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Abstract

To prevent malaria deathly infections, the Plasmodium circumsporozoite major
protein (CSP) have been targeted world-wide to develop most recent vaccines
inducing anti-CSP antibodies. In contrast, drug-like anti-CSP to complement
that anti-CSP tool-box, remain underdeveloped. Despite the tridimensional
coat of disordered-repeats, computational predictions mimicking natural co-
evolution tailored evolved ligands to adapt to most ordered CSP cavities. Tens
of thousands of parent-generated raw-candidates selected hundreds of fitted-
children conformers predicting low nanoMolar affinities, low toxicities, and
cross-docking N-terminal signal peptide with C-terminal a-helices or docking
C-terminal cavities. These repeat-independent drug-like predictions, could
provide some proof-of-concept examples for basic in vitro experimentation.
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What considerations were made?

Mimickig accelerated natural evolution has been applied to generate
small molecules computationally fitting protein cavities. Unlike screening huge
molecular banks™ * or predicting docking by protein sequence >, co-evolutionary
docking algorithms deeply penetrate into the vast drug-like chemical space® ”.

Non-toxic nanoMolar affinities drug-like candidates?, have been
predicted into different protein / ligand pair cavities. To briefly mention, new
antibiotics fitting FtsZ of resistant Staphilococcus®, alternative Abaucin-derivatives
against Acinetobacter lipoprotein™®, anticoagulant non-human brodifacoum-derived
raticide Iigands“, anti-monkeypox conformers to Tecovirimat-resistance
mutants™, anti-glycoprotein trimer inner-cavity of omicron coronavirus™, anti-
inflammatory coronavirus-coded protein™*, new docking to prokaryotic models for
human potassium channels'®, or anti-fish thabdovirus cross-docking their
glycoprotein trimers™.

Java-based DataWarrior Build Evolutionary Library (DWBEL)?5 fast
algorithms have been employed here to target the most abundant and highly
disordered_circumsporozoite protein (CSP) of Plasmodium falciparum.

P. falciparum protozoan species causing malaria, are transmitted by
Anopheless mosquitos and related species. Infections start after intradermal
inoculation of 10-100 gliding elongated unicellular circumsporozoites'”.
Circumsporozoites traverse surrounding cells to reach mammalian blood vessels
to circulate to mammalian organs. Some migratory circumsporozoites reach the
liver, bind to the hepatocyte surfaces and intracellularly invade them. Inside the
hepatocyte, the elongated circumsporozoites become rounded and divide to
produce thousands of parasites (merozoites)*®. Merozoites scape hepatocytes to
penetrate blood erythrocytes™ where they further replicate reaching clinical
infection manifestations®. Malaria affects millions of people in tropical regions
causing deathly diseases, specially in human infants.

The surface of Circumsporozoites is densely coated by one protein
(CSP) of 397 amino acids, accounting for 5-15 % of Plasmodium sp proteins. In
the P.falciparum reference 3D7 isolate, the CSP contains an N-terminal domain
that starts by the signal peptide (SP) removed shortly after synthesis*®, followed by
the disordered repeat (~ 45 % of the total sequence), and the C-terminal domain
(Table S2). The N-terminal domain codes for a protease cleavage motif (RI).
Flanked by the N- and C-terminal domains, 3D disordered repeats form dynamical
~ shield-like coatings, repeating 4 amino acids of varying total length among
Plasmodium sp and isolates. In P.falciparum, the repeat domain extends from
residues 129-273°, starting with a “junctional region” ("'NPDP + 3x
105NANPNVDP repeats) and followed by 35x NANP repeats with one 197NVDP
insertion **. The C-terminal domain codes for a glycosyl-phosphatidylinositol (GPI)
membrane anchor, followed by a conserved cell adhesive thrombospondin repeat
(TSR) and ended by an hydrophobic a-helix.

Numerous studies using specific anti-CSP domain antibodies,
monoclonal antibodies (mAbs), multiple mutations and/or inhibitors of protease
cleavage, suggested that to trigger hepatocyte invasion, both N- and C-terminal

domains bind to surface heparan sulfate proteoglycans (HSPG) %> 2. CSP highly
conserved hydrophobic cavities with unknown functions on the conserved
crystallographic C-terminal domain > may be implicated in HSPG-binding but that
has yet to be proven. Flanked by those hydrophobic cavities, TSR residues 3R
and 7L remain masked to Abs during circumsporozoite migration maintaining a
non-adhesive conformation. N-terminal binding to HSPG induces proteolytic Rl
cleavage, unmasks TSR to an adhesive conformation and triggers hepatocyte
invasion®* . Homologous TSR-like motifs are known in ~ 200 proteins from several
species (~ 40 human), but the TSR of P.falciparum has different amino acids and
unique disulphide patterns®.

