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Dimerization between the histone-fold domains (HFD) of two Plasmodium

Oocyst Rupture Proteins (ORP1 and ORP2) is essential for oocyst rupture

in the Anopheles mosquito vector host, representing a key event in parasite

transmission to humans. Notably, ORPs are a rare example of

HFD-containing proteins that operate outside the nucleus and that lack

DNA-binding functions, typically associated with core histones and tran-

scription factors hosting deviant histones. ORP HFD heterodimerization

occurs at the outer capsule of the oocyst, immediately prior to rupture,

thus providing a temporal window to administer dimerization blocking

molecules. In this context, we present the first detailed structural analysis

of the HFD ORP heterodimer, solved by X-ray crystallography at 3.1 �A

resolution, and analyze the oligomerization interface as a possible drug-

gable target. Targeting the mosquito phase of the parasite lifecycle remains

an under-exploited avenue as present antimalarial therapies mainly target

the human blood stages of infection. We employed a GAL4-based yeast

two-hybrid (Y2H) combinatorial library of cyclic peptides (CPs) to identify

six candidates that inhibit dimerization in vitro. Molecular docking simula-

tions confirmed that all six CPs bind at the dimer interface, allowing us to

rank them for further in vivo testing of their efficacy in blocking oocyst

rupture.

Abbreviations

AD, Gal4 activation domain; ATSB, attractive targeted sugar bait; CP, cyclic peptide; DBD, Gal4 DNA-binding domain; HFD, histone-fold

domain; mAU, milli-absorbance unit; MW, molecular weight; NF-Y, nuclear factor Y; OD, optical density; ORP, oocyst rupture protein; PDB,

protein data bank; RMSD, root mean square deviation; SEC, size exclusion chromatography; Sos, Son-of-sevenless; Ve, elution volume;

Y2H, yeast two-hybrid.
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Introduction

Malaria, a well-known mosquito-borne disease caused

by the Plasmodium parasite, continues to weigh a

heavy burden on human morbidity and mortality on a

global scale, with an estimated 263 million malaria

cases and 597 000 malaria deaths worldwide in 2024

(World Malaria Report 2024) [1]. Currently, the

recommended antimalarial drugs of choice are the

fast-acting and well-tolerated artemesinin derivatives

(e.g. dihydroartemisinin, artesunate, and artemether),

typically administered in combination with partner

drugs. However, emerging resistance to these therapies

has been reported, underlining the urgent necessity to

search for alternative antimalarial strategies [2].

In this context, we selected two oocyst rupture pro-

teins (ORP1 and ORP2), expressed during the Plasmo-

dium oocyst developmental stage, as potential novel

antimalarial targets, given their critical roles in para-

site transmission to humans [3,4]. Oocyst development

occurs in the Anopheles mosquito vector and repre-

sents the longest stage in the parasite’s life cycle, dur-

ing which infective sporozoites are produced. Upon

subsequent growth and rupture, sporozoites are

released and migrate to the salivary glands where they

inoculate and infect the human host when the mos-

quito takes its next blood meal. In the human host,

sporozoites migrate to the liver where they mature into

schizonts before eventually rupturing and releasing

merozoites into the bloodstream [5]. After successive

human blood developmental stages, including asexual

multiplication, some parasites differentiate into game-

tocytes, which are ingested by the mosquito when it

takes its next bite. In the mosquito, the sexual phase

takes place leading to the formation of zygotes and

subsequent motile ookinetes, which migrate to the

mosquito midgut and develop into oocysts [5].

ORP1 is expressed during both the blood and mos-

quito stages of the Plasmodium life cycle, whereas

ORP2 is only present in the mosquito stage. In the

oocyst (also termed cyst) that develops in the mosquito

midgut, ORP1 is located in the protective, outer cap-

sule, whereas ORP2 is found inside the cyst, and at

the periphery of the oocyst during maturation [4]. The

capsule composition is poorly understood and except

for the two ORPs, only three other capsule proteins

have been reported [4,6–8]. Both Plasmodium ORP1

and ORP2 are large proteins consisting of 950 and 875

amino acids, respectively. They possess a single anno-

tated domain in their primary structure, the

histone-fold domain (HFD), characteristic of core his-

tones and ‘histone-like’ proteins in eukaryotes and

archaea [9–11]. In ORP1, the HFD is located at the C

terminus (ORP1HFD: residues 774–839; Pfam00808),

whereas in ORP2, it is found at the N terminus

(ORP2HFD: residues 23–109; Pfam00125).

The ‘canonical’ HFD consists of at least three a-
helices separated by loops and mediates head-to-tail

assembly into heterodimers, which in turn can form a

higher level of oligomerization, as seen in the core his-

tone octamer [10]. For histone-like proteins, the HFD

typically mediates protein–protein and protein–DNA

interactions [12].

ORP1HFD and ORP2HFD share high sequence iden-

tity with the B and C subunits (56.4% and 50%,

respectively) of the CCAAT-binding specific nuclear

factor Y (NF-Y) [9]. Homology modeling, based on

the NF-YB/YC heterodimer structure, was previously

used to generate a putative model of the ORP1/2

HFD complex [4]. Interestingly, the occurrence of

HFDs in non-nuclear proteins is rare, and to date,

there is only one published example of a

HFD-containing protein that functions out of the

nucleus, a Ras-specific nucleotide exchange factor

called Son-of-Sevenless (Sos) [13].

Mutant P. berghei oocysts, lacking the HFD of

either ORP, do not rupture, underlining the functional

relevance of the ORP dimer and suggesting the ORP1/

2 interface as a promising druggable target for novel

antimalarial therapies [4]. This potential is further

enhanced by the differential intracellular locations of

the interacting ORPs, offering a window of opportu-

nity to administer inhibitory molecules that bind to

the dimerization interface of either ORP, before they

have a chance to meet. Targeting the mosquito stage

of infection, rather than the human stage, also remains

a relatively untapped strategy [14,15], primarily due to

limited understanding of drug uptake mechanisms in
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mosquitos and the absence of a well-established deliv-

ery platform. A possible means for administering ORP

blockers includes using attractive targeted sugar bait

(ATSB) strategies that lure mosquitos to a sugar sus-

pension bait laced with the inhibitory molecule(s), or

the use of organic or inorganic nanoparticles

[14,16,17]. For an overview of nanodrug delivery sys-

tems in Malaria, see Kekani et al. [17]. However, a

practical challenge encountered in testing such poten-

tial inhibitors lies in the inability to produce recombi-

nant ORP HFDs in monomeric form. This limitation

prevents the use of standard in vitro biochemical

assays to assess binding affinities or to measure the

inhibitors’ capacity to block dimerization.

In this context, we present the first experimentally

determined structure and in-depth structural analysis

of the ORP1/2HFD heterodimer, solved via X-ray crys-

tallography at 3.1 �A resolution. We also describe the

use of a yeast two-hybrid (Y2H)-based combinatorial

library of cyclic peptides (CPs), named CYCLIC, to

screen for candidates that prevent dimerization of

ORP1HFD with ORP2HFD. From this screen, we suc-

cessfully identified six CPs as potential dimerization

inhibitors. In silico docking studies, using the

ORP1HFD monomer structure derived from our crys-

tallographic data, revealed that identified CPs overlap

with the region of several key interface residues of

ORP2HFD. We propose these CPs as potential dimer-

ization inhibitors for further in vivo evaluation. Given

the high conservation of the HFD interface across dif-

ferent species, ORP targeting peptides may have

broader applications in diverse biological contexts.

Results

Heterologous production of the ORP1/2HFD

heterodimer

Multiple sequence alignments were carried out for the

HFD regions of ORP1 (residues 774–839; Fig. 1A)

and ORP2 (residues 23–109; Fig. 1B) across Plasmo-

dium species, highlighting the strong conservation of

this domain. Both domains displayed several invariant

and highly conserved residues (Fig. 1A,B). Instead,

Alphafold2-based 3D structure predictions for both

individual full-length proteins and the ORP1/2 hetero-

dimer [19] highlight the predominantly intrinsically dis-

ordered nature of both proteins outside the HFDs

(Fig. 2A,B), as expected given the high frequency of

asparagine-rich regions in their primary structures:

22.7% in ORP1 and 27.4% in ORP2. From an

evolutionary perspective, amino acid expansions are

typically not favored; however, Plasmodium is a well-

known, intriguing exception to this rule, and aspara-

gine repeats are commonly found in many Plasmodium

proteins [22].

