CyRPA). f, PFPTRAMP binding to PfCSS (PTRAMP
versus CSS). g, Fluorescence-Activated Cell Sorting (FACS) analysis of different
combinations of PFPTRAMP (P), PfCSS (C), PfRipr (R), CyRPA (Cy) and PfRh5 (Rh)
bindingto erythrocytes. N = 3; experiments were performed at least 3 times with
biologically independent samples and were reproducible. Error bars represent
s.e.m. Statistical significance was determined by an ordinary one-way analysis of
variance with Tukey’s multiple comparisons test. Exact Pvalues are shown in the
figure where applicable.
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The sequence diversity of D2, H2 and H8 nanobody epitopes in
PfCSS and PfPTRAMP was analysed and found to be largely conserved
(https://plasmodb.org/plasmo/app) (Extended Data Fig.10). PfCSS has
six polymorphisms, and PFPTRAMP has one polymorphism where the
minor allele has a frequency of >5%. Notably, all PfCSS residues con-
tacted by D2 and H2 nanobodies are conserved among all sequences
(Extended Data Fig.10).In addition, as PFPPTRAMP had one polymorphic
site, it is likely that H8 binds to a conserved epitope (Extended Data
Fig. 10). The conserved nature of PfCSS and PFPTRAMP make
them attractive targets for rational design of a vaccine eliciting
strain-transcending antibodies that inhibit invasion.

Discussion

Thenearisotropic dataobtained from the high spatiotemporal resolu-
tion of LLSMimaging has provided a unique view of merozoite invasion
providing a quantitative understanding of the surface contact between
the pathogen and host cell®. This showed the PCRCR complex was
responsible for capturing and anchoring the increased membrane
surface contact formed between the merozoite and erythrocyte mem-
branes created by strong deformations. This resultsinanirreversible
interaction between the merozoite and erythrocyte and a stable plat-
form for activation of the next steps for invasion and internalization
of the merozoite into the erythrocyte.

PTRAMP-CSS was exposed on the surface of the invading mero-
zoite and binds to the RCR complex, and we propose a model where
it anchors the PCRCR complex to the parasite membrane through
the transmembrane domain of PFPTRAMP" to provide a platform for
PfRh5bindingto basigin onthe erythrocyte (Fig. 6f). PCRCR function
was not required for initial interactions of the merozoite and binding
attheapicaltip that abuts the erythrocyte membrane after reorienta-
tion'>?’. Nor was it required for weak or strong deformations of the
erythrocyte membrane driven by the merozoite actomyosin motor".
The most likely mediators of the interaction at the merozoite tip are
the EBA and PfRh protein families (excluding PfRh5)’. A consequence
of these strong deformations would be an increase in surface area
of the merozoite membrane in proximity with the membrane of the
erythrocyte allowing the PCRCR complex to bind basiginacross abroad
areaofthe parasite, activating theinsertion of PfRiprand PfRh5into the
erythrocyte membrane and providing an anchor on the parasite mem-
brane" (Fig. 6f). This would provide the ‘velcro’ that ties the membranes
together, sothe apical end of the merozoite remainsembeddedin the
deformed host cell providing astable andirreversible platform. When
PCRCR functionwasinhibited, the interaction of the merozoite tip with
the erythrocyte membrane and the strong deformations still occur;
however, thelack of the ‘velcro’ to tie the parasite and host membrane
together resulted in the merozoite bouncing back and proceeding
through cycles of deformation until the energy driving the actomyosin
motorwould be depleted followed by parasite detachment (Fig. 6f)"**.

Stabilization of merozoite-erythrocyte interactions would
provide a base to establish the pore that allows Ca* entry into the

erythrocyte®*'® and enable proteins to be injected under the eryth-
rocyte membrane for formation of the moving junction by AMAland
the RON complex*?*, However, while PCRCR function is required for
these next steps, itis not directly involved. Once the moving junction
has been established, it is propelled across the merozoite membrane
towards the posterior of the parasite. The PCRCR complex would be
released from the surface by processing of PAPTRAMP near the trans-
membrane domain by the protease SUB2 (Fig. 6)'®. This would free the
PCRCR ‘velcro’attachment between the parasite and host cell, allowing
the movingjunction toslide along the membranes to the posterior end
for membrane sealing and completion of invasion and internalization.

Previously, it has been shown that the protein P113 binds to the
N-terminus of PfRh5 and postulated that its glycosylphosphatidylino-
sitol anchor bound the RCR complex to the merozoite membrane?.
However, recent studies have shown that P113 function was not required
for P.falciparum growth and is unlikely to be the membrane anchor for
the RCR complex%,

PfCSSisacryptic 6-Cys protein comprising two ‘degenerate’ 6-Cys
domains, and this protein family typically mediates extracellular pro-
tein-protein interactions®®, consistent with PfCSS binding to both
PfPTRAMP and PfRipr. PTRAMP-CSS heterodimer formation would
occur in the endoplasmic reticulum® and then be trafficked to the
micronemes where PfCSS could interact with PfRipr and CyRPA® and
form a tetrameric complex (PCRC). These proteins would then be
exposed to PfRh5 at merozoite invasion as the micronemes empty their
contents into the neck of the rhoptries allowing the PCRCR complex
toformand spread onto the merozoite surface’. Theinability of nano-
bodies thatblock binding of PfRipr to PfCSS and PFPTRAMP binding to
PfCSS to inhibit merozoite invasion was consistent with formation of
the PCRCR complex before exposure on the merozoite.

Identification of invasion inhibitory nanobodies to PfCSS and
PfPTRAMP showed that these proteins have an essential role in the
PCRCR complex and that they are exposed on the merozoite surface
during invasion. The mechanism of D2 and H8 nanobody inhibition
of PfCSS and PfPTRAMP remains to be determined, but it is possible
that they either block insertion of PfRipr and PfRh5 into the erythro-
cyte membrane or inhibit three-dimensional changes in the PCRCR
complex required for function. Indeed, the RCR complex binds with
higher affinity to basigin, and the PCRCR complex shows even more
efficient binding". This would suggest that conformational changes
to the PCRCR complex occur during interaction between basigin and
PfRh5 that alter the affinity of binding to basigin. PfRh5 has a mobile
structure, and formation of the RCR and PCRCR complex could lockin
a conformation that binds more efficiently to basigin".