Only immunodominant anti-N-terminal and/or anti-repeat Abs were
protective in mice models, in contrast to anti-N-terminal or anti-SP Abs®®.
Comparison of ~ 200 mAbs induced by circumsporozoite immunization suggested
that only those with anti-repeat affinities at low nanoMolar ranges would inhibit
malaria infections?™ 2*° . Among those mAbs, the mAb850 (targeting N-terminal
junctional and repeats) induced spiral repeat conformations (conditional-folding?).
The picoMolar affinities of mAb850*® *° inhibited P.falciparum in vitro and infection
in mice, suggesting new epitopes for vaccine improvements. Anti-TSR Abs are
very rare, most probably due to their masking before proteolytic Rl cleavage®. The
C-terminal shield-like protection and the absence of SP on the surface of
circumsporozoites could further explain their low immunogenicity.

During recent years several anti-Plasmodium vaccines have been
proposed to combat malaria (i.e, RTS,S and R21)*" 32 . After numerous
investigations® a successful CSP-based subunit vaccine (RTS,S) inducing < 40%
protection, was developed a few years ago. The RTS,S vaccine included 19 NANP
repeats and the C-terminal region III-TSR fused to an hepatitis antigen to increase
its immunogenicigy. Most recently, a modified R21 vaccine has improved protection
levels to < 80% >*%. RTS,S and R21 are now the only malaria vaccines
recommended by the World Health Organization (WHO) for prevention of P.
falciparum malaria in children®”.

Complementing vaccine-induce and/or therapeutic anti-CSP
Abs™®, pre-erythrocytic circumsporozoite CSP could be targeted also by small
drug-like molecules by traditional screening or by computational means. Difficulties
are high for computational explorations of those possibilities, because of the CSP
highly disorder 3D structure (only the C-terminal domain has been crystallized) and
no binding-drugs or docking cavities have been proposed. A preliminary
exploration of some CSP possible docking cavities and some of their
corresponding initial week ligand candidates, have been performed here. By
mimicking natural evolution, computational predictions tailored the initial ligands to
CSP cavities to improve their affinities. Dozens of drug-like ligand conformers
targeting either the N-terminal SP and C-terminal a-helices or the C-terminal
cavities, independently of the repeat domain, could be predicted with nanoMolar
affinity ranges and low toxicities. Despite those predictions being highly
hypothetical, drug-like high-affinity small molecules targeting the most conserved
sequences of CSP could add new tools to circumsporozoite basic research.
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What were the results?

What are the properties of actual CSP models?

To search for drug-like ligand conformers CSP 3D models are
required. However, only the conserved C-terminal amino acid 310-375 residues
(aTSR) have been solved by crystallography®*. The aTSR included one short a-
helix (residues 312-324),an adhesive TSR (331-347), and a membrane
anchor GPI motif (375). Full-length CSP alphafold predictions added an ending
o-helix (376-395) and repeats predicting ~20-40 A differences by a-carbon
alignements and structures with low probabilities (local distance difference tests,
LDDT). Since full-length CSP models are not reliable, one out of 10 alphafold
model was selected with a minimal similarity between two predictions. To best
understand the disordered sequences, the full-length model downsized by
computationally removing any disordered sequences, generated a minimum
variability of ~ 1 A when compared with the downsized UniprotkB model (AF-
P19597-F1). Therefore, the most conserved 3D CSP among different models only
included the crystallographic solved residues ended by a larger a-helix
(Table S2, and Figure 1A, gray cartoons).
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Could star-like conformers predict CSP docking cavities?

Since no previous docking conformers have been described for CSP,
an small library of 3-fold star-like ligands (L) of different sizes was designed for
preliminary ADV docking, because they may best predict intramolecular cross-
interactions™. Grids surrounding the whole molecules (ADV blind-docking) were
employed because neither binding-pockets, nor docking-cavities (C), had been
described at CSP. The only possible candidates but without any known function,
were the hydrophobic pockets crystallographically located at CSP residues 310-
375 (aTSR) **. Therefore, grids centered on the PyMol centerofmass and of
90x90x90 A size were used to explore full-length CSP (including repeats).

Results targeting CSP with star-like ligands predicted seven docking-
cavities defined by their best ligand conformers 20L, 21L, 23L, 24L, 25L, 28L, and
30L. Conformers 21L, 23L, 24L, 28L and 30L, cross-docked N- with C-terminal
domains, while 20L and 25L only targeted C-terminal domains (Figure 1AB).
There were no star-like conformers predicting docking-cavities within the repeats.
As expected, the highest affinities to CSP of the 3-fold star-like conformers were
only at low ~ uM ranges, however they helped to define starting parents and
targeted cavities for co-evolution.

How higher-affinity conformers were generated?

DWBEL co-evolutions were employed to randomly generate new
conformers and select those best-fitted to cavities. Each DWBEL co-evolution
require two different inputs: i) a 2D parent such as one star-like ligand (L), to
randomly derivate raw-children, and ii) one 3D cavity (C) on CSP, to evaluate
fitting and affinities of each raw-children conformer (fitted-children). Additional
preference criteria were adjusted to generate tens of thousands of raw-children to
select a few thousands of non-toxic cavity-fitted-children 3D conformers (Figure 2).
DWBEL fitted-children conformers were finally ADV re-docked to generate
additional 3D conformers, explore wider cavities by blind-docking and rank their
affinites for a first comparison of the results.