Considering that the only structured regions in both

proteins largely pertain to the HFD that is necessary

and sufficient for heterodimer formation [4], HFD

constructs of both ORP1 and ORP2 were designed.

The cDNAs for each ORP were cloned into two differ-

ent plasmids and co-expressed in BL21(DE3) Star

Escherichia coli cells, as described in the Methods

section.

The ORP1/2HFD heterodimer was purified via affin-

ity chromatography, taking advantage of the

N-terminal histidine tag fused onto ORP1HFD, fol-

lowed by size exclusion chromatography (SEC). The

purified heterodimer eluted with an elution volume

(Ve) of 20.9 mL, corresponding to a molecular weight

(MW) of approximately 26 kDa, in line with the calcu-

lated MW of the heterodimer (26.3 kDa, including the

His-tag) (Fig. 2C). Since ORP1HFD and ORP2HFD

have calculated MWs of 13.2 kDa and 13.1 kDa,

respectively, their bands were indistinguishable in

SDS/PAGE analyses; therefore, western blotting of

peak SEC fractions, using protein-specific antibodies,

was carried out to confirm the presence of both pro-

teins (data not shown).

3D structure of the ORP1/2HFD heterodimer

The ORP1/2HFD heterodimer crystallized in an ortho-

rhombic space group P212121, with six heterodimers

(12 chains) in the asymmetric unit and a calculated

Matthew’s coefficient of 1.93 A3/Da, corresponding to

a solvent content of 36.4%. The ORP1/2HFD structure

was solved at 3.1 �A resolution by molecular replace-

ment, as described in the Methods section, and refined

to final Rwork and Rfree values of 0.274 and 0.295,

respectively (Table 1: Fig. 2D). The refined structure

presents good stereochemical parameters, with no

Ramachandran outliers (Table 1).

Chains A, C, E, G, I, and K correspond to the

ORP1HFD monomer, whereas chains B, D, F, H, J,

and L represent ORP2HFD. Overall, electron density

was better defined for ORP1HFD than for ORP2HFD

and covered 774–860 residues in the best cases (chains

C and E), and 774–855 in the worst resolved chain

(K). In all ORP1HFD chains, electron density was

absent for the first 27 N-terminal residues (20 corre-

sponding to the vector region and 7 to the ORP1HFD

sequence), indicating flexibility in this region. At the C

terminus, density was missing for only one or two resi-

dues, except in chain K, which lacked five residues.

With regard to ORP2HFD, only chain D lacked

3ª 2026 Federation of European Biochemical Societies.
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internal gaps, whereas all other chains contained a gap

around residues 42–48, corresponding to a flexible

loop. Notably, chain L exhibited particularly higher

flexibility at the N terminus and lacked density for the

first 28 residues, in comparison with two to five miss-

ing residues in the other chains. As expected at this

resolution, electron density was absent in some cases

for particularly long, solvent-exposed sidechains (e.g.

C
o
lo
r

Fig. 1. Multiple sequence alignment of the histone-fold domains of ORP1 and ORP2. The conserved histone-fold domain (HFD) regions of

Plasmodium berghei: (A) ORP1HFD (XP_034421376, residues 774–839, top) and (B) ORP2HFD (XP_034423187, residues 23–109, bottom)

were aligned with different Plasmodium species sequences. Human NF-YB and NF-YC histone-fold domains are also included as reference

HFD sequences. Alignments were generated using MEGA12 and visualized with the ggmsa library in Rstudio4 [18]. Consensus residues are

shown in single letter code, colored according to their charge and polarity, as follows: positive (blue), negative (red), polar uncharged

(green), hydrophobic aliphatic (orange), and hydrophobic aromatic (yellow). Letter size indicates the level of conservation, with poorly and

highly conserved residues in small and large letters, respectively. PCC, Plasmodium chabaudi chabaudi; PBA, Plasmodium berghei ANKA;

PY17X, Plasmodium yoelii 17X; PYY, Plasmodium yoelii yoelii; PVP, Plasmodium vinckei petteri; PVV, Plasmodium vinckei vinckei; PC,

Plasmodium coatneyi; PK, Plasmodium knowlesi strain H; PF, Plasmodium fragile; PCY, Plasmodium cynomolgi strain B; PISA, Plasmodium

inui San Antonio 1; PVNK, Plasmodium vivax North Korean; PGO, Plasmodium gonderi; PO, Plasmodium ovale; PM, Plasmodium malariae;

PB, Plasmodium brasilianum; PFHB3, Plasmodium falciparum HB3; PRE, Plasmodium reichenowi; PSP, Plasmodium sp. DRC-Itaito; PSPG,

Plasmodium sp. gorilla clade G3; PG, Plasmodium gallinaceum; PR, Plasmodium relictum; PFRAJ116, Plasmodium falciparum RAJ116;

PF3D7, Plasmodium falciparum 3D7; PFMALI, Plasmodium falciparum MaliPS096 E11; POC, Plasmodium ovale curtisi; PV, Plasmodium

vivax; NF-YB, Homo sapiens NF-YB; NF-YC, Homo sapiens NF-YC.
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Arg, Lys, and Glu). All structural analyses were car-

ried out on the ORP1/2HFD heterodimer comprising

chains C and D that was the best-defined dimer in the

electron density.

Based on structural annotations made with the

PDBsum server (https://www.ebi.ac.uk/thornton-srv/

databases/pdbsum/ [23]), both ORP proteins possess

the canonical HFD (three a-helices and two connect-

ing loops) with some variations (Fig. 2E,F). The

ORP1HFD monomer is built by four a-helices: three

that comprise the HFD (a1-3) and one extra a-helix
(aC), and two short b-strands (b1-2; Figs 2E, 3A). The

ORP2HFD monomer is comprised of five a-helices:
three HFD helices (a1-3) and, as extra secondary

structure elements, two a-helices (aN and aC), one 310

helix (g1) and two b-strands (b1-2; Figs 2F, 3B). In

the dimer, two parallel b-sheets are formed by b1 and

b2 contributed by ORP1HFD and ORP2HFD, respec-

tively and b2 and b1 by ORP1HFD and ORP2HFD,

respectively (Fig. 2D).

The ORP1/2HFD dimer adopts a compact structure,

with a dimerization surface area of 2839.6 �A2, and a

binding free energy (DG) of �53.8 kcal/mol, as calcu-

lated by the PDBePISA server (Proteins, Interfaces,

Structures and Assemblies; https://www.ebi.ac.uk/msd-

srv/prot_int/) [27]. Each ORPHFD subunit possesses a

horseshoe-shaped cavity, lined by mainly hydrophobic

amino acids that represent the principal interface resi-

dues (Fig. 4). Pocket analyses made with the CASTp-

Fold server (https://cfold.bme.uic.edu/castpfold/ [28])

show that the ORP2HFD cavity is narrower with

respect to ORP1HFD, with cavity volumes of 227.5 �A3

and 1025.4 �A3, respectively (Fig. 4A,B). The ORP1HFD

cavity (Fig. 4A) is lined by 17 nonpolar and only 2

polar/charged amino acids (R787 and D846), whereas

the ORP2HFD cavity (Fig. 4B) is lined by 9 nonpolar

and 2 polar/charged (E41 and D42) amino acids. In

both ORP monomers, a2 forms the base of the cavity,

and a1 forms one side. The opposite side instead is

formed by a3 in ORP1HFD and g1 and aC in

ORP2HFD (Fig. 4).

Each subunit clasps together, forming a tightly

packed heterodimer with extensive hydrophobic con-

tacts and 23 hydrogen bonds (Table 2). Previous struc-

tural studies, analyzing plant NF-YB and NF-YC

subunits, deduced that shape complementarity is more

relevant than specific residue–residue interactions in

heterodimerization [29].

In line with typical HFD-containing proteins, analy-

sis of the surface electrostatics reveals the presence of

a long basic patch that extends along one side of the

dimer, formed by the clustering of arginine and lysine

residues present in a1, the first few residues of a2 and

the loop connecting these two secondary structure ele-

ments in ORP1HFD, and a1 and the loop connecting

a1 and a2 in ORP2HFD (Fig. 5A). This basic region

corresponds to the protein–DNA interface region in

HFD-containing DNA-binding complexes and is

highly conserved at a structural and sequence level

(Fig. 3) [9,25,29]. As previously mentioned, the ORPs

are not found in the nucleus; therefore, this basic

patch is likely to have an alternative function that

remains to be seen, for example, it may interact with

the intrinsically disordered regions in the full-length

proteins or it could mediate interactions with other

protein partners. In the Alphafold-predicted full-length

dimer structure, the basic stretch is solvent-exposed

and may therefore be available to interact with other

regions of the protein structure (Fig. 2A). However,

due to the intrinsically disordered nature of the regions

outside the HFD that are predicted with low confi-

dence, it remains unclear whether and how such inter-

actions might occur.

