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ABSTRACT

Store-operated calcium entry (SOCE), mediated by the STIM—Orai complex,
represents a fundamental Ca?* signaling pathway in metazoans, yet its molecular
organization and regulatory mechanisms in helminth parasites remain poorly
understood. In this study, we investigated the structural, functional, and regulatory
features of STIM and Orai proteins from Ascaris lumbricoides and Schistosoma
mansoni, with emphasis on CRAC channel activation, species-specific coupling,
intracellular pH sensitivity, and the identification of parasite-selective inhibitory
sites. Comparative sequence and structural analyses revealed that helminth STIM
and Orai proteins preserve the core architectural elements required for CRAC
channel function, including the EF-SAM Ca?**-sensing domain, SOAR/CC2-CC3
activation region, and the four transmembrane helices forming the Orai pore.
However, pronounced divergence was observed in regulatory regions, particularly
the C-terminal polybasic domain of STIM, which is absent in A. lumbricoides.
Confocal imaging using fluorescently tagged constructs demonstrated that A.
lumbricoides EGFP-STIM fails to form puncta upon ER Ca?* depletion when
expressed alone, but efficiently clusters at ER—plasma membrane junctions when
co-expressed with its cognate mCherry-Orai, indicating that direct STIM—Orai
interaction compensates for reduced intrinsic membrane tethering. The
experimental combinations performed demonstrated that helminth STIM proteins
are unable to activate human Orai, whereas helminth Orai can be efficiently
activated by human STIM. NFAT nuclear translocation assays confirmed that the
A. lumbricoides EGFP-STIM-mCherry-Orai complex forms a functional CRAC
channel capable of sustaining Ca?*-dependent transcriptional signaling.
Intracellular pH modulation further showed that A. lumbricoides STIM functions as
a pH-sensitive regulator, albeit with an activation range shifted toward alkaline
conditions, likely reflecting species-specific adaptation linked to the distribution of
histidine residues outside the SOAR core. Finally, homology modeling of the A.
lumbricoides Orai homohexamer identified druggable transmembrane cavities
within the pore. Structure-based virtual screening and molecular dynamics
simulations prioritized three candidate ligands with stable pore binding, supporting
the feasibility of selectively targeting helminth CRAC channels. Collectively, these
findings establish the CRAC channel as a conserved yet selectively regulatable
signaling system in helminths and highlight STIM—Orai interfaces as promising
antiparasitic drug targets.

Keywords: CRAC channel; STIM-Orai coupling; Ascaris Ilumbricoides;
Schistosoma mansoni; calcium signaling; pH regulation; structure-based drug
discovery
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RESUMO