The results predicted that the highest ~ 3 -4 nM (n=2) affinities were
those from top-children conformers derived from 24L (Figure 2, red circles, and
black-edged red circles). Lower ~10-50 nM affinities were predicted for 28L and
23L (Figure 2, red squares and triangles). Still lower ~ 100 nM affinities were
predicted for 25L and 30L (Figure 2, cyan circles and orange circles) and ~
1000 nM for 20L and 21L (Figure 2, cyan squares and orange squares). The
24C, 28C and 23C were the dominant targeted CSP cavities, apparently
corresponding to either cross-docked N- with C-terminal domain (24C), or C-
terminal domains (28C, 23C). Confirmation of those targeting cavities were then
performed.
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Figure 2
ADV-affinities of DWBEL-children conformers targeting CSP cavities

Pairs of ligands / cavities described in Fig1AB were employed for DWBEL co-evolutions. Criteria were designed to
generate thousands of non-toxic children fitting CSP cavities. The ADV conformers were then ranked in ~nM affinities
after blind-docking to CSP.

Cyan squares, 20L targeting CSP-20C (Fig1AB).Orange squares, 21L targeting CSP- 21C (Fig 1AB). Cyan
squares, 25L targeting CSP-25C (Fig1AB).Orange circles , 30L targeting CSP-30C (Fig1AB). Red triangles, 23L
targeting CSP-23C (Fig1AB). Red squares, 28L targeting CSP-28C (Fig1AB). Red circles, 1301 children 24L-
derivatives targeting CSP-24C (Fig1AB). Black-edged red circles, 6970 children 24L-derivatives targeting CSP-
24C (Fig1AB).

Do the ADV conformers targeted their initial DWBEL-cavities?

The top-children conformers (n=100) targeting the 24C predicted 100
% targeting to their initial DWBEL 24C. In contrast, 99 or 65 % from 28L- or 23L-
derived top-children conformers, respectively, also targeted 24C instead of
targeting their corresponding 28C or 23C (not shown), suggesting that 24C is the
dominant cavity for full length CSP docking. Most probably the displacement of
targeted cavities was most probably due to the random conformer generation,
selection of only the best conformer per children and the wider ADV target space
(blind-docking). In many cases, the displaced cavities were targeted with lower
affinities than their corresponding top-children (not shown).

All the ADV targeting 24C predicted cross-docking of the two CSP
longest a-helices, ~ N-terminal (SP) and ~ C-terminal. There were no other ligand
conformers predicting similar cross-docking of SP and C-terminal a-helices, except
30L. However, the 30L-derived children conformers predicted ~100-fold lower
affinities than 24L (Figure 2, orange circles and red circles).

To further explore the docking possibilities of 24C, DWBEL preference
criteria were adjusted to generate larger numbers of 24L-derived fitted-children.
Results showed that co-evolutions generating 1301 (2 runs) and 6970 (6 runs)
fitted-children, predicted similar affinity rank profiles (Figure 2, red circles and
black-edged red circles, respectively) and similar maximal affinites at the low
nanoMolar ranges (Supplementary Materials / 1301CSP.dwar and
6970CSP.dwar).

Most of the top-children conformers were molecules centered around
a benzene ring displaying ~ 3-fold star-like structures, with different atom small
variations. In the 1301 co-evolution, most top-children conformers predicted 7 ring
scaffolds while 4-6 ring scaffolds were minor (Figure 3A). In contrast, in the 6970
co-evolution, most top-children conformers predicted 5 ring scaffolds and 6 rings
were minor (Figure 3B). Despite their different number of ring scaffolds, top-
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children similarly cross-docked N- (SP) and C-terminal a-helices (Figure 3CD).
These results were confirmed by identification of the predicted interactions with
nearby CSP amino acids (Table S3).

These results may suggest that cross-docking N-(SP) and C-terminal
o-helices with low nanoMolar affinities, could be enough to interfere with CSP
during protein synthesis. Despite most protective human Abs targeting repeats,
some examples with protective activity targeting both N-terminal and repeat
sequences have been also described >°, However, since the cross-docking
between N-(SP) and C-terminal a-helices may be CSP model-dependent and/or
require SP to be present on CSP, further studies were performed.
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Figure 3
24L-derived 2D top-children (A,B) and their 24C-docked 3D conformers (C,D)

A) 233 ADV top-children scaffolds selected from 1301 children (n=2) and including children with 4-6 rings
(Figure 3A, red circles)
B) 84 ADV top-children scaffolds selected from 6970 children (Figure 3A, black edged red circles).
A,B, legends, DWBEL generation order (ID), ADV order (NN) and ADV affinity in ~nM drawn in MolSoft.