The finding that nanobodies blocking Ripr-CSS or PTRAMP-CSS
binding are non-neutralizing was consistent with these proteins associ-
atingbefore merozoite egress. Similar findings have beenreported for
CyRPA-RhS5 blocking antibodies®**; however,a CyRPA-Rh5 blocking
mADb was capable of inhibiting parasite growth which is somewhat at
odds with this finding". Previous studies have investigated whether

Fig. 5| a-PfPTRAMP and «-PfCSS nanobodies inhibit merozoite invasion of
erythrocytes. a, Epitope bins of a-PfPTRAMP and o-PfCSS nanobodies (Nbs).
«-PfCSS nanobodies that compete with PfRipr and PFPTRAMP are indicated. See
also Extended Data Fig. 6. b, Growth inhibition of parasites by a-PfPTRAMP and
a-PfCSS nanobodies at1 mg ml™. N = 3; data are shown from three independent
experiments, with data points representing the mean from one experiment,
performed intriplicate. ¢, Growth inhibition dilution series for a-PfPTRAMP
nanobody H8 and «-PfCSS nanobodies D2 and C10. a-PfRipr mAb 1G12 was

used as a positive control”. Per cent growth inhibition is the mean of three
independent experiments, performed in triplicate. The s.e.m. is shown.

d, PAM time plot showing the first-minute interaction by invading control (blue,
n=11), non-invading control (orange, n =11) and D2 nanobody-treated parasites
(5 mg ml™) (red, n=20) with neighbouring erythrocytes after parasite egress,
where t = 0 represents the timepointimmediately before interaction began.
Solid lines represent mean values, and shaded regions represent +95% CI.

e, Maximum deformation, average deformation and total deformation time during
the first-minute interaction by invading control (blue, n =11), non-invading
control (orange, n =11) and D2 nanobody-treated (red, n = 20) parasites. Bar
heights represent mean values, and error bars represent s.d. Mann-Whitney
two-tailed test; Pvalues left to right: *P = 0.0487, ****P < 0.0001, ***P = 0.0007.

f, PAM time plot showing the first-minute interaction by invading control (blue,
n=10), non-invading control (orange, n =15) and H8 nanobody-treated parasites
(red, n=12) (1.25 mg ml™) with neighbouring erythrocytes after parasite egress,
where ¢ = 0 represents the timepoint immediately before interaction began. Solid
lines represent mean values, and shaded regions represent +95% CI. g, Maximum
deformation, average deformation and total deformation time during the
first-minute interaction by invading control (blue, n = 9), non-invading control
(orange, n=15) and H8 nanobody-treated (red, n =12) parasites. Bar heights
represent mean values, and error bars represent s.d. Mann-Whitney two-tailed
test Pvalues left to right: ***P < 0.0001, **P = 0.0004.
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Fig. 6 | Anti-PfCSS nanobody recognition of the 6-Cys protein PfCSS. a, Crystal
structures of D2 nanobody-PfCSS and H2 nanobody-PfCSS superimposed. b,
Schematic representation of PfCSS showing disulfide bond pairing. The unpaired
Cys30is indicated by ared asterisk. ¢, Comparison of PFCSS D1and D2 domains
with previously determined crystal structures Pf12*?, Pf12p?, Pfs48/45° and
Pfs230°*.d, D2 nanobody CDRs and FRs interacting with PFCSS D1 (dark green)
and PfCSS D2 (light green) domains. e, H2 CDRs and FRs interacting with PfCSS D1

domain near Cys30 (yellow) and highlighted by a red asterisk. f, Model depicting
therole of the PCRCR complex in merozoite invasion. Top left: P. falciparum
apical binding to human erythrocytes that occurs after initial interaction and
membrane wrapping. Bottom: merozoites with either pfptramp, pfcss, pfrhS
conditional knockouts, D2 or H8 nanobody. Top right: arrangement of the PCRCR
complex binding to basigin on the erythrocyte membrane. SUB2 cleaves the
ectodomain of PFPTRAMP.

polyclonal antibodies to PfCSS or PFPTRAMP could neutralize mero-
zoite invasion; however, they showed no inhibitory activity®*°. An
explanation, and consistent with our observations for the PfCSS and
PfPTRAMP nanobodies, is that polyclonal responses are skewed to
non-inhibitoryimmunodominant epitopes. Identification of invasion
inhibitory epitopes on PfCSS and PFPTRAMP, both of which are highly
conserved in P. falciparum, provides the molecular basis for rational
design ofimmunogens.

Methods
Parasite, insect cell culture and antibodies
3D7 P.falciparum parasites were obtained from David Walliker, Edin-
burgh University. Asexual blood stage parasites were growninin vitro
culture as described”.

Sf2linsect cells were cultured in Insect-XPRESS protein-free with
L-glutamine (Lonza, 10036636) medium at 28 °C. Expi293F cells were

grown in Expi293 expression medium (ThermoFisher) at 37 °C, 8%
CO,,120 r.p.m.

In this study, we used: rat mAb, anti-HA (Roche 3F10, catalogue
number 11867423001, lot 47877600); mouse mAbs, 1D9 and 3D8
anti-PfPTRAMP (this study), rat mAb 2D2 anti-PfCSS (this study), mouse
mAbs 5B12,7A6 and 8B9 anti-CyRPA*®, 5A9 and 6H2 PfRh5'°, mouse mAb
1G12anti-Ripr', rabbit anti-RON4 polyclonal®; rat pAb KM81 anti-PfCSS
(this study); and rabbit pAb R1541 anti-Ripr”.

The mouse mAbs 1D9 and 3D8 that bound PfPTRAMP and the
rat mAbs 2D2 mAb and pAb KM81 that bound PfCSS were made at the
WEHI Antibody Facility as described in Supplementary Materials and
Methods.

The following secondary antibodies labelled with Alexa 488/594
fluorophores (Life Technologies) and HRP antibodies were used:
chicken anti-mouse 594 (catalogue number A21201, lot 42099 A),
donkey anti-rat 488 (catalogue number A21208, lot 2310102),
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chicken anti-rabbit 594 (catalogue number A21442, lot 2110863), goat
anti-mouse 488 (catalogue number A11001), goat anti-rabbit (catalogue
number A11008). Peroxidase affinity pure goat anti-human IgG (H+L)
(catalogue number 109-035-088, Jackson Immuno Research).

Transgenic parasites and rhoptry and microneme secretion
assay

Transgenic parasite lines were made using CRISPR-Cas9 with methods
andoligonucleotideslisted in Supplementary Materials and Methods*.

Crosslinking, immunoprecipitation and mass spectrometry
analysis

Parasites used for anti-HA antibody immunoprecipitation with and
without cross-linking were synchronized and allowed to develop to sch-
izonts; thisis described inthe Supplementary Materials and Methods.