A entrada de calcio operada por estoques (SOCE), mediada pelo complexo
STIM—Orai, constitui uma via fundamental de sinalizagdo por Ca?** em
metazoarios; entretanto, sua organizacdo molecular e mecanismos regulatorios
em parasitos helmintos permanecem pouco compreendidos. Neste estudo,
investigamos as caracteristicas estruturais, funcionais e regulatérias das proteinas
STIM e Orai de Ascaris lumbricoides e Schistosoma mansoni, com énfase na
ativagao do canal CRAC, no acoplamento espécie-especifico, na sensibilidade ao
pH intracelular e na identificagdo de sitios inibitorios seletivos ao parasito. As
analises comparativas de sequéncia e estrutura demonstraram que STIM e Orai
de helmintos preservam os elementos arquitetdnicos centrais necessarios para a
fungdo do canal CRAC, incluindo o dominio sensor de Ca?* EF-SAM, a regiao
ativadora SOAR/CC2-CC3 e as quatro hélices transmembrana que formam o
poro de Orai. No entanto, divergéncias marcantes foram observadas em regides
regulatorias, particularmente na auséncia do dominio polibasico C-terminal de
STIM em A. lumbricoides. Ensaios de microscopia confocal empregando
construcdes fluorescentes revelaram que EGFP-STIM de A. lumbricoides né&o
forma puncta apoés a deplecdo de Ca?" do reticulo endoplasmatico quando
expresso isoladamente, mas se organiza eficientemente em jungdes reticulo
endoplasmatico-membrana plasmatica quando coexpresso com seu mCherry-
Orai cognato, indicando que a interagao direta STIM—Orai compensa a menor
capacidade intrinseca de ancoragem a membrana. As combinagdes
experimentais realizadas demonstraram que as proteinas STIM de helmintos n&o
sdo capazes de ativar a Orai humana, enquanto a Orai de helmintos pode ser
eficientemente ativada pela STIM humana. Ensaios de translocagdo nuclear de
NFAT confirmaram que o complexo EGFP-STIM-mCherry-Orai de A.
lumbricoides constitui um canal CRAC funcional, capaz de sustentar sinalizacao
transcricional dependente de Ca?*. A modulagdo do pH intracelular demonstrou
ainda que STIM de A. lumbricoides atua como regulador sensivel ao pH, porém
com uma faixa de ativagao deslocada para valores mais alcalinos, possivelmente
refletindo adaptagdes espécie-especificas associadas a distribuicdo de residuos
de histidina fora do nucleo SOAR. Por fim, a modelagem estrutural do Orai
homohexamérico de A. lumbricoides permitiu a identificacdo de cavidades
transmembrana farmacologicamente relevantes no poro do canal. Triagens
virtuais baseadas em estrutura e simulagdes de dindmica molecular priorizaram
trés ligantes candidatos com ligacao estavel ao poro, sustentando a viabilidade do
canal CRAC como alvo terapéutico seletivo em helmintos. Em conjunto, estes
resultados estabelecem o canal CRAC como um sistema de sinalizagao
conservado, porém regulavel de forma seletiva, e destacam as interfaces STIM—
Orai como alvos promissores para o desenvolvimento de novas estratégias
antiparasitarias.

Palavras-chave: canal CRAC; acoplamento STIM-Orai; Ascaris lumbricoides;

Schistosoma mansoni; sinalizacdo por calcio; regulagcao por pH; descoberta de
farmacos baseada em estrutura.
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1. INTRODUCTION

1.1. Helminthiasis

Constitute one of the most widespread groups of parasitic diseases
affecting humans and represent a significant public health burden worldwide.
According to epidemiological estimates, more than one billion people are infected
with helminths, particularly in regions characterized by inadequate sanitation,
limited access to clean water, and favorable climatic conditions for parasite

development (King, 2019; Siqueira et al., 2020).

Helminths are multicellular parasitic organisms adapted to long-term
survival within vertebrate hosts. Unlike protozoan or microbial pathogens,
helminths are relatively large organisms, commonly ranging from a few
millimeters to several centimeters in length, and establish complex biological
interactions with their hosts. These interactions involve not only mechanical
damage to tissues but also sophisticated modulation of the host immune
response, allowing chronic infections to persist for years (Brooker et al., 2006;
Hotez et al., 2008; King, 2019).

The biological cycles of helminths are generally complex and include
multiple developmental stages, such as eggs, larval forms, and adult parasites. In
most species of medical importance, reproduction does not occur within the
human host (King, 2019). Instead, infection depends on continuous exposure to
infective stages present in contaminated soil, water, food, or intermediate hosts.
Human infection may occur through ingestion of embryonated eggs or larvae,
active skin penetration by infective larvae, or, in some cases, through insect

vectors (Oliveira de Freitas & Oliveira, 2015).

Based on their taxonomic classification and primary anatomical site of
infection, the major human helminths can be grouped into nematodes and
platyhelminths, including gastrointestinal and tissue-dwelling parasites, as

summarized in Table 1.

Environmental and ecological factors play a central role in the transmission
of helminth infections. In tropical and subtropical regions, where temperature and

humidity favor parasite survival, repeated exposure is common and often leads to



high parasite burdens (Brooker et al., 2006; J. Chen et al., 2024; Melo et al.,
2004).

Table 1. Classification of the major human helminths. According to phylum, class, and
primary anatomical localization, highlighting gastrointestinal and tissue-dwelling parasites.