Red spheres, Oxygens. Blue spheres, Nitrogens. Light green spheres/sticks, Carbons and bonds

Yellow rings, central hexagonal rings (cyclohexane or benzenes) of top-children conformers
C,D, 19 or 84 top-children conformers ADV blind-docked to CSP

Yellow a-helix, 1-25 CSP SP (left a-helix) Gray a-helix, 376-396 (right a-helix)

Green spheres, residue 375 GPl-anchor motif.

Multicolor sticks, 24L-derived top-children docked to CSP-24C. 3D docked complexes of top-children
conformers were supplied (Supporting Materials / 19topCSP.pse, 84topCSP.pse).

Is the cross-docking of a-helices CSP model-dependent?

Although the main 3D differences among CSP models were mostly
due to their disordered repeats, there were also some differences between the two
N- and C-terminal a-helices. Therefore, to explore for possible model-dependence
of the dockings targeting 24C, several full-length-alphafold models, were ADV
blind-docked to 24L-derived CSP top-children conformers selected among those
predicting < 20 nM affinities. Results showed ~ 10-50-fold ranked affinities among
different CSP models (Figure 4AB). The CSPO initial model predicted the highest
affinities, because it was employed to DWBEL generate the 24L-derived top-
children.

It could be concluded that the disordered repeats and/or the relative
position variations of N- and C-terminal a-helices, interfered with 24C docking-
affinities. The CSP disordered repeats may have unknown functions with stretches
without any folding (intrinsically disordered) or with conditional folding **.
Intrinsically disordered domains may be highly dynamic changing their
conformations to favour antibody escape to protect the C-terminal CSP functions*?
“3 Docking recognition of intrinsically disordered repeats may be challenging, as
shown for some viral nucleoproteins (i.e, 51 % intrinsically disordered nucleocapsid
of SARS-CoV-2)**® . On the other hand, some of the CSP disordered repeats
may be conditional, getting some fold after additional protein interactions such as
those spiral repeat conformations induced by mAb850 binding*® *°. Alphafold
cannot yet predict such flexibilities*” since their predicted models are only accurate
at the crystalized aTSR domains®*. In contrast to intrinsically disordered or
conditional folding repeats (difficult to target by docking because possible multiple,
transient and/or non-specific interactions), the well known CSP folded motifs may
be more reliable to target for docking (i.e., hydrophobic cavities described by
crystallographic analysis®*).
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Top-children conformer ADV-affinities were CSP model-dependent

ADV affinity ranks of 24L-derived top-children predicting < 20 nM affinities targeting alphafold CSP models.
A) 233 top-children conformers from 1301 children (from Figure 3B, red circles)

B) 84 top-children conformers from 6970 children (from Figure 3B black-edged red circles)

Circles and triangles of different colors, alphafold-predicted models

Red circles, CSPO initial model .Blue stars, UniProtKB proposed model

Did SP removal alter CSP docking?

One of the concems about targeting 24C was due to the temporary
SP. SPs are ~ 20 mer peptides located at the N-terminal nascent chains of
proteins to be secreted. Since SPs are co-translationally removed after the
proteins are translocated to the membranes of the endoplasmic reticulum, the SP
moiety of 24C should be absent on the surface of migratory circumsporozoites™ .
Perhaps the 24C could be shortly targeted during its intracellular biosynthesis,
whether inside hepatocyte and/or erythrocyte cells. Examples of co-translational
translocation inhibitors targeting SPs specifically are beginning to appear as new
drug targets48, therefore, it may be possible that some top-children conformers
targeting 24C could inhibit CSP during its biosynthesis.

The possible effect of SP removal on the 24C affinites were also
explored, since it could be possible that removal of SP do not change the 24C
conformer affinities. For that, residues 1-27 (SP) were computationally deleted
from CSP (CSP-SP) and the resulting affinities compared to CSP (CSP+SP). The
results predicted ~ 15-fold reduction of rank profiles for CSP-SP (n=2) (compare
red open small + large circles and red solid small + large circles at Figure 5).

To maximize the probabilities to find any top-children with higher
affinities to CSP-SP, larger numbers of fitted-children (~10000, 16 runs) were
generated from the 1268NN top-child (~ 3 nM affinity). The results predicted higher
affinities but still ~ 3-4-fold lower than those from CSP+SP (compare red partially-
open circles and red solid small + large circles at Figure 5). Most important
was the observation that the SP removal, displaced all the 1268NN-derived
children conformers from their initial targeted 24C (Figure 5, right-bottom
cartoons) to ~ 23C / 28C (Figure 5, right-up cartoons). Therefore, none of the
top-children conformers initially targeting 24C (n=100) survived docking to 24C
after SP removal. Any N- and C-terminal cross-docking was eliminated in CSP-SP.
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Figure 5