Unsurprisingly, due to the extensive positively

charged surface regions, five sulfate ions, derived from

the crystallization solution, were found bound in the

asymmetric unit and appear to stabilize neighboring

subunits. Three of these anions are bound to

ORP1HFD chains (A, C, and I), interacting with the

main chain amide nitrogen between K828 and T829

that compose b2. The remaining three sulfate ions are

bound to ORP2HFD chains, each interacting with the

nitrogen atom of the R84 sidechain (present in b2),
thereby stabilizing adjacent ORP2HFD monomer pairs

(chain B and symmetry-related chain J; chains D and

F, and chains H and L).

Protein structure comparisons were made using

ORP chains C and D and the DALI server (http://

ekhidna2.biocenter.helsinki.fi/dali/) [31]. The Arabidop-

sis thaliana NF-Y subunit B6 (AtNFYB; PDB

code 5G49) was identified as the top structural homo-

log of ORP1HFD, with over 87 out of 97 aligned resi-

dues (54% sequence identity; RMSD 1.1 �A; Z-score

12.4) (Fig. 3) [17]. The highest structural homolog of

ORP2HFD instead is the HapC subunit of the

CCAAT-binding complex from Aspergillus nidulans

(AnHapC; PDB: 6Y37; 11.6 Z-score, RMSD of 1.6 �A

over 100/118 aligned residues with 46% sequence iden-

tity) [25,31] (Figs 3, 5B).

To better visualize the regions of sequence and

structural diversity between the ORPs and their struc-

tural homologs, sequence and structure-based compari-

sons were made against proteins deposited in the PDB

(with an E-value cutoff of 1 9 10�6), using the END-

Script 2.0 server (https://endscript.ibcp.fr/ESPript/

ENDscript/) [30](Fig. 5C,D). Overall, the HFD fold is
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well conserved both in sequence and structure, with

only some loops and the termini of the proteins that

exhibit some structural variation (Fig. 5C). Noncon-

served residues in ORP1HFD are distributed through-

out the structure and do not cluster in a specific

region, thus preserving the overall HFD architecture

(Fig. 5C).

For ORP2HFD, a complete lack of sequence conser-

vation was observed in N-terminal residues 5 to 23

that form aN and a loop region that connects this

helix to a1 (Fig. 5D). Other nonconserved residues are

scattered throughout the structure and do not localize

to a particular region.

In vitro dimerization of ORP1HFD and ORP2HFD

assessed by yeast two-hybrid assay

To evaluate whether Saccharomyces cerevisiae could

function as a suitable in vitro system to screen

ORP-interacting molecules, we first tested the expres-

sion and dimerization of ORPHFD proteins in this

organism. The cDNAs encoding each ORP1HFD and

ORP2HFD were cloned in-frame with the GAL4

DNA-binding domain (DBD) and activation domain

(AD), respectively, as described in the Methods sec-

tion. After excluding possible autoactivation of the

ORP1HFD bait protein, the Y2HGold yeast strain was

co-transformed with ORP1HFD and ORP2HFD plas-

mids, resulting in successful colony growth. The

reporter gene activation in the presence of both prey

and bait proteins was indicative of heterodimer forma-

tion. Expression of the fusion proteins in yeast was

further confirmed by western blotting, using antibodies

specific for the DBD or AD (Fig. 6A). To assess the

specificity of this interaction in vivo, an ‘absence of

interference test’ was performed (see the Methods sec-

tion). Briefly, a mutant library of ORP2HFD, contain-

ing 2037 individual clones, was generated via

error-prone PCR, and clones that demonstrated an

interaction with ORP1HFD, despite mutations, were

retrieved using yeast mating. From a screening of

2.4*106 mL�1 diploids on selective media, we obtained

680 CFU�mL�1. After further selection on more strin-

gent media, 44 clones were sequenced, retrieving 39

unique sequences. Overall, these variants showed 7.5%

of total mutations (1.5% synonymous and 6% nonsy-

nonymous). Of the 111 residues that comprise the

ORP2HFD construct, 38 residues (34%) remained

unvaried among clones. Notably, the most highly con-

served residues were concentrated at the ORP1/2HFD

interaction interface (Fig. 6B).

Identification of cyclic peptides as potential

dimerization blockers

Given the essential requirement of ORP1/2HFD dimer-

ization for oocyst rupture, sporozoite egress and ulti-

mately Plasmodium infection progression, we targeted

the dimerization interface of ORP1HFD for inhibitor

discovery. Targeting a protein interface raises the pos-

sibility of designing peptides that mimic the protein–
protein interaction interface. However, a major limita-

tion in rational design of peptides, based on the

ORP1/2HFD crystal structure, is the inability to heter-

ologously express ORP1HFD alone for in vitro binding

assays. To overcome this issue, we employed a

Y2H-based approach to screen CYCLIC, a combina-

torial library of CPs to identify ORP1HFD binders [32].

Initial Y2H screening retrieved 90 colonies, grown on

selective media that were sampled for yeast colony

PCR and sequencing to identify ORP1HFD-CPs. The

ORP1HFD-CP sequence list underwent a round of

refinement in which the new CP list was compared

with a list of CPs known to be GAL4-DBD interac-

tors. This filtering process refined the ORP1HFD-CP

list to 41 CP sequences that were experimentally

assayed for their ability to interact with ORP1HFD or

the GAL4-DBD scaffold of the Y2H assay. Testing

ORP1HFD-CPs against the target proteins (either

ORP1HFD or GAL4-DBD) allowed six ORP1HFD-CPs

C
o
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r

Fig. 2. The P. berghei ORP1/ORP2HFD dimer. (A) The full-length oocyst rupture protein (ORP) heterodimer, predicted using Alphafold2 [20],

with the histone-fold domain (HFD) of ORP1HFD and ORP2HFD chains in pale pink and pale blue ribbons, respectively. The crystal structure

of the ORP1/2HFD dimer is also shown, superposed with the full-length dimer, with ORP1HFD and ORP2HFD in magenta and blue ribbons,

respectively. (B) Detailed view of the superposition of the ORP1/2 crystal structure with the Alphafold2 model, trimmed to the HFD region.

The N- and C termini are labeled for both ORP HFDs, indicating which by numbers in brackets. The crystal structure was determined using

X-ray diffraction data from a single crystal (Table 1). (C) Size exclusion chromatography (SEC) profile of the ORP1/2HFD dimer (illustrative of a

typical purification carried out at least three times), following the absorbance at 280 nm in milli-absorbance units (mAU) relative to volume

(mL). The elution volume (Ve) of 20.6 mL for the ORP1/2HFD dimer is shown. (D) Secondary structure representation of the ORP1/2HFD

dimer comprising chains C (ORP1HFD) and D (ORP2HFD) in magenta and blue ribbons, respectively. The N- and C termini are labeled, as are

the secondary structure elements. (E) The ORP1HFD fold shown in ribbons. (F) The ORP2HFD fold shown in ribbons. In panels E and F,

a-helices and b-strands, not present in the canonical HFD, are colored orange and yellow, respectively. All panels except for panel B were

generated using ChimeraX version 1.85 [21].
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to be identified, representing promising candidates for

further development as dimerization inhibitors

(Fig. 6C).

In silico docking of cyclic peptides to ORP1HFD

Since ORP1HFD cannot be produced as an isolated

subunit, direct in vitro evaluation of CP binding to

ORP1HFD is not feasible. However, taking advantage

of the available ORP1/2HFD crystal structure, in silico

docking was carried out with the Schr€odinger Maestro

suite to estimate the binding mode of the six

ORP1HFD- CPs, ranking them in order of priority for

in vivo testing, based on their calculated docking scores

(see the Methods section). The most promising dock-

ing poses were selected by prioritizing models whose

peptide interaction patterns and residue contacts

closely resembled those of ORP2HFD at its dimeriza-

tion interface with ORP1HFD (Fig. 7). The six CPs can

be divided into two groups: three (CP3, CP8, and

CP35) that dock at the ORP1HFD cavity and align

with ORP2HFD residues that are contributed by a3
and aC (C site), and three (CP36, CP71, and CP78)

that dock at the other side of the cavity with residues

contributed by ORP2HFD a1 (N site) (Fig. 7; Table 3).