Primary site of

Phylum Class infection Representative genera/species
Onchocerca, Brugia, Wuchereria,
Nematodes Tissue Dracunculus, Loa loa, Trichinella,
Toxocara
Nematoda . .. ,
. . Ascaris lumbricoides, Strongyloides
Gastrointestinal tract ; . S .
Nematodes (Gl) stercoralis, Trichuris trichiura, Enterobius
vermicularis, Hookworms
Trematodes Tissue Schtsfosoma mansoni, Paragonimus spp.,
Fasciola hepatica
Gastrointestinal tract Clonorchis sinensis, Opisthorchis spp.,
Trematodes

/ liver Fasciola hepatica, Heterophyes spp.
Echinococcus spp., Cysticercus (Taenia
solium), Coenurus

Taenia saginata, Taenia solium,
Diphyllobothrium latum, Hymenolepis
nana

Platyhelminthes
y Cestodes  Tissue (larval stages)

Intestinal (adult

Cestodes
stages)

Source adapted (King, 2019; Siqueira et al., 2020)

In addition to climatic determinants that favor the global distribution of
helminthiasis, socioeconomic factors play a critical role in shaping the distribution
of helminth infections. Poverty, inadequate sanitation, limited access to clean
water, and overcrowded living conditions significantly increase the risk of exposure
and reinfection. Consequently, helminthiasis prevalence often overlaps with
regions experiencing broader structural inequities in health and development.
Notably, although helminth infections are most prevalent in tropical regions (Figure
1), transmission may also occur outside these zones, including temperate, sub-
arctic, and arctic areas, particularly in contexts where sanitation infrastructure is
insufficient (King, 2019).
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Figure 1. Global distribution of helminth infections and preventive chemotherapy

requirements.

World map illustrating the global distribution of helminth burden based on requirements for
preventive chemotherapy (PCT) interventions. Shaded regions represent countries requiring PCT
for soil-transmitted helminths (STH), lymphatic filariasis (LF), onchocerciasis (Oncho),
schistosomiasis (SCH), or combinations of these infections. Data are derived from disease
mapping surveys and compiled by the World Health Organization (WHO) (King, 2019).

1.2. Nematodes

Nematodes are non-segmented, cylindrical worms belonging to the phylum
Nematoda and represent one of the most diverse and abundant groups of
metazoans. Although the majority of nematode species are free-living and inhabit
aquatic or terrestrial environments, a significant number have adapted to parasitic
lifestyles affecting plants, animals, and humans. In parasitology, nematodes are of
particular importance due to their high prevalence, broad geographic distribution,
and capacity to establish chronic infections, especially in regions with inadequate
sanitary conditions (Urbano, 2020). These parasites exhibit a strong biological
dependence on their hosts and are often unable to survive or reproduce outside
specific ecological niches, a feature that contributes to their persistence in

endemic areas (Despommier et al., 2019).

From a morphological and anatomical perspective, nematodes are
characterized by an elongated, cylindrical body with tapered ends and bilateral
symmetry. Unlike flatworms, they possess a complete digestive tract extending
from the mouth to the anus, allowing continuous ingestion and processing of
nutrients (Urbano, 2020). Their body is covered by a thin but highly resistant
cuticle, an acellular multilayered structure that provides mechanical protection and
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resistance to host digestive enzymes while also participating in selective molecular
exchange. Beneath the cuticle lies a well-developed longitudinal musculature that
enables the characteristic serpentine movement observed in both free-living and

parasitic species (Despommier et al., 2019).

Reproduction in nematodes is typically sexual, with separate sexes and
marked sexual dimorphism, particularly among species of medical importance.
Females are generally larger than males and allocate a substantial proportion of
their body volume to reproductive organs, resulting in high fecundity and efficient
transmission. Most parasitic nematodes are oviparous, releasing large numbers of
eggs into the environment, although some species exhibit viviparity (Oliveira de
Freitas & Oliveira, 2015; Urbano, 2020). In humans, infections caused by intestinal
nematodes such as Ascaris lumbricoides, Trichuris trichiura, and hookworms are
among the most prevalent soil-transmitted helminthiases worldwide and are
closely associated with malnutrition, impaired physical growth, and reduced
cognitive performance, particularly in children from endemic regions (Despommier
et al., 2019; Siqueira et al., 2020).