SP removal reduced ADV-docking affinity ranks (left) and displaced targeted cavities (right)
ADV affinity ranks were from CSP-SP (n=2) and CSP+SP (n=2) children.
Red open small + large circles, 1301 children derived from 24L targeting CSP-SP (n=2)
Red half-open circles, 9496 children derived from top-child 1268NN (~3 nM) targeting CSP-SP.
Red solid small + large circles, 1301 children derived from 24L targeting CSP+SP (n=2).
Right-up cartoons, 24L top-children ADV docked to 24C CSP-SP (C-terminal docking).
Right-down cartoons, 24L top-children ADV docked to 24C CSP+SP (cross docking N- and C-terminal)
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Figure 6
SP removal reduced most ADV-docking affinities and displaced their targeted cavities, except for one
top-children conformer (157NN)
CSP-SP (n=2) and CSP+SP children derived by DW-BEL from 24L (data from Figure 6).
Red open circles, 1301 children derived from 24L targeting CSP-SP1
Blue circles, 1301 children derived from 24L targeting CSP-SP2 (duplicate)
157NN, 3-ring top-child conformer corresponding to DWBEL1354-ID

Could nanoMolar affinities be tailored to CSPmin cavities?

Top-children conformers targeting CSP independently of both SP and
repeat shields would be most desirable drug-like predictions. Among the top-
children maintaining high affinities in the absence and presence of SP (Figure 6)
there was a unique 3-ring conformer. The 157NN was unique because it predicted
3 identical conformers + SP (Figure 6, 157NN), targeting the same C-terminal
conserved cavities (CSPmin) with maximal ~ 76 nM affinities (n=3). No other
similar 3-ring children were detected on any of the previous co-evolutions, even
those generating 9496 fitted-children. The 175 NN conformer targeted amino acid
residues located at the conserved crystallographic C-terminal pockets®* (Figure
TA, red sticks and blue sticks and Figure 7B).

The 157NN top-child could be an exceptional 3-ring conformer
targeting CSP independently of SP and of the repeat shields of the C-terminal
domains. Downsizing the CSP to the 309-374 residue limits targeted by 157NN
(CSPmin), efforts to tailor 157NN-derivatives were attempted to explore the
possible increase of their affinities. Those alternatives included, increasing the
number of 24C fitted-children (n=4028) , limiting to 3-ring the DWBEL generating
criteria, expanding to < 700 g/ml alternative molecular weights, and using
alternative artificially-derived parents. However, despite increasing the number of
157NN-derivatives, only a few new conformers predicted similar affinities (~ 76 nM)
with similar amino acid contacts (Table S4, 157NN-derived 384NN conformer).
However, additional DWBEL iterations targeting CSPmin to sequentially tailor
157NN and 384NN-derivatives, predicted a set of new top-children could with
affinities of ~ 27 nM (Supplementary Materials / 1770CSPmin.dwar and
18CSPmin.pse). The new-derivatives increased to 7 the rings per conformer
(Figure 7C), and induced additional amino acid contacts including new Hydrogen
bonds (Table S4).). Additional iterative "tailoring" could be performed to explore
higher affinities to CSPmin cavities, but that was beyond this scope.

Conclusions:

Computational generations of drug-like non-toxic nanoMolar affinity 3-
fold star-shaped conformers targeting hypothetic cavities have been explored by
co-evolutionary docking to P.falciparum CSP alphafold models. Most probably due
to its disordered repeat conformations, drug-like docking compounds had been
rarely proposed to target CSP before. Many of the newly predicted top-conformers
cross-docked N-(PS-dependent) and C-terminal domains or only the C-terminal
domain. While contrast to the immunodominant protective anti-repeat CSP
antibodies, these drug-like candidates may constitute proof-of-concept examples
for in vitro basic research, to apply to more elaborated CSP models (i.e,
alphafold3), or to interfere with circumsporozoite hepatocyte invasion. Among their
most important limitations, these candidates suffer from: a) CSP model-
dependence, b) limited numbers of parent molecules, ¢) possible induction of
resistant mutations, and d) rigid amino acid side-chain cavities. Although some of
these limitations may generate practical issues, the hundreds of conformers
generated may favor the possibilities for alternative solutions. Further penetration
efforts into the enormous chemical space would be required to continue possible
anti-CSP drug-like explorations3' 3.
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How 157NN-derivatives were tailored to low affinities?
CSP-SP and CSP+SP co-evolutions identified the same 24L-derived child conformer 157NN. The 175
NN targeted CSPmin 309-374 residues including the crystallographic pockets % (cavity-1: 311P, 316] 319y,
323, 342], 34V/, 368), and cavity-2: 3201, 3271, 358L, 360Y, 364),
AB) Grey cartoons, CSPmin 309-374. Yellow helix, 313-322 a-helices. Green cartoons, 331-347 TSR.
A) Hydrophobic cavities: 1 (red sticks) and 2 (blue sticks).
B) 157NN docked to CSPmin: Red sticks, 157NN- DWBEL1354-ID
C) Tailored top-children scaffolds, 157NN and 384NN-derived
Yellow benzenes, central ring of ~3-fold star-like conformers
Red spheres, Oxygens. Blue spheres, Nitrogens. Light green spheres/sticks, Carbons and bonds..