Among the six peptides, the pose selected for CP3

(sequence: IMSSLRWW; docking score: �6.016) most

closely mimics the interactions of ORP2HFD with

ORP1HFD (Fig. 8A). Specifically, CP3 I1 coincides

with a hydrophobic core region (C site) of ORP2HFD

defined by F66, I100, F101, and L104 from aC, and
protrudes toward F810 and F844 of ORP1HFD,

located in a2 and the loop between a3 and aC helices,

respectively. The counterpart of CP3 M2 is represented

by V91 and A95 in ORP2HFD. CP3 S3 resembles

ORP2HFD T71, while CP3 S4 is solvent-exposed in the

model. CP3 L5 extends toward ORP1HFD I788, analo-

gous to ORP2HFD F9. CP3 R6 mirrors the position of

ORP2HFD residues R97 and K98, and in the docking

model forms both a salt bridge and a hydrogen bond

with ORP1HFD D846, interactions not observed in the

crystal structure. CP3 residues W7 and W8 align with

ORP2HFD I67 and M68, establishing a hydrophobic

core that interfaces with the ORP1HFD a-helices 1 and

2, specifically contacting residues I781, I784, I788,

I803, and V807 (Fig. 8A; Table 3).

The selected pose for CP8 (sequence:

IWYGGGWW; docking score: �3.397) was the only

model obtained without Prime macrocycle sampling

(Fig. 8B; see Methods). In this configuration, CP8 resi-

due I1 mostly overlaps the region occupied by

ORP2HFD residues V91 and I92 present in a3. CP8

residue W2 protrudes toward a2 of ORP1HFD, over-

laying ORP2HFD residues F101, F103, L104, and L107

in aC. CP8 residue Y3 is located near ORP2HFD Y73.

CP8 residue W7 is superimposable with ORP2HFD I67

and is near L30, becoming buried within the ORP1HFD

hydrophobic core at the interface between helices a1
and a2. Finally, CP8 residue W8 resembles ORP2HFD

W75, establishing hydrophobic interactions in the

vicinity of ORP1HFD L789 (Fig. 8B).

Table 1. X-ray data collection and refinement statistics for the

ORP1/2HFD crystal.

ORP1/2HFD (PDB code 9RIF)

Crystal

Space group P212121

Unit cell dimensions 82.7, 112.9, 145.2

a, b, c (�A); a, b, c (°) 90.0, 90.0, 90.0

Data collection

Beamline ESRF ID23-2

Wavelength (�A) 0.873

Resolution (�A) 82.7–3.1 (3.3–3.1)

Total reflections 335 066 (62581)

Unique reflections 25 331 (4518)

Rmerge
b 0.175 (1.295)

Rmeas
c 0.189 (1.395)

I/r(I ) 12.0 (2.3)

CC1/2
d 0.997 (0.849)

Completeness (%) 99.8 (99.8)

Average redundancy 13.2 (13.9)

Wilson B-factor (�A) 77.3

Refinement

Resolution (�A) 66.7–3.1

No. reflections 25 265 (2471)

Rwork/Rfree 0.274/0.295

No. atoms in asymmetric unit

Protein 9069

Water 18

Sulfate ions 30

Ethylene glycol 4

B factors (�A2)

Protein 77.2

Water 57.8

Sulfate ions 103.7

Ethylene glycol 68.4

RMSD

Bond lengths (�A) 0.006

Bond angles (°) 0.841

Clashscore 5.92

Ramachandran

Favored (%) 96.6

Allowed (%) 100

aValues in parenthesis correspond to the high-resolution shell. For

cross-validation, 5% experimental reflections were randomly

selected to calculate the Rfree value6 ; bRmerge = Σh Σi|<Ih> � Ih,i|/Σh
Σi Ih,i;

cRmeas = Σh [Nh/(Nh – 1)]1/2 Σi|<Ih> � Ih,i|/Σh Σi Ih,i, where Nh

is the data multiplicity; dCC1/2 is the correlation coefficient of the

mean intensities between two random half-sets of data.
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The CP35 (sequence: CRRIASIY) pose yielded the

highest docking score (�6.413). In this model, CP35

residue C1 corresponds to the region of ORP2HFD

encompassing F66, F103, and L104, in proximity to

C96. CP35 R2 aligns with ORP2HFD R88 and can

establish a hydrogen bond with ORP1HFD Y806. CP35

R3 mirrors ORP2HFD R97 and K98 and forms salt

bridges with ORP1HFD D846 on aC and a hydrogen

bond with the backbone of G843. CP35 residues I4,

A5, and I7 mimic the ORP2HFD hydrophobic core

constituted by F70, I92, A93, V91, and A94. CP35 S6

aligns with ORP2HFD T71, while CP35 Y8, although

lacking a direct ORP2HFD counterpart, is situated

close to the hydrophobic residues of ORP1HFD on the

a2 helix (residues V807, F810, I811) (Fig. 8C).

The pose for CP36 (sequence: ALSQFIIK; docking

score: �4.808) differs in location from the previously

described poses and docks to the N site, toward helix

a1 of ORP2HFD. CP36 residues A1 and L2 align with

ORP2HFD A60 and L59, respectively. CP36 S3 and Q4

do not have direct counterparts in ORP2HFD; how-

ever, Q4 can establish a hydrogen bond with the

C
o
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r

Fig. 3. Sequence conservation of the ORP1/2HFD dimer. (A) The amino acid sequences corresponding to residues 768–860 of the

histone-fold domain (HFD) of ORP1 and top structure homolog: A. thaliana NF-YB (AtNFYB; PDB:5G497 ; [24]), A. fumigatus HapC (AfHapC;

PDB: 6Y36; [25]), A. nidulans HapC (AnHapC; PDB:6Y37; [25]) and human NF-YB (hNF-YB; PDB:4AWL; [9]), were aligned using the Clustal

Omega server [24,26]. (B) Amino acid residues 1–111 of ORP2HFD were aligned with A. nidulans CBDF (AnHapE; PDB:6Y37 [25]), A.

fumigatus HapE (AfHapE; PDB: 6Y36; [25]), A. thaliana NF-YC (AtNFYC; PDB:5G49 [24]) and human NF-YC (hNF-YC; PDB:4AWL [9]).

Identical residues, conservative and semi-conservative substitutions are indicated by an asterisk, colon and full stop, respectively.

Conserved DNA-binding residues that interact with DNA (via main chain or side chain atoms) with interaction distances (<3.8 �A), identified in

the DNA-bound CCAAT-binding complex (PDB: 6Y36) and top structure homolog, are highlighted in red bold font. Residues in black, bold

font indicate the 38 invariant residues observed in error-prone polymerase chain reaction yeast two-hybrid studies. Two of these residues

(P31 and K37) are also conserved DNA-binding residues and are underlined to distinguish them. Secondary structure elements for ORP1HFD

and ORP2HFD are shown above, with secondary structure coloring as in Fig. 2.
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backbone of ORP1HFD G832. CP36 F5 aligns with

ORP2HFD L65 and is oriented toward ORP1HFD

L851, while CP35 I6 and I7 overlap with the region

occupied by ORP2HFD I32 and V57. CP36 K8 aligns

with the position of ORP2HFD K36, K40, and K44,

and in the model, forms a hydrogen bond with the

backbone of ORP1HFD I830 (Fig. 9A).

CP71 (sequence: MMFAILNV; docking score:

�4.370) shares a similar binding region to CP36

toward site N. In its docking pose, CP71 M1 and M2

align with ORP2HFD M39 and V57, respectively, while

CP71 F3 extends into the region occupied by the side

chains of ORP2HFD L58 and L65 (Fig. 9B). CP71 A4

superimposes with ORP2HFD A53, and CP71 I5 aligns

with ORP2HFD I51, as does CP71 L6. Although there

is no closer counterpart for CP71 N7, it can establish

a hydrogen bond with ORP1HFD T815. CP71 V8

aligns with ORP2HFD I35 and I38 and is embedded

within the hydrophobic region of ORP1HFD defined by

L776 at the N terminus and I811 on the a2 helix

(Fig. 9B).

CP78 (sequence: RRTYSVLL; docking score:

�4.523) also binds within the same ORP1HFD region

as CP36 and CP71. CP78 R1 aligns to ORP2HFD R34

and extends toward ORP1HFD T774, while CP78 R2

mimics ORP2HFD K40 and K44 and establishes hydro-

gen bond interactions with ORP1HFD T815 (Fig. 9C).