1.2.1. Ascariasis

Is an intestinal helminth infection caused primarily by Ascaris lumbricoides
(large human roundworm), acquired through ingestion of embryonated eggs from
fecally contaminated soil, food, or hands (Siqueira et al., 2020; Urbano, 2020).
After hatching, larvae migrate through tissues (notably the lungs) before returning
to the small intestine, where adults may establish chronic infections; morbidity is
strongly related to worm burden and is most pronounced in children living in
settings with poor sanitation (Krlicken et al., 2017). In endemic regions, ascariasis
remains a major component of soil-transmitted helminthiasis and a key target of
preventive chemotherapy and WASH interventions (WHO, 2023b).

Recent global estimates indicate that between approximately 772-892
million to around 1.2 billion people are infected with Ascaris lumbricoides
worldwide, making ascariasis one of the most prevalent human parasitic
infections; prevalence tends to be highest in tropical and subtropical regions with
inadequate sanitation, and children bear the highest burden of infection. The
global number of infected individuals can vary depending on the methodology
used — from ~732 million based on systematic analysis of prevalence surveys to
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estimates exceeding 1 billion in public health reports (CDC, 2024a; Despommier et
al., 2019; Maia et al., 2015).

1.2.2. Taxonomy

Ascaris lumbricoides is a nematode (Phylum Nematoda) within the order
Ascaridida and the family Ascarididae, a group that includes large-bodied
gastrointestinal parasites of vertebrates (Schoch et al., 2020a; Zeibig, 2014). Its
complete taxonomic classification is summarized in Table 2. Within the genus
Ascaris, the relationship between A. lumbricoides (humans) and A. suum (pigs)
has been extensively debated; several genetic and paleoparasitological analyses
support very close affinity and even synonymy in some taxonomic interpretations,

which matters for zoonotic and transmission discussions (Leles et al., 2012).

Table 2. Taxonomic classification of Ascaris lumbricoides

Taxonomic rank Classification
Kingdom Animalia
Phylum Nematoda
Class Secernentea
Order Ascaridida
Family Ascarididae
Subfamily Ascarinae
Genus Ascaris
Species Ascaris lumbricoides

(Schoch et al., 2020a; Siqueira et al., 2020)

1.2.3. Morphological aspects

Ascaris lumbricoides is a large intestinal nematode with an elongated,
cylindrical, and unsegmented body that gradually tapers at both ends and is
covered by a smooth, thick, and highly resistant cuticle adapted to the intestinal
environment (Siqueira et al., 2020; Urbano, 2020). Adult worms exhibit a pale
white to light pink coloration and present a terminal mouth surrounded by three
prominent lips—one dorsal and two ventrolateral—bearing fine denticles and
sensory papillae, which are involved in feeding and attachment (Murray et al.,
2005). Marked sexual dimorphism is observed, with females being larger and
more robust (20—40 cm in length) and males smaller (15-30 cm), characterized by

a curved posterior extremity with paired copulatory spicules (Urbano, 2020).

Egg morphology represents a key diagnostic and epidemiological feature of

A. lumbricoides. Fertilized eggs are oval to round (45-75 ym x 35-50 uym) and

5



possess a thick, trilaminar shell composed of an inner viteline membrane, a
chitinous middle layer, and an external mammillated albuminous coat, conferring
high resistance to environmental conditions (Urbano, 2020). In contrast, infertile
eggs are more elongated, have thinner and irregular shells, and lack the

characteristic mammillated outer layer (Figure 2) (CDC, 2019).

Figure 2. Eggs of Ascaris lumbricoides.
Eggs eliminated in feces (A) become embryonated (B) in approximately three weeks; some infertile

eggs containing an amorphous mass of protoplasm are also eliminated (C). The images show
three fertilized eggs (D, E, and F); the third (F) is decorticated, and an infertile egg of A.
lumbricoides (G) (Urbano, 2020).