Liveimaging with LLSM

Astandard protocol was developed to ensure that parasites were at the
same stages for each experiment. Two 30 ml dishes of asynchronous
culture were synchronized with 5% sorbitol, as described*’. In brief, the
culture medium was removed, and the cells were incubated with five
volumes of 5% sorbitol in a water bath at 37 °C for 8 min. The sorbitol
was then washed off and fresh culture medium added back to the
synchronized culture. This synchronization step was repeated 3 days
after the first synchronization, and 10 nM rapamycin was added to one
ofthe culture dishes after the second synchronization toinduce pfrhS
(3D7-Rh5iKO), pfptramp (3D7-PTRAMPiIKO) and pfcss (3D7-CSSiKO)
gene deletioninthe relevant parasite lines. Two days after the second
synchronization, late-stage parasites wereisolated from the culture by
magnet purification using LS columns attached to MACS MultiStand
(Miltenyi Biotec).

Erythrocytes were resuspended at 0.5% haematocrit in
RPMI-HEPES supplemented with 0.2% sodium bicarbonate and 5 mM
sodium pyruvate (Gibco 11360070). To load uninfected erythrocytes
with calciumindicator and stain the plasma membrane, the cells were
incubated with 10 uM Fluo-4AM (Invitrogen F14201) for 1 h at 37 °C,
and 1.5 uM Di-4-ANEPPDHQ (Invitrogen D36802) membrane marker
was added for a further 1 h (refs. *'°). The stained and loaded eryth-
rocytes were washed three times and resuspended in phenol red free
RPMI-HEPES supplemented with 5 mM sodium pyruvate, referred to
as pyruvate medium hereafter'.

Purified schizonts were resuspended in culture medium and
incubated with 10 nM Mitotracker Red CMXRos (Invitrogen M7512)
for 30 min at 37 °C, 5% CO,. The stained schizonts were pelleted,
and supernatant was removed before resuspending the schizonts
in pyruvate medium. For sample mounting, an acid-washed 5 mm
round glass coverslip (Warner Instruments CS-5R) was placed at the
bottom of each well in an Ibidi eight-well plate (Ibidi 80826). Each
well was then loaded with 200 pl pyruvate medium. Before imaging,
30 pl stained erythrocytes were loaded to a well and left to settle for
at least 30 min. After that, 5-10 pl stained schizonts were added to
the well and left to settle for around 15 min. Asmallamount of silicone
gel was applied around the coverslip stage of the sample carrier, and
aflat head tweezer was used to transfer the coverslip from the well to
the sample carrier. The sample carrier was then attached to the micro-
scope such that the coverslip was embedded in the microscope bath
filled with 6-8 ml imaging medium that consisted of phenol red free
RPMI-HEPES, 10% Albumax, 0.2% sodium bicarbonate, 5 mM sodium
pyruvate, 0.25 mM CacCl, and 10 pM Trolox (Santa Cruz 53188-07-1).
Either 5 mg ml™ D2 anti-CSS nanobody or1.25 mg mI™ H8 anti-PTRAMP
nanobody was added to the imaging medium for invasion inhibition
studies. The imaging experiments were performed on a custom-built
LLSM microscope, constructed as outlined in as per licensed plans
kindly provided by Janelia Farm Research campus®. Excitation light
fromeither 488 nmor 589 nmdiodelasers (MPB Communications) was

focused to the back aperture of a 28.6 x 0.7 numerical aperture (NA)
excitation objective (Special Optics) via an annular ring of 0.44 inner
NAand 0.55outer NA providing alight sheet with 10 pmlength. Fluores-
cence emission was collected viaa25 x 1.1 NA water dipping objective
(Nikon) and detected by either one or two scientific complementary
metal-oxide-semiconductor cameras (Hamamatsu Orca Flash 4.0
v2). With the 488 nm excitation, emitted fluorescence was split using
a594 nmdichroic (Semrock) before passing througha LP 594 nm filter
(Chroma) on camera A and 525/50 nm (Chroma) filter on camera B.
This allowed simultaneous detection of Fluo-4 AM signals by camera
B at 500-550 nm range and Di-4-ANEPPDHQ signals by camera A for
wavelengths longer than 594 nm. With the 589 nm excitation, emitted
fluorescence from Mitotracker Red CMXRos was detected on camera
A with the same detection range as previous. All data were acquired
inanimaging chamber (Okolabs) set to 36 °C and 5% humidified CO,.

For deconvolution, point spread functions were measured using
100 nm Tetraspeck beads on the surface of a 5 mm coverslip. Data
were de-skewed and de-convolved using LLSpy, a Pythoninterface for
processing LLSM data. Deconvolution was performed using a Richard-
son-Lucy algorithmwith15iterations with the point spread functions
generated for each excitation wavelength.

PAM plotting

Parasite-erythrocyte interactions were characterized by plotting
the amount of surface contact at each timepoint for each event. The
analysis was performed using Imaris (version 9.7.2, Bitplane) with
Tracking module. A surface called ‘Erythrocytes’ was first created
fromthe erythrocyte membrane channel with smoothing and absolute
intensity setting. The threshold was adjusted either automatically or
manually, onsome occasions, to obtain analmost continuous surface
ontheerythrocyte of interest while maintaining the original boundary
of the cell. Next, a surface called ‘All parasites’ was created from the
parasite channel with smoothing and background subtraction setting.
The threshold was adjusted accordingly to achieve reasonable values
for parasite surface area (4-9 pm?), and 0.5 pm seed point value was
used tosplit touching parasites. Next,amasked erythrocyte membrane
channelwas created from the erythrocyte surface by setting the voxel
valueinside the surface toland outside the surface to 0. From the ‘All
parasites’ surface, parasites that interact with the erythrocyte were
thenselected, by either automated tracking or manual selection, and
duplicated into individual surfaces called ‘Parasite 1, ‘Parasite 2’ and
soon. Foreach parasite, all parts of the surface were selected and then
unified and made into a single track. Finally, values of the ‘Intensity
Sum’ from the masked erythrocyte membrane channel and the ‘Area’ at
eachtimepoint were extracted fromeach parasite surface and exported
to Microsoft Excel. The ‘Intensity Sum’ values represent the number
of voxels in the erythrocyte membrane channel in contact with the
parasite surface. The PAM values were then plotted from the Intensity
Sum and normalized by the Area.