CP78 T3 is solvent-exposed and resembles ORP2HFD

C
o
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r

Fig. 4. Hydrophobic interfaces in the oocyst rupture protein histone-fold domains. Surface representation of the histone-fold domain (HFD)

of ORP1 (A) and ORP2 monomers (B), with surface coloring according to residue hydrophobicity, with yellow coloring indicating maximum

hydrophobicity to white and turquoise, representing the maximum hydrophilicity. The surface representations in the upper panels reflect the

orientations of the corresponding ribbon representations in the lower panels. The lower panels show the residues that line the cavities, as

calculated using CASTpFOLD [28], in stick format, colored according to heteroatom and labeled. The N site and C site of ORP2HFD are

indicated by shaded circles in gray and blue, respectively. The N- and C termini are labeled, as are the secondary structure elements. This

figure was generated using ChimeraX version 1.88 [21].
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T27. Although CP78 Y4 and S5 lack direct counter-

parts on ORP2HFD, they form hydrogen bonds with

ORP1HFD N831 and the backbone of L851. CP78 V6

aligns with ORP2HFD L59 and inserts into the hydro-

phobic interface between the a1 and a2 helices of

ORP1HFD, defined by residues F810, L814, and I835.

CP78 L7 and L8 overlay the region occupied by

ORP2HFD L30, I35, and A60 (Fig. 9C).

In summary, all six CPs dock at the ORP1HFD

dimerization interface and adjacent regions, with bind-

ing localized primarily to either the ORP2HFD a3 and

aC helices (as seen with CP3, CP8, and CP35) or the

a1 helix (as observed for CP36, CP71, and CP78). The

hydrophobic interface residues are highly conserved

between ORP1HFD and NF-YB, suggesting that identi-

fied CPs may also have uses for other HFD-containing

proteins in different biological contexts. (Fig. 10).

Discussion

HFDs are protein modules typically found in histones

and certain transcription factors, such as CCAAT-

binding proteins. However, given the non-nuclear locali-

zation of ORP proteins, a DNA-binding function for

their HFDs is unlikely. Instead, the ORP1/2HFD crystal

structure underscores the critical role of these regions in

mediating heterodimerization, similarly to the Sos pro-

tein, the only other known example of an HFD-

containing protein functioning outside the nucleus [13].

Sos is a multi-domain, Ras and Rac guanine nucleotide

exchange factor that is activated by growth factor recep-

tors, which induce its relocation from the cytoplasm to

the membrane, where it binds to a small G protein Ras,

triggering GDP to GTP exchange [13,33]. Notably, this

intracellular relocation parallels the behavior of ORP2

which moves from inside the oocyst to the outer capsule,

immediately before oocyst rupture [4].

Protein complex formation is central to many bio-

logical processes and in Plasmodium, dimerization of

ORP1 and ORP2, via their HFDs, is essential for

oocyst rupture and infection progression [3,4]. Thus,

preventing this protein–protein interaction represents a

promising and novel strategy to block oocyst rupture

and consequently, parasite transmission.

We analyzed the molecular details of the HFD-

mediated ORP heterodimerization and we identified

six CPs that interact with ORP1HFD using a Y2H

assay. ORP1HFD was selected as the target for inhibi-

tor discovery due to its stable localization in the cyst

capsule, which offers a consistent and accessible thera-

peutic window, unlike ORP2HFD, whose localization

shifts from the cyst interior to the capsule only imme-

diately before oocyst rupture. This changing localiza-

tion of ORP2HFD also makes it a less practical target

with respect to ORP1HFD. Since it is not possible to

carry out in vitro binding studies between identified

CPs and recombinant ORP1HFD, due to the inability

to produce HFDs in isolated monomeric form, in silico

molecular docking analyses were carried out, revealing

that all six identified CPs target the ORP1HFD dimer-

ization interface, mimicking the binding mode of

ORP2HFD found in the ORP1/2HFD crystal structure.

Collectively, the docking models indicate that the CPs

span a broad surface area of the ORP1HFD interface,

particularly targeting the inner hydrophobic core of

the ORP1/2HFD interface, corresponding to the posi-

tion of helix a2 in ORP2HFD (Fig. 4B). The ability of

the CPs to consistently bind in this hydrophobic

groove, recapitulating the native ORP1/2HFD interac-

tions, underscores its potential as a critical anchor

point for inhibition. Additionally, the peptides also

extend into adjacent interface regions, predominantly

covering either the ORP2HFD aC helix (CP3, CP8, and

CP35) or the a1 helix (CP36, CP71, and CP78), further

mirroring the native heterodimer interaction surface

(Fig. 2). In terms of docking performance, CP35 and

CP3 achieved the best scores, while the remaining four

Table 2. Summary of the hydrogen bonds formed at the ORP1/

2HFD dimer interface.

ORP1HFD residues ORP2HFD residues Bond length (�A)

THR774(OG1) ARG34(NH2) 3.61

LEU775(O) ARG34(NE) 2.75

ILE788(O) ARG72(NH1) 2.56

LYS794(O) LEU86(N) 2.76

GLU798(OE2) ARG88(N) 3.40

SER799(OG) ARG88(N) 3.78

LYS828(O) MET50(N) 3.33

ILE830(O) SER52(N) 2.94

ILE830(O) THR55(OG1) 3.74

THR774(N) GLU41(OE2) 3.77

ASN780(ND2) GLN29(O) 2.50

ARG787(NH2) GLN29(OE1) 3.15

LYS794(N) ARG84(O) 2.87

ALA796(N) LEU86(O) 3.17

SER799(OG) LEU86(O) 2.72

SER819(OG) ASP 43(O) 3.59

SER819(OG) GLN49(OE1) 2.82

CYS822(SG) GLN49(OE1) 3.37

LYS828(NZ) SER48(O) 2.54

ILE830(N) MET50(O) 3.05

GLY832(N) ASP54(OD1) 3.32

TYR847(OH) GLU69(OE1) 2.28

LYS857(NZ) THR18(O) 2.45

The atoms involved in the hydrogen bond are shown in parenthe-

sis, together with the bond lengths in �A. Interface residues were

identified using chains C (ORP1HFD) and D (ORP2HFD) and the

PDBePISA server [27].
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CPs showed similar but lower docking scores, suggest-

ing that in vivo testing should prioritize the two top

ranking peptides.

Compared with linear peptides, CPs offer significant

advantages, including higher binding affinities, specific-

ity, and resistance to proteolysis, since they lack the

C
o
lo
r

Fig. 5. Comparison of the ORP1/2HFD dimer with the A. nidulans CCAAT-box binding complex. (A) Surface representation of the ORP1/2

histone-fold domain (HFD) dimer in the orientation shown in Fig. 2D, colored according to electrostatic potential, illustrating positive (blue)

and negative (red) regions. The electrostatic potential scale bar (units in kcal/(mol*e)) is shown. (B) Superposition of the ORP1HFD (magenta)

and ORP2HFD (light blue) dimer with the crystal structure of A. nidulans CCAAT-box binding complex (PDB code 6Y37; [25]), comprising

subunits HapB (orange ribbons), the HFD-containing HapC (green ribbons), and HapE (yellow ribbons), bound to DNA (beige ribbons) [25].

The N termini of each subunit of the A. nidulans trimer are shown, as are the 50 and 30 extremities of the DNA helix. (C) Sequence and

structure conservation of ORP1HFD with structure homologs in the protein data bank (PDB). (D) Sequence and structure conservation of

ORP2HFD with structure homologs in the PDB. In panels C and D, sequence and structure comparisons of the PDB were made using

ENDScript 2.0 [30] and backbone atoms are represented as tubes and colored according to sequence conservation (gray to dark red,

indicating low to high sequence conservation). Tube radius is proportional to the differences in Ca position between the ORP input structure

and identified structural homologs (sequence identity cutoff 50%). Panels A and B were prepared using ChimeraX 1.89 [21], whereas panels

C and D were generated using PyMol (http://www.pymol.org/pymol).
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terminal amine and carboxylic acid groups that are

accessible to exopeptidases [34]. In addition, access to

the cleavage site of endopeptidases is hindered. Their

cyclic structure also limits conformational flexibility,

increases surface area for target interaction, and

improves cell membrane permeability since their rigid

structure lowers the energy barrier required for the

peptide to adapt to the membrane environment and

bind to transport proteins to enter the cell by passive

diffusion or active transport [32,34]. Altogether, these

features make them amenable to develop new drugs,

as witnessed by the over 50 CP-based therapeutics

approved by different regulatory authorities [35].