1.2.4. Life cycle

The life cycle of Ascaris lumbricoides is monoxenous and involves a single
human host. Non-embryonated eggs are eliminated with feces and, under
favorable environmental conditions—adequate temperature (around 25-30 °C),
humidity, and oxygen—develop into embryonated eggs containing infective larvae
within approximately 2—-3 weeks (CDC, 2019). Human infection occurs through
ingestion of these embryonated eggs via contaminated food, water, or hands. After
hatching in the small intestine, larvae penetrate the intestinal wall, migrate through
the lymphatic and circulatory systems to the liver and lungs, where they undergo
further development, and then ascend the bronchial tree to the pharynx to be
swallowed back into the gastrointestinal tract (Murray et al., 2005; Siqueira et al.,

2020). Once returned to the small intestine, larvae mature into adult worms,



establish themselves in the intestinal lumen, and begin egg production, completing

the biological cycle within approximately 6—8 weeks after infection (CDC, 2019).
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Figure 3. Life cycle of Ascaris lumbricoides (CDC - DPDx - Ascariasis, 2019).

1.2.5. Clinical presentation

The clinical manifestations of ascariasis depend largely on parasite burden
and the stage of infection. Most infected individuals, particularly those with low
worm loads, remain asymptomatic or present mild, nonspecific symptoms,
especially in immunocompetent hosts (Zeibig, 2014). During the larval migratory
phase, pulmonary involvement may occur as larvae pass through the lungs, giving
rise to transient respiratory symptoms such as cough, wheezing, dyspnea, fever,
and eosinophilia, a presentation classically known as Loffler's syndrome (CDC,
2019; Murray et al., 2005; Silva Teixeira et al., 2018).

In the chronic intestinal phase, adult worms inhabit the small intestine and
may cause abdominal pain, nausea, diarrhea, vomiting, malnutrition, and growth
impairment, particularly in children with heavy infections (Siqueira et al., 2020;
Zeibig, 2014). Severe complications result from aberrant migration or high parasite
burden and include intestinal obstruction, appendicitis, biliary and pancreatic
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involvement (cholangitis, cholecystitis, pancreatitis), and, in rare cases, intestinal
perforation or peritonitis (Murray et al., 2005). The severity of disease is therefore
closely related to worm load, nutritional status, and age of the host (Siqueira et al.,
2020).

1.2.6. Treatment

The treatment of ascariasis is primarily based on the use of broad-spectrum
anthelmintic drugs, particularly albendazole and mebendazole (Utzinger & Keiser,
2004; WHO, 2011). These benzimidazoles disrupt microtubule polymerization and
glucose uptake by binding to B-tubulin, resulting in parasite immobilization and
death, but their lack of molecular selectivity highlights the need for the
identification of parasite-specific therapeutic targets (Murray et al., 2005; Siqueira
et al., 2020). Alternative agents such as pyrantel pamoate or levamisole may be
used in specific clinical settings, although benzimidazoles are generally avoided
during the first trimester of pregnancy due to potential embryotoxic effects (WHO,
2011). In severe infections with high parasite burden, supportive management
and, in rare cases, surgical intervention may be required (Conterno et al., 2020;
Siqueira et al., 2020).

1.3. Trematodes

Trematodes are parasitic flatworms belonging to the phylum
Platyhelminthes and the class Trematoda, a group recognized since Antiquity due
to their medical and veterinary relevance. They are dorsoventrally flattened
helminths, generally leaf-shaped, and equipped with two muscular suckers—oral
and ventral—which play essential roles in attachment and feeding within the
definitive host. Most trematodes of medical importance belong to the subclass
Digenea, characterized by obligate parasitic life cycles that require at least two
hosts for completion, typically a mollusk as the first intermediate host and a
vertebrate as the definitive host. These parasites are widely distributed worldwide
and are particularly prevalent in regions with limited sanitation, where they
contribute significantly to the burden of neglected tropical diseases (Despommier
et al., 2019; Urbano, 2020).

From a biological and epidemiological perspective, digenean trematodes
exhibit complex developmental cycles involving both sexual and asexual

reproduction. Sexual reproduction occurs in the definitive vertebrate host, whereas
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asexual multiplication takes place within the molluscan intermediate host,
generating large numbers of infective stages. The typical larval sequence includes
miracidium, sporocyst, redia, cercaria, and, in many species, metacercaria, which
serves as the infective stage for the vertebrate host (Urbano, 2020). Clinically
relevant trematodes infect diverse organ systems—such as the hepatobiliary tract,
intestines, lungs, and blood vessels—leading to chronic inflammatory processes
and tissue damage, as observed in infections caused by Schistosoma spp. and

Fasciola hepatica (Murray et al., 2005).