P.falciparum schizont supernatant and merozoite
preparations and analysis

Merozoite and supernatant preparations for SDS-PAGE and immu-
noblot analysis were performed as previously described*’. Synchro-
nized late trophozoite cultures were passed over LD magnetic columns
(MiltenyiBiotech) to remove uninfected erythrocytes. Eluted parasites
were adjusted to 5 x 10° schizonts per mland 150 pl added per well of a
96-well flat-bottomed culture dish. The assay dishes were further cul-
tured for16 hand arepresentative well smeared for Giemsa staining to
ensure either that rupture had occurred normally (control well) or that
rupture had been blocked when inhibitors were added. Parasites from
each conditionwerespunat 10,000 x gfor10 minto collect the mero-
zoite pellet and supernatant fractions. Proteins from both fractions
were extracted with reducing sample buffer and separated on 4-12%
or 3-8% acrylamide gel (NuPAGE, Invitrogen). When inhibitors WM4
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and WM382 were at 40 nM and 2.5 nM final concentrations, respec-
tively, acontrol dish without any protease inhibitor was alsoincluded.
Parasites were eluted from columns with complete RPMI1640 culture
mediumtowhichtheappropriateinhibitor at the same concentration
had been added.

Expression and purification of PfCSS, PFPTRAMP, PTRAMP-
CSS heterodimer, PfRipr, CyRPA and PfRh5

The gene for the PfPMX cleaved ectodomain of PFPTRAMP (residues 42
to 309) was subcloned into a modified pTRIEX2 vector with N-terminal
SUMO and Flag tags followed by a Tobacco etch virus (TEV) protease
cleavage site. One potential N-linked glycosylation site at Asn195 was
removed by mutation of Thr197 to Ala. The construct was expressed in
Sf21insect cells and secreted into the medium as a soluble protein. The
supernatant was purified by ANTI-FLAG M2 Affinity Gel (Merck) and size
exclusionchromatography (5200 Increase 10/300 GL, Cytiva). Fractions
containing PFPTRAMP were pooled and cleaved with TEV protease for16 h
at 4 °C. His-tagged TEV was removed via NiNTA agarose resin (Qiagen),
and PfPTRAMPwasfurther purified viaanother size exclusion chromatog-
raphy (5200 Increase10/300 GL, Cytiva). For biopanning anti-PfPTRAMP
nanobodies and their kinetic characterization, a PFPTRAMP (42-309)
construct with a C-terminal Avitag was generated and specifically bioti-
nylated*. Inaddition, a PFPTRAMP construct comprising residues 25 to
309 witha C-terminal His-tag was used for bilayer interferometry binding
studies to PfCSS; however, the purification was the same.

The gene for PfCSS (residues 20 to 290) was subcloned into a modi-
fied pTRIEX2 vector with a C-terminal Flag tag preceded by a TEV pro-
tease cleavage site. The construct was expressed in Sf21 insect cells
and purified similarly to PFPTRAMP. The construct used for the alpaca
immunization had no potential N-glycosylation sites mutated and was
therefore glycosylated. The construct used inbinding and crystallization
studies had one glycan removed at Asn261, by mutation of Thr263 to Ala.

To generate disulfide-linked PTRAMP-CSS, PfPTRAMP (42-309)
and PfCSS (20-290) constructs were co-expressed in Sf21insect cells
andsecretedinto the mediumasasoluble protein. The supernatant was
purified by ANTI-FLAG M2 Affinity Gel (Merck) and size exclusion chro-
matography (S200 Increase 10/300 GL, Cytiva). Asboth PfPTRAMP and
PfCSS constructs contain a Flag tag, some free PFPTRAMP and PfCSS
were present along with disulfide-linked PTRAMP-CSS after elution
from the ANTI-FLAG M2 Affinity gel; however, they separated well from
the disulfide-linked PTRAMP-CSS viasize exclusion chromatography
due to their differing sizes. Fractions containing PTRAMP-CSS were
pooled and cleaved with TEV protease for16 hat 4 °C. His-tagged TEV
wasremoved viaNiNTA agarose resin (Qiagen), and PTRAMP-CSS was
further purified via another size exclusion chromatography (5200
Increase10/300 GL, Cytiva). The purity of PTRAMP-CSS was assessed
by SDS-PAGE and shown to be free from monomeric PTRAMP and CSS
innon-reducing conditions (Fig. 4b). The PTRAMP-CSS construct used
to test D2 nanobody glycan dependency and nanobody-Fc reactivity
via western blot had four out of five potential N-linked glycan sites
at Asn74, Asn192, Asn234 and Asn261 removed via mutation of the
glycan site Thr or Ser to Ala. Mutation of the glycan at Asn283 led to
no expression and sowas notincluded. To test binding of nanobodies
to PTRAMP-CSS, abiotinylated PTRAMP-CSS protein was generated
using the PFPTRAMP (42-309) construct with a C-terminal Avitag.

The gene for PfRipr (residues 20 to 1086) was subcloned into
pACGP67a with a C-terminal His tag. The construct was expressed in
Sf21cellsand secreted into the medium as soluble protein. The super-
natant was dialysed into 20 mM Tris pH 8, 150 mM NaCl. Imidazole
was added to 10 mM final concentration, and PfRipr was purified by
NiNTA agarose (Qiagen) and eluted in 20 mM Tris pH 8,150 mM NacCl,
500 mMimidazole. The sample was further purified via size exclusion
chromatography, usingaS200 Increase 10/300 GL (Cytiva).

The gene for CyRPA (residues 29 to 362) was subcloned into a modi-
fied pcDNA3.4-TOPO plasmid with an N-terminal IL-2 signal sequence

and a C-terminal Flag tag preceded by a TEV protease cleavage site.
Three potential N-linked glycosylation sites at Asn145, Asn322 and
Asn338 were removed by mutation of the glycan site Thr or Ser resi-
dues to Ala. The construct was expressed via transient transfection
of Expi293F cells, and soluble protein was purified from the culture
mediumin asimilar manner to PfPTRAMP described above.

The gene for PMX cleaved PfRh5 (residues 145 to 526) was sub-
clonedinto pACGP67awith a C-terminal C-tag. Three potential N-linked
glycosylation sites as Asn214, Asn284 and Asn297 were removed by
mutation of Thr or Ser residues to Ala. The construct was expressed
in Sf21 cells and secreted into the medium as soluble protein. The
supernatant was purified by CaptureSelect C-tagXL Affinity Matrix
(ThermoFisher) and eluted with 20 mM Tris pH 7.5, 2 M MgCl,. The
sample was further purified via size exclusion chromatography, using
aS200 Increase 10/300 GL (Cytiva).