Targeting the mosquito phase, and particularly the

oocyst, for Malarial drug development offers an inter-

esting alternative to targeting the human phase of

infection, although it must be noted that research on

this phase is lacking and the exact capsule composition

remains to be seen. Therefore, a significant amount of

preliminary knowledge on the mechanism of drug

uptake in the mosquito, together with drug delivery

optimization, must be undertaken prior to in vivo tests.

Once such information is available, we propose the six

CPs identified in our study as candidates for in vivo

testing in mosquitos to evaluate their future potential

to block oocyst rupture.

Methods

Sequence alignments of ORP1HFD and ORP2HFD

A BLAST search was performed using the HFD of the

Plasmodium berghei ORP1 (XP_034421376, residues

774–839) and ORP2 (XP_034423187, residues 23–109) as

queries. Similar sequences from different Plasmodium spe-

cies were retrieved and subsequently aligned. Multiple

sequence alignments were generated using MEGA 12 [18],

and the resulting outputs were imported into R Studio for

further processing. The alignments were visualized and

exported with the ggmsa library.

Cloning of ORP1HFD and ORP2HFD for yeast two-

hybrid assay

ORP1HFD and ORP2HFD cDNA were amplified by PCR

using Phusion High Fidelity DNA polymerase (New11

England Biolabs) and buffer HF, using specific primers and

the following protocol: 5 min denaturation at 95 °C,
15 cycles of denaturation at 95 °C for 10 s, annealing at

55 °C for 30 s, and elongation at 72 °C for 30 s, followed

by 25 cycles of denaturation at 95 °C for 10 s, and

annealing/elongation at 72 °C for 30 s and a final elonga-

tion step of 5 min at 72 °C.

Amplified PCR products were cloned into pGBKT7 and

pGADT7 vectors, respectively, via EcoRI and BamHI

restriction enzyme sites using the In-Fusion HD Cloning

Plus kit (Takara Bio USA) and sequenced (Eurofins Geno-

mics, Ebersberg, Germany). Recombinant plasmids were

transformed into E. coli Stellar Competent Cells. Vectors,

enzymes, and Stellar cells were purchased from Clontech.

Co-transformation and testing bait for

autoactivation

The S. cerevisiae Y2HGold strain (Clontech, USA) was trans-

formed with the above-mentioned constructs, according to the

manufacturer’s instructions (Yeastmaker Yeast Transforma-

tion System 2 User Manual), following the small-scale trans-

formation protocol. Y2HGold includes the Aureobasidin A

(AuA)-sensitive antibiotic resistance gene (Clontech) as a

reporter. Three additional reporter constructs, ADE2, HIS3,

and MEL1 that are only expressed in the presence of GAL4-

based protein interactions, were also included.

Yeast cells were transformed with 100 ng pGADT7,

pGBKT7, pGADT7-ORP2HFD, or pGBKT7-ORP1HFD

and plated on Single Dropout (SDO)/-Leucine (Leu) media

for pGADT7 or SDO/-Tryptophan (Trp) for pGBKT7, in

the presence or absence of AuA (200 ng�mL�1) and X-a-
gal (40 lg�mL�1) (Clontech) to exclude autoactivation of

the GAL4 promoter by the GAL4 BD-ORP1HFD fusion

protein.

The Y2HGold strain was co-transformed with 100 ng

each of pGBKT7-ORP1HFD and pGADT7-ORP2HFD and

plated on Double Dropout (DDO)/-Leu/-Trp media in the

presence or absence of AuA (200 ng�mL�1) and X-a-gal
(40 lg�mL�1) to confirm the interaction between the two

HFDs. Transformants were further plated on Quadruple

dropout (QDO) -Leu/-Trp/-Adenine (Ade)/-Histidine (His)

media for additional selection. Transformations and co-

transformations were performed following the manufac-

turer’s protocol (Yeastmaker Yeast Transformation System

2 User Manual, Takara) and Yeast Protocols Handbook

guidelines (Takara), respectively.

Random mutagenesis of ORP2HFD and Y2H assay

A library of randomly mutated ORP2HFD, expressed in

Y2HGold-pGADT7 was screened for interaction with wild-

type ORP1HFD-pGBKT7, expressed in yeast strain Y187,

via the Y2H assay. The assay was performed according to

the Matchmaker Gold Yeast Two-Hybrid System User

Manual guidelines.

Saccharomyces cerevisiae strain Y187 (Clontech, USA)

was transformed with ORP1HFD-pGBKT7, according to

the manufacturer’s instructions (Yeastmaker Yeast Trans-

formation System 2 User Manual), following the small-

scale transformation protocol.
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Random mutagenesis of the ORP2HFD transcript was

performed by error-prone (ep) PCR. The epPCR reaction

mixture (50 lL) contained 10 mM Tris–HCl pH 8.4, 50 mM

KCl, 7 mM MgCl2, 5 mM MnCl2, biased nucleotide compo-

sition (1 mM each of dCTP and dTTP, 0.2 mM each of

dATP and dGTP), 500 nM each of specific primers,

1% (v/v) dimethyl sulfoxide (DMSO), 1.6 U GoTaq DNA

Polymerase (Promega), and 1.5 pg of DNA template. PCR

products were analyzed on a 1.2% (w/v) agarose gel, puri-

fied, and cloned into the linearized pGADT7 vector. The

Y2HGold yeast strain was transformed with recombinant

plasmids, using the small-scale transformation protocol.
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PCR was performed on colonies using GoTaq Polymerase

(Promega) and 5X GoTaq Reaction Buffer (Promega)

(5 min denaturation at 95 °C, 35 cycles of denaturation at

95 °C for 15 s, annealing at 60 °C for 30 s, and elongation

at 72 °C for 30 s and a final elongation step at 72 °C for

5 min). Colony-PCR products were sequenced with

sequence-specific primers by Eurofins Genomics (Germany)

and aligned to the ORP2HFD transcript.

Western blotting

Western blotting was performed to confirm that the

interacting proteins were effectively the two HFDs of

ORP1 and ORP2. Proteins were extracted from trans-

formed and co-transformed yeasts, following the Urea/

SDS Extraction Method, as described in the Yeast Pro-

tocols Handbook.

C
o
lo
r

Fig. 7. In silico binding poses of selected cyclic peptides at the ORP1/ORP2HFD dimerization interface. The left panel shows the ORP1/2

histone-fold domain (HFD) heterodimer, with ORP1HFD in solid, blue cartoon format and ORP2HFD in transparent gray cartoon format.

Superposition of the most representative docking poses of the six selected cyclic peptides: CP3, CP8, and CP35 (orange sticks; C site);

CP36, CP71, and CP78 (yellow sticks; N site), is shown. The docking poses reflect the binding surface overlap with the ORP1/2HFD

interface, mimicking interactions observed in the native heterodimer. For clarity, hydrogen atoms are omitted. The right panel shows the

same complex rotated 90° around the y-axis. This figure was generated using PyMOL open-source, version 2.6 (Schr€odinger, LLC.).

C
o
lo
r

Fig. 6. Yeast two-hybrid assay for the analysis of the oocyst rupture protein dimer interface and the identification of six cyclic peptides that

interact with ORP1HFD. (A) Expression of GAL4-AD (aAD) in Y2HGold yeast strain transformed with pGADT7-ORP2HFD (2), pGBKT7-

ORP1HFD (3), pGADT7-ORP2HFD + pGBKT7-ORP1HFD (4); Right panel: expression of GAL4 DNA-BD (aBD) in Y2HGold yeast strain

transformed with pGADT7-ORP2HFD (6), pGBKT7-ORP1HFD (7), and pGADT7-ORP2HFD + pGBKT7-ORP1HFD (8). 1 and 5 illustrate

nontransformed Y2HGold controls (Ctrl). The molecular weight (MW) markers (M) are shown in kDa. Arrows indicate the expected MW of

the fusion proteins. The band observed in Lane 3 may correspond to a nonspecific signal. Histone-fold domain is abbreviated as HFD. (B)

Invariant residues of ORP2HFD located on the crystal structure. Side view of the crystal structure of the HFD dimer with ORP1HFD shown in

light gray ribbons and ORP1HFD colored as in Fig. 2 with a-helices and b-strands in blue and yellow, respectively, and a-helices that are extra

with respect to the canonical HFD, in orange. Visible secondary structure elements in ORP2HFD are labeled. The 38 amino acid residues that

are conserved in all mutant clones analyzed are shown as sticks and colored according to the secondary structure element in which they

are found, with heteroatom coloring. Residues 1–4 are not shown as they are absent in the crystal structure due to flexibility at the N

terminus. This figure was generated using ChimeraX version 1.8 [21]. (C) Yeast two-hybrid-based identification of cyclic peptides (CPs) that

interact with ORP1HFD. Diploid yeast cells expressing six different GAL4AD-ORP1HFD-CPs (numbered 3, 8, 35, 36, 71 and 78) and either the