1.3.1. Schistosomiasis

Is a chronic parasitic disease caused by blood flukes of the genus
Schistosoma, among which Schistosoma mansoni is the main etiological agent of
intestinal schistosomiasis in Africa and the Americas. Human infection occurs
through direct skin contact with freshwater contaminated by cercariae released
from infected aquatic snails of the genus Biomphalaria, which act as intermediate
hosts (Colley et al., 2014; Siqueira et al., 2020). Once inside the host, the
parasites migrate through the bloodstream and mature within the mesenteric
veins, where paired adult worms produce eggs that are responsible for most of the
pathological manifestations. The disease is widely distributed in endemic regions
and is strongly associated with poverty, inadequate sanitation, and water resource
development projects, remaining a major neglected tropical disease with
significant morbidity and socioeconomic impact (Despommier et al., 2019; Murray
et al., 2005; WHO, 2023).

Schistosomiasis remains one of the most prevalent neglected tropical
diseases worldwide, representing a major public health challenge in low- and
middle-income countries. Current estimates indicate that more than 280 million
people are infected globally, with transmission reported in 78 countries, of which
approximately 52 are considered endemic. According to the World Health
Organization, at least 251 million people required preventive treatment in 2021,
reflecting the extensive population at risk and the persistence of transmission in
endemic regions (WHO, 2023a, 2024). The disease is responsible for an
estimated 200,000 to 280,000 deaths annually, largely due to chronic
complications affecting the liver, intestines, and urogenital system, as well as its

interaction with poverty, inadequate sanitation, and limited access to healthcare.
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Consequently, schistosomiasis ranks among the most frequently recorded tropical
diseases worldwide, underscoring the urgent need for sustained control,

surveillance, and elimination strategies (Despommier et al., 2019; Molehin, 2020).

Brazil bears one of the highest burdens of schistosomiasis in the Americas
and remains a key endemic country for Schistosoma mansoni. Estimates indicate
that between 1 and 1.5 million people are currently infected, while more than 25
million individuals live in areas at risk of transmission, particularly in the Northeast
and Southeast regions of the country (Ministério da Saude do Brasil, n.d.; WHO,
2023a).

1.3.2. Taxonomy

Schistosoma mansoni is a parasitic trematode belonging to the phylum
Platyhelminthes and the class Trematoda, subclass Digenea. Its complete
taxonomic classification is summarized in Table 3. It is a member of the family
Schistosomatidae, a group of blood flukes characterized by dioecious adults and a
life cycle that requires freshwater snails as intermediate hosts. Within the genus
Schistosoma, S. mansoni is taxonomically classified among the intestinal
schistosomes and represents the main etiological agent of intestinal
schistosomiasis in Africa and the Americas, showing distinct morphological,
biological, and epidemiological features compared to urogenital and Asian species
(CDC, 2024b; Schoch et al., 2020b).

Table 3. Taxonomic classification of Schistosoma mansoni.

Taxonomic rank Classification
Kingdom Animalia
Phylum Platyhelminthes
Class Trematoda
Subclass Digenea
Order Strigeidida
Superfamily Schistosomatoidea
Family Schistosomatidae
Genus Schistosoma
Species Schistosoma mansoni

(Schoch et al., 2020b; Siqueira et al., 2020)

1.3.3. Morphological aspects
Schistosoma mansoni is a dioecious trematode, a distinctive trait within the

class Trematoda, as males and females exhibit marked sexual dimorphism (CDC,
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2024b). Adult worms are elongated and cylindrical rather than leaf-shaped,
reflecting their adaptation to an intravascular habitat. The male measures
approximately 6-12 mm in length and is shorter and more robust, presenting a
ventral longitudinal groove known as the gynecophoral canal, which
accommodates the female during copulation and migration within the host’s
mesenteric veins. In contrast, the female is longer and more slender, reaching up
to 15 mm, with a cylindrical body morphology optimized for oviposition in the

venous circulation (Urbano, 2020).