Biolayer interferometry studies

Biolayer interferometry experiments were conducted at 25 °Cto deter-
mine the affinity and epitope bins of selected proteins and nanobodies
for PTRAMP-CSS, PfPTRAMP and PfCSS. For protein-proteinbinding
kinetic studies, either PfRipr or PFPTRAMP was diluted into kinetics
buffer (PBS, pH 7.4, 0.1% (w/v) BSA, 0.02% (v/v) Tween-20) at 20 ug mi™*
and immobilized onto Anti-Penta-His (His1K) biosensors (Sartorius).
Following a 60 sbaseline step, biosensors were dipped into wells con-
taining twofold dilution series of either PTRAMP-CSS or PfCSS. Sensors
were then dipped backinto kinetics buffer to monitor the dissociation
rate. For nanobody-PfCSS binding kinetic studies, nanobodies were
diluted in kinetics buffer to 5 pg ml™ and immobilized onto Ni-NTA
(NTA) biosensors (Sartorius). Following a 60 s baseline step, biosen-
sorswere dipped into wells containing twofold dilution series of either
PTRAMP-CSS or PfCSS. Sensors were then dipped back into kinetics
buffer to monitor the dissociation rate. For nanobody-PfPTRAMP
bindingkinetic studies, biotinylated PFPTRAMP or PTRAMP-CSS were
immobilized onto High Precision Streptavidin (SAX) biosensors (Sar-
torius). Following a 60 s baseline step, biosensors were dipped into
wells containing twofold dilution series of anti-PfPTRAMP nanobodies.

For competition studies of the anti-PfCSS nanobodies, nanobod-
ies were first diluted in kinetics buffer to 5 ug ml™ and immobilized
onto Ni-NTA (NTA) biosensors (Sartorius). Following a 30 s baseline
step, biosensors were dipped into wells containing a negative control
nanobody that does not bind the proteins under analysis to quench the
sensors. Following another 30 s baseline step, biosensors were dipped
into either PfCSS or PTRAMP-CSS. Following a final 30 s baseline step,
biosensors were then dipped into a secondary nanobody or PfRipr to
assess competition. Due to the moderate affinity of the anti-PfPTRAMP
nanobodies, a premix format was employed. Nanobodies or PfRipr were
firstdiluted to 10 pg ml™ and immobilized onto Anti-Penta-His (His1K)
biosensors. Following a 30 s baseline step, biosensors were dipped
into wells containing a negative control nanobody that does not bind
the proteins under analysis to quench the sensors. Following another
30 s baseline step, biosensors were then dipped into PTRAMP-CSS
pre-incubated with a tenfold molar excess of competing secondary
nanobody to assess competition.

Kinetics and competition data were analysed using Sartorius’ Data
Analysis software 11.0. Kinetic curves were fitted toal:1binding model.
Mean kinetic constants reported are the result of two independent
experiments. Data presented in Extended Data Fig. 6 represent the
per cent of competing nanobody or PfRipr binding compared with the
maximum competing nanobody response.

Growthinhibition and flow cytometry of erythrocyte binding
and Ca* flux

One-cycle growth inhibition and erythrocyte binding assays were
performed as described previously”*. The full methods are described
inSupplementary Materials and Methods.
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Three-dimensional structure determination of PfCSS-
nanobody complexes

For crystallization studies, PTRAMP-CSS and PfCSS alone were
mixed with D2 and H2 nanobodies, respectively, in a 1:2 molar ratio,
and excess nanobody was purified away via size exclusion chroma-
tography (Superdex 200 Increase 10/300 GL, Cytiva). Complexes
were then concentrated to 5 mg ml™and mixed 1:1 with mother liquor
and set up in hanging or sitting drop crystallization experiments. D2
nanobody-CSS crystallized in 1.6 Mammonium sulfate, 0.1 Msodium
chlorideand 0.1 Msodium HEPES at pH 7.5 after 1 month and was cryo-
protected in 15% (v/v) ethylene glycol. H2-PfCSS crystallized in 0.1M
bis-tris-propane pH 6.0,17.5% (v/v) PEG3350, 0.2 M sodium malonate
in 24 h and was cryoprotected in 15% (v/v) ethylene glycol. Data were
collected at the MX2 beamline at the Australian Synchrotron, pro-
cessed and merged using XDS** and Aimless*. The positions of the H2
nanobodies in the H2-PfCSS crystal structure were first determined
by molecular replacement using the structure of nanobody VHH-a204
from S5HVG with its CDR3 removed*. This solution was then used to
build the two PfCSS molecules presentin the asymmetric unit via Auto-
Build”. This PfCSS structure was then used as a model for molecular
replacement in the low-resolution crystal structure of D2 nanobody-
CSS, along with VHH-72 from 6 WAQ*S. PFPTRAMP was not present in
the D2-PTRAMP-CSS crystal structure. Presumably, PFPTRAMP and
PfCSS dissociated during crystallization, and only D2 nanobody-PfCSS
crystallized after 1 month in the high salt crystallization condition.
Refinement of the structures was carried out using phenix.refine*’ and
iterations of refinement using Coot™.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The crystal structures reported in this manuscript have been deposited
in the Protein Data Bank, www.rcsb.org (PDB ID codes 7UNY, 7UNZ).
The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE* partner repository with
the dataset identifier PXD036746.
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Extended Data Fig. 1| PFPTRAMP and PfCSS interact with the PfRh5 complex
and play an essential role for growth of P. falciparum. a-f. Volcano plots
illustrating the log2 fold change (log2FC) of immunoprecipitated HA-tagged
CyRPA, PfRipr, or PfRhS versus 3D7 before and after cross-linking with DSP
versus significance of the change (-log10 P value). Differential protein expression
analysis was performed using Limma whichinvolves amoderated t-test.
Benjamini and Hochberg’s method was used to adjust the p-values for multiple
testing. Proteins were deemed differentially regulated in the log2 fold change in
protein expression was 1-fold and exhibited an adjusted p-value < 0.05. Proteins
that were significantly immunoprecipitated with PFCyRPA-HA, PfRipr-HA and
PfRh5-HA were analysed further and thisincluded PFPTRAMP, PfCSS and Apical
Membrane Protein1(AMAL). In this study we concentrated on PFPTRAMP and
PfCSS. We are testing a potential link of AMA1 with the function of the PCRCR
complex and this will be published elsewhere. An additional protein that was
significantly found in all threeimmunoprecipitation experiments was heat shock

IDC Progress (hpi)