How the computational methods have been
applied?

How 3D models of Plasmodium falciparum CSP were selected?
The 397 amino acid full-length circumsporozoite protein (CSP) sequence P19597 CSP_PLAFO (UniprotKB)
P.falciparum (isolate NF54) was alphafold modeled*s (https://golgi.sandbox.google.com/) .The most
representative of 10 predicted alphafold models (CSP) was selected for docking (Table S$1, Figure 2A). The
disordered repeats expanding to ~ 45% of full-length CSP were different among alphafold-predicted models
including the one proposed at UniprotkB (AF-P19597-F1). The disordered repeats accounted for a-carbon
3D alignment differences among models of ~20-40 A. Deletion of disordered repeats and other
sequences, reduced to ~ 1.05 A the alignements differences with the corresponding downsized model
proposed by UniprotkB. The downsized CSP expanded 95 C-terminal residues from 301-396 (Table
§2), including the crystallized aTSR construct (310-374, 3VDJ.pdb)>* . During this research, further
downsizing to minimal CSP (CSPmin) was performed by following the stretch of only 65 residues
(309-374) targeted by the 157NN conformer, independent of both SP and disordered repeats.

How the parent ligands and cavities were predicted on CSP?
To apply co-evolution algorithms, two inputs were required, i) one parent 2D molecule (to generate raw-
children) and ii) a cavity protein (to select best-fitting children). Since there were no previous ligands, nor
target cavities described for P.falciparum CSP, a previously designed home-library of 3-fold star-like small 2D
molecules, with different central atoms, rings and arms between 1-6 carbons was used for ADV blind-docking®
(Supplementary Materials / StarLikeLigands.sdf). Parent ligands (L) and their cavities (C) were defined on
the CSP model to start DWBEL co-evolutions.

How the co-evolution conformers were generated?
Thousands of unique children candidates were randomly generated from the previously identified parent
ligands by using DataWarrior-Build Evolutionary Library (DWBEL) co-evolution algorithms. Once supplied with
one input parent / cavity, co-evolutions were performed with the same preference criteria, relative maximal
importance for docking-score of 4 (x4), molecular weight <= 600 g/mol (x2), hydrophobicity LogP <=4 (x1) and
Toxicity risk <=1 (x4). The DWBEL co-evolution generation iterations randomly added/inserted small molecular
variations into the 2D parents to originate tens of thousands of consecutively numbered raw-children (ID). The
ID number, therefore, corresponds to the number of raw-children generated before finding the fitted-children
conformer. Using the optimal mmffo4s+ force-field algorithm®® to generate the best conformers, each raw-
children conformer was evaluated for fitness to the defined criteria. Therefore, DWBEL selected the non-toxic
best-fitted children conformers as output. To prepare for ADV docking, the non-toxic fitted-children were
further filtered with a macro designed to exclude any survivor molecules with remaining preferences for
mutagenesis, tumorigenicity, reproductive interference, irritant molecular signatures, and/or nasty functions by
screening the presence of hundreds of those motifs*? % 6-5° The non-toxic fitted-and filtered children were
ordered from low to high DWBEL docking-scores (high to low affinities, NN numbers) and finally saved as *.sdf
3D files. The final children *.sdf included their corresponding mmff94s+ minimization conformers®” required to
preserve 2D geometries for optimal PyMol visualization (using the split_states PyMol command)® and/or to
increase the accuracy and reproducibility of ADV docking32.
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How the affinity and targeted cavities were confirmed?
As in our most recent work 6, the AutoDockVina (ADV) 46 and OpenBabel using mmff94s force-field
algorithms (PyRx-0.98/1.0 packages) were employed because of their high accuracies and world-wide
ongoing improvements'. 11.28.29. ADV was employed to: i) initial identification of CSP ligands (L) and cavities

Table S3
What CSP amino acids were nearby top-children representative conformer scaffolds?
NN