GAL4-DBD-ORP1HFD chimera or the GAL4-DBD protein, were assayed on selective media to verify yeast growth by activation of His3 and

Ade2 reporter genes. After normalization to an optical density at 600 nm (OD600nm) of 0.5, yeast cultures were serially diluted and spotted

on selective media. The sequences of the six cyclic peptides are shown on the right.
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Proteins were separated on mini-PROTEAN TGX Stain-

Free Precast Gels 4–20% (Bio-Rad) gels and transferred to

Trans-Blot Turbo Transfer pack PVDF (Bio-Rad) mini

membranes. Membranes were blocked in EveryBlot

Blocking Buffer (Bio-Rad) for 5 min and then incubated

overnight at 4 °C with primary antibodies. After washing

with 0.1% (v/v) Tween in 1X PBS, membranes were incu-

bated with HRP-conjugated secondary antibodies (1:5000,

Table 3. Docking summary of the six CPs to ORP1HFD.

Cyclic peptide Sequence (residues 1–8) Docking score CP residue ORP2HFD residues and secondary structure elements

#3 IMSSLRWW �6.016 I1 a2: F66; g1: I100, F101; aC: L104

M2 a3: V91, A95

S3 a2: T71

L5 aN: F9

R6 loop between a3/g1: R97, K98

W7 a2: I67, M68

W8 a2: I67, M68

#8 IWYGGGWW �3.397 I1 a3: V91, I92

W2 g1: F101; aC: F103, L104; C-ter L107

Y3 a2: Y73

W7 a2: I67

W8 a2: W75

#35 CRRIASIY �6.413 C1 a2: F66; aC: F103, L104

R2 a3: R88

R3 loop between a3/g1: R97, K98

I4 a2: F70; a3: V91, I92, A93, A94

A5 a2: F70; a3: V91, I92, A93, A94

S6 a2: T71

I7 a2: F70; a3: V91, I92, A93, A94

#36 ALSQFIIK �4.808 A1 a2: A60

L2 a2: L59

F5 a2: L65

I6 a1: I32; a2: V57

I7 a1: I32; a2: V57

K8 a1: K36; loop between a1/a2: K40, K44

#71 MMFAILNV �4.370 M1 a1: M39

M2 a2: V57

F3 a2: L58, L65

A4 a2: A53

I5 b1: I51

L6 b1: I51

V8 a1: I35, I38

#78 RRTYSVLL �4.523 R1 a1: R34

R2 loop between a1/a2: K40, K44

T3 loop between aN/a1: K40, K44, T27

V6 a2: L59

L7 loop between aN/a1: L30; a1: I35; a2: A60

L8 loop between aN/a1: L30; a1: I35; a2: A60

The sequences of the six CPs are shown, together with their docking scores. For each amino acid residue of each CP, the corresponding

ORP2HFD residue with whom it aligns is reported, together with the secondary structure element in which the ORP2HFD residue is housed.

The atoms involved in the hydrogen bond are shown in parenthesis, together with the bond lengths in �A. Interface residues were identified

using chains C (ORP1HFD) and D (ORP2HFD) and the PDBePISA server [27].

C
o
lo
r

Fig. 8. Comparison of the in silico docked poses of cyclic peptides CP3, CP8, and CP35, superposed with ORP2HFD bound to ORP1HFD. In

all panels, the histone-fold domain (HFD) of ORP1 is shown in solid blue cartoon format. Left panels (A–C) show the docking poses of cyclic

peptides CP3 (A), CP8 (B), and CP35 (C), with peptide residues shown in sticks (carbon atoms in gray, nitrogen atoms in blue, and oxygen

atoms in red). Right panels show the corresponding binding region of ORP2HFD (transparent gray cartoon format) from the crystal structure,

with ORP2HFD residues analogous to those in the peptide models also rendered in sticks using the same color scheme. Hydrogen atoms

are omitted for clarity. This figure was generated using PyMOL open-source, version 2.6 (Schr€odinger, LLC.).
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Santa Cruz, sc-2004) for 1 h at room temperature. After

washing with PBS, proteins were detected using Clarity

Western ECL Substrate (Bio-Rad) and the ChemiDoc

imaging system (Bio-Rad).

Primary antibodies used were the rabbit, anti-GAL4 AD

antibody (0.5 lg�mL�1, Sigma-Aldrich) and mouse, anti-

GAL4 DBD monoclonal antibody (0.5 mg�mL�1, Clontech),

while Goat anti-Rabbit IgG (H + L) Secondary Antibody,

HRP (1:30000; Thermo Fisher Scientific) and Goat anti-

Mouse IgG (H + L) Secondary Antibody, HRP (1:10000;

Thermo Fisher Scientific) were used as secondary antibodies.

Plasmids, yeast strains and CYCLIC library

mating-based Y2H screening

GAL4-DBD-ORP1HFD was expressed using the pGBKT7-

GW plasmid, cloning ORP1HFD at the C terminus of the

GAL4-DBD, before transformation into the Y187 (MATa,
ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4D,
met–, gal80D, URA3::GAL1UAS-GAL1TATA-lacZ) yeast

strain (Clontech). The CYCLIC library was constructed, as

previously described [32]. To identify CPs (ORP1HFD-CPs)

that interact with ORP1HFD-DBD, Y187 yeast cells, trans-

formed with pGBKT7-ORP1HFD vector, were mated with

CYCLIC-expressing AH109 yeast cells, according to

Takara Bio USA (PT4084-1) guidelines. Mated cells were

plated on Synthetic Dropout (SD) media lacking trypto-

phan, leucine, histidine, and adenine (-W-L-H-A) and incu-

bated at 28 °C for 10 days. Colonies grown on selective

media were collected and sampled for yeast colony PCR.

To identify peptide-encoding sequences, amplicons were

sequenced by Eurofins Genomics (Germany).

ORP1HFD-CP interaction validation

To ensure that identified CPs effectively interact with

ORP1HFD or the GAL4-DBD scaffold, ORP1HFD-CPs

were amplified by exploiting classical PCR procedures and

amplicons were used to transform AH109 yeast cells,

together with the linearized version of pGADT7-SspIntein,

as previously described [32]. AH109 yeast cells harboring

the pGADT7-SspIntein-ORP1HFD-CP expression vector

were then mated with Y187 yeast cells transformed with

the pGBKT7-GW plasmid. The interaction strengths

between isolated ORP1HFD-CPs and GAL4-DBD or

ORP1HFD-CPs and GAL4-DBD-ORP1HFD were evaluated

by culturing diploid cells in liquid medium, normalizing the

Optical Density at 600 nm (OD600nm) to 0.5, and

spotting serial dilutions onto SD-W-L (control) and SD-W-

L-H-A. Yeast cells that grew in the presence of GAL4-

DBD-ORP1HFD but not in the presence of GAL4-DBD

were designated as ORP1HFD interactors and kept for fur-

ther analysis.

Recombinant production of the ORP1/2HFD

heterodimer

The cDNA coding for the C-terminal, NF-YB-like HFD

(amino acid residues 768–860) of ORP1 (PlasmoDB code:

PBANKA_0902500) was cloned in-frame with a N-terminal

histidine tag into the pET-15b expression vector (Novagen)

via NdeI and XhoI restriction sites. The cDNA coding for

residues 1 to 111 of the N-terminal, NF-YC-like HFD of

ORP2 (PlasmoDB code: PBANKA_130340) was cloned

into the pMCNS expression vector via NdeI and BamHI

restriction sites. BL21(DE3) Star cells (Invitrogen) were

C
o
lo
r

Fig. 10. Conservation of the hydrophobic residues at the dimer interface of ORP1HFD and human NF-YB. Amino acid sequence alignment

made between the histone-fold domain (HFD) of ORP1 and human NF-YB, using ClustalOmega [26]. The conservation of buried, solvent

inaccessible hydrophobic interface residues in NF-YB with solvation energy values >0.5 kcal�mol�1 as reported in Chaves et al. [29] is

shown with identical (blue), conservative (green), and nonconservative (orange) residues colored accordingly and highlighted in bold font.