IDC Progress (hpi)

protein 70 (PF3D7_0917900) but this was not considered further because it is
ahighly expressed chaperone protein and frequently immuno-precipitates in
experiments such as these. Proteins that immunoprecipitated significantly in
less than the three conditions were analysed with respect to subcellular location,
timing of expression and potential role in merozoite invasion and because they
did not match these criteria were not analysed further. a. Immuno-precipitated
HA-tagged CyRPA.b. Immunoprecipitated HA-tagged PfRipr. c. Immuno-
precipitated HA-tagged PfRhS. d. Immunoprecipitated HA-tagged CyRPA after
cross-linking proteins with DSP. e. Immuno-precipitated HA-tagged PfRipr after
cross-linking proteins with DSP. f. Immuno-precipitated HA-tagged PfRhS5 after
cross-linking proteins with DSP. g. Parasitemia of P. falciparum parasites with
rapamycin inducible knockdown of PFPTRAMP. h. Parasitemia of P. falciparum
parasites with rapamycin inducible knockdown of PfCSS. i. Parasitemia of P.
falciparum parasites with rapamycin inducible knockdown of PfRhS5.
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Extended Data Fig. 2| PfCSS, PfRipr, CyRPA and PfRh5 are expressed at
normal levels when PFPTRAMP expression is removed by conditional gene
knockout.3D7-PTRAMPiKO was grown without (Control) and with rapamycin
(Rapa) to mature schizonts and merozoites and supernatants prepared and
analysed by SDS-PAGE and immunoblots that were probed with mAbs, 1D9
(PfPTRAMP), 2D2 (PfCSS), 1G12 (PfRipr), 7A6 (CyRPA) and 6H2 (PfRhS5). At bottom
of each panelis structure of the relevant protein with the domain recognised

P60
p4s

by each mAb with respect to PMX protease processing. The PFPPTRAMP protein
had a HA tag towards the N-terminus (red). The grey domains correspond to

the Signal Sequence (SP). The molecular weight of the processed polypeptides
and position within each protein is shown. Supernatants were prepared from
purified schizonts placed back in culture and allowed to egress. Merozoites were
centrifuged as pellets and prepared for SDS-PAGE analysis.
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Extended Data Fig. 3| PFPTRAMP and PfCSS form a complex and the PfCSS
C30residue appears to be essential. a. Volcano plot illustrating the log,
protein ratios ofimmunoprecipitated PfCSS-HA proteins versus 3D7 control
as analysed by mass spectrometry analysis. Differential protein expression
analysis was performed using Limma which involves amoderated t-test.
Benjamini and Hochberg’s method was used to adjust the p-values for multiple
testing. Proteins were deemed differentially regulated in the log2 fold change
in protein expression was 1-fold and exhibited an adjusted p-value<0.05.N=3
biologically independent samples used. b. Scheme to construct P.falciparum
lines that express PfCSS with the amino acid Cys30 mutated to Ser30 using

CRISPR. Shown is the Cas9 cleavage site (red) near the protospacer adjacent
motif and the resulting recombination event that replaces the endogenous pfcss
gene with one mutated to encode Ser30. Both constructs included a HA-tag near
the N-terminus of the PfCSS protein. In the grey box is the expected amino acid
sequence expected after each insertion event. The HA-tagged pfcss gene that
retained expression of C30 but inserted a HA-tag was successfully obtained and
confirmed by sequencing (bottom panel). Parasites from multiple transfections
with the construct that was identical to the former but would resultin mutation
of C30 to S30 was not successfully obtained. Therefore, we conclude that the C30
amino acid and the disulfide bond with PFPTRAMP was essential.
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(a) and 2D2 monoclonal antibody to detect PfCSS (b) from 3D7 iKO PfPTRAMP
and 3D7iKO PfCSSin the absence (control) or presence of rapamycin (Rapa)
and proteins run on SDS/PAGE under non-reducing (NR) or reducing (Reduced)
conditions and animmuno-blot performed. Position of detected PTRAMP-CSS
heterodimer and PFPTRAMP and PfCSS monomers are arrowed. Cartoons below
panels show structure of PPPTRAMP and PfCSS, the position of the monoclonal
epitopes and the processing due to PMX and SUB2. SP, Signal sequence. TM,
transmembrane. c. Aspartic protease PMX processes PFTRAMP at the N-terminus.
P.falciparum parasites that express a HA-tagged PFPTRAMP were probed with
anti-HA or a specific monoclonal (1ID9) to detect processed polypeptides.
Molecular weight markers are shown in kDa on the left and predicted (p) sizes
ofthe processed proteins on the right. Cartoon of PFPPTRAMP is shown below
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the panels. Antibody symbol shows the position of the HA-tag (red) and the
domain to which the monoclonal antibody 1D9 binds. Signal sequence SP and
transmembrane TM (grey). SUB2 protease and the identified PMX cleavage site
are shown with an arrow. Below the protein are the predicted molecular weights
of each processed polypeptide. d. WM4 and WM382 inhibitors block processing
of PFPTRAMP. PMX inhibitor WM4 used at 40 nM, dual PMX and PMIX inhibitor
WM382, 2.5 nM. On the left are the predicted (p) molecular weights of each
detected polypeptide. The molecular weight markers shown on the rightin

kDa. PfPTRAMP detected using the monoclonal antibody 1D9. A cartoon of the
PfPTRAMP protein is shown below. An antibody symbol shows the position of 1D9
binding to the domain. Signal sequence SP and transmembrane TM (grey). SUB2
protease and the identified PMX cleavage site are shown with an arrow. Below the
proteinis predicted molecular weight due to WM4 and WM382 inhibition of PMX
processing. Western blot in all panels were performed at least twice.
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Extended Data Fig. 5| Gating strategy for detection of erythrocyte binding
Ca*' uptake by flow cytometry. a. Example scatter plots of the gating strategy
for the erythrocyte binding assay showing unstained erythrocytes and
erythrocytesincubated with PCRCR and detected with anti-PfRipr polyclonal
seraand Alexa-488. The erythrocyte population was gated with SSC-A and

FSC-A (top), then doublets were excluded using FSC-H and FSC-A (middle).
For determining complex binding to erythrocytes, a cutoff of >10° was used

(bottom). Gating was performed in anidentical manner for all other antibody
and antigen combinations. b. Kinetic plot of A23187 stimulation of erythrocytes
pre-loaded with Fluo-4 AM. A titration of A23187 shows the responsiveness of
the Fluo-4 AM labelled erythrocytes to the calciumionophore (top). The mean
fluorescence intensity for the Fluo-4 AM signal is plotted. Kinetic plot of PCRCR
addition to erythrocytes in comparison to 0.5 pM A23187 stimulation (bottom).
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Extended DataFig. 6 | Characterization of a-PfPTRAMP and a-PfCSS

nanobodies. a. Representative sensorgrams and 1:1 model best fit (black)

for nanobody binding to PFTRAMP, PfCSS and PTRAMP-CSS, determined by
biolayer interferometry. A 2-fold dilution series was used, starting at 2500 nM
(brown), 1250 nM (red), 625 nM (orange), 313 nM (yellow) and 156 nM (wheat)
for a-PfPTRAMP nanobodies and 250 nM (light pink), 125 nM (purple), 62.5 nM
(cyan), 31.25 nM (teal) and 15.63 nM (pink) for a-PfCSS nanobodies. Epitope