(C), ii) quantify ADV-conformer affinities in ~ nM, iii) identify nearby amino acids in ADV docked complexes Dom i Aa 1317 1304 338 280 4905 5834 835
and iv) confirm the CSP cavities targeted by ADV-conformers. A wide grid of 90x90x90 A centered to the sp 15 PHE 15F
PyMol / centerofmass, surrounding most of the CSP model molecules (~ blind-docking) was employed. The 16 VAL 16y 16y 16y 16y LEy LEy
output ADV-conformer docking-scores in - Kcalimol®-%>* were converted to ~nM affinities by applying the 19L& LG, LG, LG, 19 19 1S 1S
formula, 109%(explkcalmol0592) To identify the CSP amino acids nearby 4 A distance of each ADV-conformer, a 20 PHE 20K 20K 20K 208, 20F 20F 20F
Python script was designed to be run in PyMol-opened *.pdb or *.pdbat files. After preliminary ADV tests, to 2 G 22K 22 22 22 2218 22 22
estimate the percentage of cavities targeted, the following defined CSP cavities were selected: Be (bottom cavity 28 TR 237 237 25 23Y 23 23k 2
between the 2 largest o-helices): 347K and/or 3641 and/or 366K, Sc (side of the CSP): 66K and/or 63Y and/or 25  CYS 25¢ 25¢C 25¢
3681 and Tc (top of the TSR): 296T and/or 366S and/or 411Y. The approximated percentages of those cavities 26 TYR 26Y 26Y 26Y 26Y 26Y 26Y 26Y
targeted by thousands of ADV-conformers were calculated by the use of the PyMol/Python script (nearby11.py) 29 SER 298 298 298
16, The script calculated cavity percentages by the formula, 100 * number of ADV-conformers in each cavity / total 30 SER 308 308
numbers of docked ADV-conformers. The resulting approximations accounted for ~75-120 % of the total 32__THR 32T 32T
numbers of ADV-conformers because of some overlapping between the 3 amino acid cavity definitions. TSR 337 THR 337T 337T  337T  337T
338 CYS 338C
3712 GLU 372E  372E 372E
GSI 375 SER 3758 3758 375S 3758 3758 3758
helix 377 VAL 377V 377V 377V 377V 377V 377V
378 PHE 378F 378F 378F 378F 378F 378F 378F
381 VAL 381v 381v 381v 381v 381V 381v 381v
382 ASN 382N 382N 382N 382N 382N 382N 382N
384 SER 384s
H H = 385 ILE 3851 3851 3851 3851 3851 3851 3851
What supplementary information is W IE 3861 3861 38T 3ee1  3ser
. 389  MET 389M 389M
p rovi d ed ? The CSP amino acids to 4 A top-children ADV-conformers, identified by a Python/PyMol script
Column numbers, NN from 24L derived children
Red numbers-letters, Hydrogen bonds identified by LigPlus.
Table 81 Yellow background, amino acids targeted by top-children and by initial star-ligands
What r ional soft , impro and hard have been used ?
name version Main use and references url
DataWarrior Updated 5.5.0 Evolutionary docking® org/ htmi)
i inus G ial Cl Table S4
Toxlcity & 2023 Eliminate residual foxic nastic itted-children What CSPmin amino acids were nearby top-children conformer scaffolds?
nasty macro after co-evolution NN
Toxicif 2023 Updated Minimize toxic / nasty raw- children during co- g htmi)
RiSkSw DalaW;mor evolution i i yspecwﬁr:ityB i 157 384 296 410 558 1423
Babel & Home-adapted Mmff94s force-field minimization htps://pyrx.sourceforge.iol Dom n Aa 24L 157L 384L 384L 384L 384L
AutoDockVina PyRx 098/1.0 & 2D conservation helix 313 ASP 313D 313D 313D 313D 313D 313D
ADV 2023 First attempted for Anti-bacterial ° htp:/dx.doi.org/10.26434/chemriv-2023-149d3 314 LYS
2024 grid conformer compari This work 317 LYS 317K 317K 317K 317K 317K 317K
2D geometry 2023 DW saving-SD files corrected by mmff94s+ 320 LEU 320L 320L 320L 320L 320L 320L
conservation force field minimization 7 321 ASN 321N 321N 321N 321N 321N 321N
MolSoft 3.9 Win64bit Easiest manipulations of sdf files hitps://www.molsoft.com/download.html 323 ILE 3231
2D drawing 324 GLN 3240 32490 32490 3240 3240 3240
PyMol 2517 Visualization of molecules hitps://www.pymol.org/ 327 LEU 327L 327L 327L 327L 327L
_ P.yMo\-Pthon scripts to detect nearby atoms this work y Cs- 353 YS 353K
g:zztiz:efy 21.1.1.0.20298 g:s;\;zrz(;o:of:;;D r;‘\)c(:i\r‘ecu\es d lizer-download flap 355 LYS 355K
OriginPro 2022 Ca\cu\anois and zgureg hitps://www.originlab.com/ 356 ASP J5ED BEbD) BEbD) BEbD)
2024 Macros to handle large numbers of data this work 357 GLU 3578 357E 357E 3578 3578 3578
Home-made 2023 Pseudoligand parents for DWBEL co- 358 LEU 358L 358L 358L 358L 358L 358L
i 2024 evolutions™ * 359 TYR 359D 359D 359D 359D 359D 359D
3fold starlike 2024 Tnital igands to identify cavities by ADV 360  TYR 360Y 360Y 360Y 360Y 360y 360V
Ligands blind-dockings™® 361 ALA 361A 361A 361A 361A 361A
AMD Ryzen TDDRAX32% 47 CPU Computational hardware hitpsi pespecialites/ 364 ILE 3641 3641 3641 3641 3641 3641
i9 computer Gb memory 366 LYS 366K

The CSPmin amino acids to 4 A top-children ADV-conformers, identified by a Python /PyMol script.
Column numbers, NN from L derived children: 24L, 24L-derived, 157L, 157-derived, 296, 384L-derived.
Red numbers-letters, Hydrogen bonds identified by LigPlus.