The tegument of S. mansoni adults consists of a dynamic syncytial layer
enriched with spines and tubercles, particularly pronounced in males, facilitating
attachment to the vascular endothelium and contributing to immune modulation
(Murray et al., 2005). Both sexes possess two muscular suckers—an oral sucker
and a ventral sucker (acetabulum) which play essential roles in fixation and
hematophagy. The digestive system is incomplete, comprising a mouth,
esophagus, and bifurcated intestinal ceca that terminate blindly, as no anus is
present (CDC, 2024b). The eggs are oval, non-operculated, and measure
approximately 114—180 um in length, bearing a characteristic lateral spine that is
fundamental for species identification in parasitological diagnosis. Larval stages,
including miracidia and cercariae, display specialized morphologies - ciliated
surfaces and bifurcated tails, respectively - adapted to host penetration and

transmission (Figure 4) (Siqueira et al., 2020; Zeibig, 2014).
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Figure 4. Developmental stages of Schistosoma mansoni.
(A) Adult helminths, in which the female is seen lodged in the male's gynecophoric canal. (B)

Egg, with emphasis on the lateral spicula. (C) Miracidium. (D) Cercaria. (E) Schistosomulum.
(Siqueira et al., 2020)

1.3.4. Life cycle

The life cycle of Schistosoma mansoni is complex and heteroxenous,
involving a definitive human host and a freshwater snail of the genus Biomphalaria
as the intermediate host. Adult male and female worms reside paired within the
mesenteric veins of the human host, where eggs are deposited and subsequently
migrate through the intestinal wall, being eliminated with feces into freshwater
environments (CDC, 2024c). Under suitable conditions, the eggs hatch, releasing
ciliated miracidia that actively seek and penetrate the snail host, initiating asexual
development into sporocysts that generate large numbers of cercariae. These
free-swimming cercariae are released into the water and represent the infective
stage for humans, penetrating intact skin during contact with contaminated
freshwater and transforming into schistosomula (Siqueira et al., 2020; Urbano,
2020). The schistosomula migrate via the bloodstream through the lungs to the
portal venous system, where they mature into adult worms and complete the cycle
approximately 4—6 weeks after infection, ensuring continuous transmission in
endemic areas (Figure 5) (CDC, 2024c; Murray et al., 2005).
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Figure 5. Life cycle of Schistosoma mansoni (CDC - DPDx - Schistosomiasis, 2024).

1.3.5. Clinical presentation

Human infection by Schistosoma mansoni presents a wide clinical
spectrum, ranging from asymptomatic or mild disease to severe chronic
manifestations associated with significant morbidity (CDC, 2024c; WHO, 2024).
The acute phase, which may occur weeks after exposure, is characterized by
cercarial dermatitis at the site of skin penetration and, in non-immune individuals,
by acute schistosomiasis or Katayama syndrome. This systemic hypersensitivity
reaction is marked by fever, malaise, cough, diarrhea, hepatosplenomegaly, and
pronounced eosinophilia, reflecting an intense immune response against migrating
schistosomula and newly deposited eggs. In endemic populations, however, acute
manifestations are often mild or absent due to partial immune tolerance developed
after repeated exposures (Siqueira et al., 2020; Urbano, 2020; Zeibig, 2014).

Chronic schistosomiasis results primarily from the host’s inflammatory and
fibrotic response to parasite eggs retained in tissues, especially the liver and
intestines. The most common clinical forms include the intestinal and

hepatointestinal presentations, characterized by abdominal pain, diarrhea, anemia,
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and hepatomegaly, while the hepatosplenic form represents the most severe
outcome, associated with periportal fibrosis, portal hypertension, splenomegaly,
and risk of gastrointestinal bleeding (CDC, 2024c). Less frequent but clinically
significant ~ complications include pulmonary  vascular  involvement,
neuroschistosomiasis, and schistosomal nephropathy due to immune complex
deposition in the glomeruli. Disease severity is closely related to parasite burden,
duration of infection, reinfection rates, and host immunological factors (Siqueira et
al., 2020; WHO, 2024).