binning of a-PfPTRAMP nanobodies against b. PTRAMP-CSS and a-PfCSS

nanobodies against c. PfCSS or d. PTRAMP-CSS. Primary nanobodies tested

arelisted in the left column, while secondary competing nanobodies are listed
at the top. Dataindicate the percent of competing nanobody or PfRipr binding
compared to the maximum competing nanobody response. Boxes are coloured
onasliding scale, with red representing competition and blue representing
non-competition. Nanobodies are coloured according to their epitope bins asin
Fig. 5a.
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Extended Data Fig.10 | See next page for caption.
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Extended Data Fig.10 | Nanobody recognition of PfCSS and sequence
conservation of PfCSS and PFPTRAMP. a. D2 contacts an N-linked glycan

on Asn88 of recombinant PfCSS. Interacting residues are shown as sticks. b.
Representative sensorgram and 1:1 model best fit (black) for D2 binding to
non-glycosylated PTRAMP-CSS determined by biolayer interferometry. A 2-fold
dilution series was used, starting at 500 nM (light pink), 250 nM (lilac), 125 nM

(purple), 62.5 nM (cyan). c. Superposition of the D1 domains from the D2-PfCSS
and H2-PfCSS structures showing the B-strand is replaced by the H2 CDR3. d.
Weblogo representation of PfCSS sequence diversity from 212 sequences from
the PlasmoDB™. D2 and H2 interacting residues are denoted with teal and pink
circles, respectively. e. Weblogo representation of PFPTRAMP sequence diversity
from 214 sequences from the PlasmoDB.
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Software and code

Policy information about availability of computer code

Data collection For Lattice Light Sheet imaging data was deskewed and deconvolved using LLSpy, a Python interface.
Deconvolution was performed using a Richardson-Lucy algorithm using the PSFs generated for each excitation wavelength. Compass Hystar
5.1.

Data analysis Imagel version 2.3.0/1.53n. MaxQuant (version 1.5.8.3 or 1.6.17). IMARIS (Version 9.7.2, Bitplane). Octet Data Analysis software 11.0

(Sartorius). FlowJoTM v10.7. R (version 4.1.2). GraphPad Prism v 9.3.1. R-package limma (v. 3.50.1). ggplot2 (v. 3.3.5). Crystallographic data
were processed and merged using XDS(VERSION Nov 1, 2016, VERSION Jan 26, 2018) and Aimless (0.7.4). Structures were determined by
molecular replacement using Phaser (2.8.3). The H2-PfCSS crystal structure was partially built using AutoBuild. Refinement of the structures
was carried out using Phenix (1.19.2) and iterations of refinement using Coot (0.8.9.2).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The crystal structures reported in this manuscript have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID codes 7UNY, 7UNZ). The mass spectrometry




proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 59 partner repository with the dataset identifier PXD (reviewer token:
Username: reviewer@ebi.ac.uk Password: ). P. falciparum sequences were derived from PlasmoDB (https://plasmodb.org/plasmo/app). The datasets generated
during and/or analysed during the current study are available from the corresponding author on reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Instead, sample sizes were chosen according to best practices in the field and
previous studies (Wong et al. Nature 2019, Geoghegan et al. Nat Comms 2021, Ragotte et al. Nat Comms 2022).

Data exclusions No data were excluded.

Replication Monitoring of P. falciparum parasitemia of the inducible knockdowns was performed in duplicate in two independent experiments. The
number of invasion events recorded by lattice light sheet microscopy is detailed in Supplementary Table 1. BLI kinetic experiments were
performed at least twice. Erythrocyte binding assays were performed in triplicate on separate days. All growth inhibition assays were
performed in three independent experiments, with data points representing the mean from one experiment, performed in triplicate, except
in Extended Data Fig 7a, which was performed once in triplicate. All attempts at replication were successful.

Randomization Randomization was not relevant to this study as no subjective judgements were required about which data to include, exclude or measure.

Blinding The investigators were not blinded to the group allocation during the experiment and/or when assessing the outcome.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies E] D ChlP-seq
Eukaryotic cell lines D E] Flow cytometry
Palaeontology and archaeology E] D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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O = =

Dual use research of concern

Antibodies

Antibodies used Antibodies and monoclonal antibodies were raised in rabbits and mice and all procedures approved by the Walter and Eliza Hall
Institute of Medical Research Animal Ethics Committee. Immunization and handling of the alpaca for scientific purposes was
approved by Agriculture Victoria, Wildlife and Small Institutions Animal Ethics Committee, project approval No. 26-17.
In this study, we used the following antibodies: rat mAb, anti-HA (Roche 3F10, Cat.: 11867423001, Lot: 47877600); mouse mAbs, 1D9
and 3D8 anti-PfPTRAMP (this study), rat mAb 2D2 anti-PfCSS (this study), mouse mAbs 5B12, 7A6 and 8B9 anti-CyRPA (Chen et al,
Elife 2017), 5A9 and 6H2 PfRh5 (Chen et al, Plos Path 2011), mouse mAb 1G12 anti-Ripr (Healer et al, Cell Microbiol 2019), rabbit
anti-RON4 polyclonal (Richard et al, JBC, 2010); rat pAb KM81 anti-PfCSS (this study); rabbit pAb R1541 anti-Ripr (Healer et al, Cell
Microbiol 2019).

The mAbs 1D9 and 3D8 that bound to PfPTRAMP were raised in mice at the WEHI Antibody Facility, by immunising with recombinant
PfPTRAMP expressed and purified from insect cells. Briefly, PFPTRAMP (N25-K309) between the end of the signal sequence and the
start of the transmembrane domain was recodoned for insect cell expression (Genscript) and cloned into an insect cell expression
vector bearing an N-terminal gp67 signal peptide, a SUMO tag, a FLAG tag and a tobacco etch virus (TEV) protease cleavage site.

The 2D2 mAb and pAb KM81 that bound to PfCSS were made in rats, at the WEHI Antibody Facility, by immunising with PfCSS
recombinant protein expressed and purified from insect cells. PfCSS (Q21-K290) after the end of the signal sequence was recodoned
for insect cell expression (Genscript) and cloned into an expression vector bearing an N-terminal gp67 signal peptide and a C-terminal
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Validation

fusion tag comprising a TEV site and a FLAG tag.

The following secondary antibodies labelled with Alexa 488/594 fluorophores (Life Technologies) and HRP antibodies were used:
chicken anti-mouse 594 (Cat.: A21201, Lot: 42099A), donkey anti-rat 488 (Cat.: A21208, Lot: 2310102), chicken anti-rabbit 594 (Cat.:
A21442, Lot: 2110863), goat anti-mouse 488 (Cat.: A11001), goat anti-rabbit (Cat.: A11008), Peroxidase Affinity Pure Goat Anti-
Human 1gG (H+L) (Cat No. 109-035-088, Jackson Immuno Research).