Yellow background, amino acids targeted by top-children and by initial star-ligands

Table 2
What amino acid numbering was foll i for alphafold leled P.falcip CSP?
Name planati conformation CsP reference

SP Signal peptide Alphafold-predicted a-helix 126 °
N-terminal: Before repeats disordered 27104 >
helix  helix Alphafold-predicted a-helix 4555 >

HSPG-binding  Hepatocyte surface HSPG-binding 85-92  alphafold
R1_ protease target SKLKQP 9397 ®
Central repeats: NPDP+NANP+NVDP Conserved seq. disordered 3D 105-273 '
N-junction  Junctional epitope 10INPDP 101104

NVDP NVDP 3x105NANPNVDP 105-128 alphafold

NANP  NANP 35 contiguous NANP 129-172  alphafold

NVDP NVDP Intermediate NVDP 197-200  alphafold
C-terminal:  After repeats Partial crystal and alphafold 274375 >
linker  Linker from repeats disordered 283-309
Rlllhelix Short helix a-helix crystal (3VDJ.pdb) 312-324 '“
RII(TSR)  Celladhesive ~ TSR domain (3VDJ.pdb) 331-347
CS-flap  Protective segment ~ CS-flap (3VDJ.pdb) 348363 **
GPI  Membrane anchor Glyco-phosphatidylinositol 375 >

TM  Transmembrane ? Alphafold-predicted a-helix 376-395  alphafold

The Plasmodium falciparum reference 3D7-strain circumsporozoite protein (PF3D7_0304600), XM_001351086.1 mRNA
was submitted to alphafold. One of the most representative predicted models was chosen for this study.

Amino acid 310-375 residues (RIII-RII) aligned to 10 Plasmodium species showed high conservation of their 338C-369C
and 32C-374C disulphide bonds and 37.3% of their amino acid sequences. Most of these domains were mapped to
Supplementary Materials/GraphycalAbstract

What Supplementary Materials can
be downloaded?

- GraphycalAbstract.pse The mRNA of Plasmodium falciparum reference 3D7-
strain circumsporozoite protein (PF3D7_0304600), XM_001351086.1 was submitted to
alphafold. One of the most representative predicted models was selected for this study (Gray
cartoons). Amino acid 310-375 residues aligned to 10 CSP models Plasmodium species
showed high conservation of their 33C-3°C and 342C-34C disulphide bonds (Table S2). Red
spheres, Representative examples of top-children targeting two repeat-independent CSP
cavities: cross-docking N- (SP) with C-terminal a-helices and C-terminal domain.

- StarLikeLigands.sdf. Contains 3-fold star-like ligand molecules manually
designed in MolSoft by 2D drawing different central atoms, rings and sizes including 3-6
carbon arms ended by amino and carboxy structures (alanines). To conserve their 2D
geometries during ADV docking, optimal conformers were generated by the DW / mmff94s+
force-field algorithm™® .

- 1301CSP.dwar. This *.dwar DW table contains 1301 children generated from
the 24L parent targeting CSP by 2 runs of DWBEL (DW-ID) and their corresponding ADV
affinities (ADV-NN). The table is provided with threshold slider-filters to select for (309-374
residues)threshold combinations (https://openmolecules.org/datawarrior/download.html
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- 6970CSP.dwar. This *.dwar DW table contains 6970 children generated from
the 24L parent targeting CSP by 6 runs of DWBEL (DW-ID) and their corresponding ADV
affinities (ADV-NN). The table is provided with threshold slider-filters to select for threshold
combinations (https://openmolecules.org/datawarrior/download.html

- 1770CSPmin.dwar. This *.dwar DW table contains 1770 children targeting
CSPmin (309-374 residues) by DWBEL (DW-ID) derived from the 384NN parent (derived from
the 157NN parent) and their corresponding ADV affinities (ADV-NN). The table is provided
with threshold slider-filters to select for threshold combinations
(https://openmolecules.org/datawarrior/download.html)

- 19top.pse. Contains top-children ADV conformers docked to full-length CSP
from the 1301 DWBEL 1301 (2 runs). To view the docked individual children click on the NN
number to the right of the PyMol scene after opening the *.pse file in one of the latest PyMol
2023-24 versions.

- 84top.pse. Contains top-children ADV conformers docked to full-length CSP
from the 6970 DWBEL (6 runs). To view the docked individual children click on the NN number
to the right of the PyMol scene after opening the *.pse file in one of the latest PyMol 2023-24
versions.

- 18top.pse. Contains top-children ADV conformers docked to CSPmin (309-
374 residues) from the 1770 DWBEL (3 runs). To view the docked individual children click on
the NN number to the right of the PyMol scene after opening the *.pse file in one of the latest
PyMol 2023-24 versions.
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