Overall conservation of the aligned sequences is 56.3810 %.

C
o
lo
r

Fig. 9. Comparison of the in silico docked poses of cyclic peptides CP36, CP71, and CP78, with ORP2HFD bound to ORP1HFD. In all panels,

the histone-fold domain (HFD) of ORP1 is shown in solid blue cartoon format. Left panels (A–C) show the docking poses of cyclic peptides

CP36 (A), CP71 (B), and CP78 (C), with peptide residues shown in sticks (carbon atoms in gray, nitrogen in blue, and oxygen in red). Right

panels show the corresponding binding region of ORP2HFD (transparent gray cartoon) from the crystal structure, with ORP2HFD residues

analogous to those in the peptide models also rendered in sticks using the same color scheme. Hydrogen atoms are omitted for clarity.

This figure was generated using PyMOL open-source, version 2.6 (Schr€odinger, LLC.).
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transformed with ORP1HFD-pET-15b, selecting on LB-agar

plates supplemented with 100 lg�mL�1 ampicillin, and

competent cells containing the transformed plasmid were

prepared using standard calcium chloride-based methods.

The ORP2HFD-pMCNS plasmid was transformed into

BL21(DE3) Star cells containing the ORP1HFD-pET-15b

plasmid, and double transformants were selected on LB-

agar plates supplemented with 100 lg�mL�1 ampicillin and

50 lg�mL�1 spectinomycin.

The ORP1/2HFD heterodimer was co-expressed in 2X

YT medium (1.6% (w/v) bacto-tryptone, 1.0% (w/v) yeast

extract and 0.5% (w/v) NaCl) supplemented with

100 lg�mL�1 ampicillin and 50 lg�mL�1 spectinomycin.

Two liters of cultures were routinely grown at 37 °C until

optical density values (at 600 nm) of 0.6–0.8 were reached,

after which cultures were cooled to 20 °C. Protein expres-

sion was induced upon addition of 0.5 mM isopropyl b-D-

1-thiogalactopyranoside (IPTG), incubating overnight at

20 °C with shaking (220 rpm). Bacterial cultures were har-

vested by centrifugation at 11 000 g and cell pellets were

resuspended in Buffer A [20 mM sodium phosphate buffer

pH 7.4, 0.5 M NaCl, 10 mM imidazole, 10% (v/v) glycerol

and 1 mM dithiothreitol (DTT)]. Cell lysis was carried out

by mechanical rupture at 25 mPa using a Cell Disruptor

(Constant Systems Ltd.). Fifty microliters per mL DNases

and 10 mM MgCl2 were added to the lysate and incubated

on ice for 30 min before sonication for 5 min (cycles of

20 s on, 20 s off). The soluble and insoluble fractions were

separated by centrifugation at 34 000 g for 30 min.

The heterodimer was purified from the soluble fraction

by affinity chromatography on a 1 mL HisTrapTM HP col-

umn (Cytiva) at a flow rate of 1 mL/min, using a step gra-

dient achieved mixing Buffer A with Buffer B (20 mM

sodium phosphate buffer pH 7.4, 0.5 M NaCl, 0.5 M imid-

azole, 10% (v/v) glycerol and 1 mM DTT) at 5%, 10%,

20%, 40%, 60%, and 100% Buffer B.

Elution steps were carried out over five column volumes

per step. Fractions containing ORP1/2HFD were pooled

and concentrated to 1 mL using an Amicon Centrifugal

device (Millipore) with a MW cutoff of 10 K, and further

purified by SEC on a SepFastTM 11/30 6–600 kDa pg col-

umn (Neobiotech), pre-equilibrated in 20 mM Tris–HCl pH

8.0, 0.5 M NaCl, 10% (v/v) glycerol, and 1 mM DTT, at a

flow rate of 0.8 mL�min�1. All chromatographic methods

were carried out at 4 °C using the AKTAGo FPLC system

(Cytiva).

Crystallization of the ORP1/ORP2 heterodimer

ORP1/2HFD crystals grew at 20 °C, over 7–14 days, in a

400 nL drop prepared by mixing 50% purified ORP1/2HFD

(14 mg�mL�1) with an optimized condition of SG1 Shotgun

(MiTeGen) condition D6, containing 25% (w/v) PEG 3500,

0.2 M lithium sulfate (LiSO4) and 0.1 M HEPES pH 7.5.

Crystallization trials were performed in 96-well flat-

bottomed CrystalQuickTM sitting drop plates (Greiner Bio-

One), containing 100 lL reservoir solution, using an Oryx4

crystallization robot (Douglas Instruments). Crystals were

cryoprotected in crystallization solution supplemented with

20% (v/v) ethylene glycol for storage in liquid nitrogen.

X-ray data collection and ORP1/2HFD structure

determination

X-ray diffraction data were collected at 3.1 �A resolution at

100 K on the ID23-2 beamline at the European Synchro-

tron Radiation Facility (ESRF, France). Data were pro-

cessed and scaled using XDS [36] and Aimless, respectively

[37,38]. The ORP1/2HFD structure was solved using MOL-

REP [39] and the crystal structures of the HFDs of NF-

YB2 and NF-YC3 from Arabidopsis thaliana (PDB: 6R0M;

[29]) as search models for ORP1HFD and ORP2HFD, respec-

tively. The initial molecular replacement solution was found

using NF-YB2, followed by NF-YC3, followed by subse-

quent cycles of manual building in Coot [40] and refine-

ment with phenix.refine [41,42].

Structure validation was performed using Molprobity

integrated in Phenix.refine [43]. Data collection and refine-

ment statistics are reported in Table 1.

In silico docking of cyclic peptides to ORP1HFD

The ORP1HFD chain (residues 774–860) was extracted from

the crystal structure of the ORP1/2HFD heterodimer to per-

form the molecular docking procedure. The structure of

ORP1HFD was prepared using the Protein Preparation Wiz-

ard tool [44] (Schr€odinger Maestro suite version 14.2.118,

release 2024–4; Schr€odinger, LLC, 2024) to resolve steric

clashes and other nonfavorable interactions via energy min-

imization (OPLS [45] force field), to assign the protonation

states for ionizable groups at pH 7.4 � 0.4, and to improve

the hydrogen bond network by optimizing the orientation

of the hydroxyl and amide moieties.

The models of the CPs CP3, CP8, CP35, CP36, CP71,

and CP78 were predicted using the PEPstrMOD webserver,

following the standard N-to-C cyclization protocol, which

involves a 100 ps molecular dynamics simulation in vac-

uum [46]. The six CP sequences were, respectively: (i) I1,

M2, S3, S4, L5, R6, W7, W8, (ii) I1, W2, Y3, G4, G5, G6,

W7, W8, (iii) C1, R2, R3, I4, A5, S6, I7, Y8, (iv) A1, L2,

S3, Q4, F5, I6, I7, K8, (v) M1, M2, F3, A4, I5-L6, N7, V8,

and (vi) R1, R2, T3, Y4, S5, V6, L7, L8. Explicit CON-

ECT records for all bonds were added using the open-

source version of PyMOL (version 2.6; Schr€odinger, LLC).

Peptide geometries were further optimized using LigPrep

from the Schr€odinger Maestro suite, with protonation

states assigned at pH 7.4 [44]. Amino acid chirality was

maintained in accordance with the 3D structures generated

by PEPstrMOD [46].
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To contain the entire structure of ORP1HFD, a docking

grid box with an edge length of 76 �A was generated and

centered on the geometrical center of the protein. GlideXP

with flexible ligand sampling was used to perform the blind

docking of each CP to ORP1HFD [44]. A second round of

docking was performed enabling the Prime macrocycle

sampling to extend the number of conformers and poses

[47].

All poses were visually inspected using PyMOL and

Schr€odinger 2D Sketcher (Schr€odinger, LLC). In addition

to the docking score, the similarity to the binding mode of

ORP2HFD to ORP1HFD observed in the solved crystal

structure was used as a criterion for pose selection to iden-

tify the most promising binding model for each CP.
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Graphical Abstract
The contents of this page will be used as part of the graphical abstract

of html only. It will not be published as part of main.

A physical interaction between two oocyst rupture proteins (ORP1 and ORP2) from the oocyst stage of the Plasmodium

parasite that causes Malaria has been shown to induce oocyst rupture. Rupture occurs in the salivary glands of the mos-

quito vector host and represents a key event in parasite transmission to humans. We reveal how these proteins interact

at a molecular level, and we identify six cyclic peptides as potential oocyst rupture blocking molecules3 .
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