Rat mADb, anti-HA (Roche 3F10, Cat.: 11867423001) validated by the supplier by western blot.

Chicken anti-mouse 594 (Cat.: A21201, Lot: 42099A) validated by the supplier by IFA.

Donkey anti-rat 488 (Cat.: A21208, Lot: 2310102) validated by the supplier by IFA.

Chicken anti-rabbit 594 (Cat.: A21442, Lot: 2110863) validated by the supplier by IFA.

Goat anti-mouse 488 (Cat.: A11001) validated by the supplier by IFA and Flow cytometry.

Goat anti-rabbit 488 (Cat.: A11008) validated by the supplier by IFA and Flow cytometry.

Peroxidase Affinity Pure Goat Anti-Human IgG (H+L) (Cat No. 109-035-088) validated by the supplier by western blot and ELISA.

anti-PfPTRAMP mAb 1D9 was validated by western blot in Figure 4a and Extended Data Figures 2 and 4. anti-PfPTRAMP mAb 3D8 was
validated by IFA in Figure 3 and flow cytometry in Figure 4g.

anti-PfCSS mAb 2D2 was validated by western blot in Extended Data Figures 2 and 4. Rat pAb KM81 anti-PfCSS was validated by flow
cytometry in Figure 4g.

Anti-CyRPA mAb 5B12 was validated in Chen et al, Elife 2017 by GIA and in this paper by flow cytometry. Anti-CyRPA mAb 8B9 from
Chen et al, Elife 2017 was validated in this paper by IFA. Anti-CyRPA mAb 7A6 was validated in Chen et al, Elife 2017 and this paper by
western blot.

Anti-Rh5 mAb 5A9 was validated in Chen et al, Plos Path 2011 by western blot and in this paper by flow cytometry in Figure 4g. Anti-
Rh5 mAb 6H2 was validated in Chen et al, Plos Path 2011 and this paper by western blot (Extended Data Figure 2).

Anti-Ripr mAb 1G12 was validated in Healer et al, Cell Microbiol 2019 by western blot, SPR and GIA and in this paper by western blot
in Extended Data Figure 2 and GIA in Figure 5b. Anti-Ripr polyclonal Ab R1541 was validated in Healer et al, Cell Microbiol 2019 by
western blot and in this paper by flow cytometry in Figure 4g.

Anti-RON4 polyclonal Ab was validated in Richard et al, JBC 2010 by western blot and IFA and in this paper by IFA in Figure 3.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

3D7 and CS2 P. falciparum lines

Sf21 cells (ThermoFisher Scientific)

Expi293F™ cells (Thermofisher Scientific)

O+ erythrocyte (Australian red-cross bloodbank, South Melbourne, Australia)

The P. falciparum lines are periodically sequenced for other projects. This serves as an authentication that they are the
expected versions of the P. falciparum lines. Sf21 and Expi293F™ cell lines were purchased or obtained with the certificate of

analysis.

All cells lines are tested periodically for Mycoplasma infection and were negative.

Commonly misidentified lines  n/A

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Two female Balb/C mice received their first immunisation at 8-9 weeks of age. Two female Wistar rats received their first
immunisation at 8 weeks of age. Animals were housed in open top cages with irritated feed, autoclaved bedding, were checked daily,
dark/light cycle 12 hrs - 7pm-7am dark - 7am-7pm light, temperature set to 21C, ranging from 18-24C, humidity approximately 40%
but uncontrolled.

Two female alpacas were immunized with recombinant PfPTRAMP and PfCSS for the generation of nanobodies.

No wild animals were used in this study.

No field-collected samples were used in this study.

Antibodies and monoclonal antibodies were raised in rats and mice and all procedures approved by the Walter and Eliza Hall Institute

of Medical Research Animal Ethics Committee. Immunization and handling of the alpaca for scientific purposes was approved by
Agriculture Victoria, Wildlife and Small Institutions Animal Ethics Committee, project approval No. 26-17.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Erythrocyte binding assays were performed as described with some minor changes 30. Briefly, O+ erythrocytes were made
up to a final density of ~1 x 107 cells/mLin 1X PBS + 1% (w/v) BSA (PBS/BSA). All incubations were in 100 pL volume and
washes in PBS/BSA at room temperature unless otherwise stated. Recombinant proteins were used at 400 nM final
concentration. Complexes were made at equimolar ratios of 400 nM and incubated at room temperature for 1 hr for
complex formation. Each sample was prepared using 100 pL of resuspended erythrocytes which were centrifuged at 2,000x g
for 1 min, supernatant removed, and the pre-incubated protein complexes or PBS/BSA added. After a 1 hrincubation on a
roller, cells were centrifuged at 2,000x g and washed once before a primary antibody was added. All antibodies were used at
a final concentration of 0.2 mg/mL. After incubation for 1 hr, cells were washed once, and an Alexa-Flour 488 (Life
Technologies) conjugated secondary (anti-mouse, anti-rabbit, or anti-rat) added at 1:100 dilution. Cells were washed twice in
PBS and resuspended in 600 L followed by analysis with a LSRII flow cytometer (BD Life Sciences). Fifty-thousand events
were recorded, and results analysed using FlowJoTM v10.7 Software (BD Life Sciences). For quantitation, the background
signal of erythrocytes incubated with only primary and secondary antibodies was subtracted from the signal of erythrocytes
incubated with recombinant protein and relevant primary and secondary antibodies, divided by the total number of events
and then multiplied by 100 to achieve a percentage binding value. Statistical analysis was performed in Prism 9 (GraphPad)
using an ordinary one-way ANOVA with multiple comparisons.

Analysis of Ca2+ flux across the erythrocyte membrane was performed as described previously 30. PCRCR was prepared at 8
UM and diluted into the erythrocytes to 4 uM to test stimulation of Ca2+ flux. An LSRII flow cytometer (BD Life Sciences) was

used for analysing samples and the results analysed in FlowJoTM v10.7 Software (BD Life Sciences) using the kinetics package.

LSRII flow cytometer (BD Life Sciences).

FlowJoTM v10.7 Software (BD Life Sciences) using the kinetics package.

N/A

The erythrocyte population was gated with SSC-A and FSC-A, then doublets were excluded using FSC-H and FSC-A. For

determining complex binding to erythrocytes, a cutoff of >1,000 was used. Gating was performed in an identical manner for
all other antibody and antigen combinations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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