1.3.6. Treatment

The treatment of schistosomiasis mansoni is based primarily on
chemotherapy with praziquantel, which remains the drug of choice due to its high
efficacy, broad antiparasitic spectrum, and favorable safety profile (CDC, 2024b,
2024c; Doenhoff et al., 2002; Siqueira et al., 2020). Praziquantel acts mainly
against adult worms by inducing severe tegumental damage and sustained
muscular paralysis, leading to parasite dislodgement, exposure to host immune
responses, and eventual death. At the molecular level, praziquantel has been
shown to disrupt calcium homeostasis by increasing Ca?* influx through voltage-
gated calcium channels and transient receptor potential (TRP)-like channels,
resulting in spastic paralysis and contraction of the parasite musculature (Park et
al., 2019; Thomas & Timson, 2018). Standard regimens achieve cure or significant
reduction of egg excretion in most patients, although treatment does not reverse
established fibrotic lesions in advanced chronic disease. Oxamniquine represents
an alternative option with activity restricted to S. mansoni, but its use has declined
due to limited availability and narrower spectrum. In acute disease, symptomatic
management may be required to control hypersensitivity reactions, while in chronic
hepatosplenic forms, treatment must be complemented by clinical management of
complications such as portal hypertension and gastrointestinal bleeding. Despite
its effectiveness, reliance on a single drug underscores the need for new
therapeutic targets and strategies, particularly in endemic areas with repeated
exposure and concerns about emerging drug tolerance (Murray et al., 2005;
Siqueira et al., 2020; Urbano, 2020; Zeibig, 2014).
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1.4. The Calcium Release-Activated Calcium (CRAC) Channel

Calcium (Ca?*) is a ubiquitous second messenger essential for controlling a
vast array of cellular processes. Among the various pathways for (Ca?*) entry into
the cell, the Calcium Release-Activated Calcium (CRAC) channel represents the
most archetypical and well-characterized form of Store-Operated Calcium Entry
(SOCE). Unlike voltage-gated or ligand-gated channels that respond to electrical
changes or external chemical signals, CRAC channels are uniquely defined by
their activation mechanism: they open specifically in response to the depletion of
(Ca?") stores within the endoplasmic reticulum (ER). This distinct mode of
operation ensures that the cell can replenish its intracellular stores while
simultaneously sustaining prolonged (Ca?*) signaling necessary for complex

cellular functions (Hogan & Rao, 2015; Prakriya & Lewis, 2015).

The concept of this signaling pathway is often described as "inside-out"
signaling (Hogan & Rao, 2015), where an event occurring deep within the cell (in
the ER) triggers an event at the cell surface (the plasma membrane). This
remarkable inter-organelle communication is coordinated by two principal protein
families identified in the mid-2000s: the stromal interaction molecules (STIM),
which act as (Ca?*) sensors located in the ER membrane, and the Orai proteins,
which form the highly (Ca?*) selective pore within the plasma membrane (Tiffner &
Derler, 2020). As broadly outlined by various studies, the reduction of ER luminal
calcium causes the STIM proteins to reorganize and move toward the plasma
membrane, where they physically engage with Orai proteins to open the channel
pore (Baraniak et al., 2020; Frohlich et al., 2024; Hogan & Rao, 2015).

The influx of calcium mediated by CRAC channels is critical for numerous
physiological systems across virtually all metazoan cells. It is perhaps best
understood in the context of the immune system, where CRAC channel activation
is indispensable for gene expression, proliferation, and the effector functions of T
lymphocytes (Prakriya & Lewis, 2015). Consequently, the precise regulation of this
channel is vital; as noted by Tiffner & Derler, (2020), dysregulation of the CRAC
channel machinery is implicated in a spectrum of diseases, ranging from severe
immunodeficiencies to conditions involving pathological cell migration and

proliferation, such as cancer (Waldherr et al., 2020). The following sections will
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detail the specific molecular mechanics and the roles of the individual protein

components that orchestrate this vital cellular process.

1.4.1. Orai protein

Orai proteins constitute the pore-forming subunits of the CRAC channel and
represent the central molecular element of SOCE. Their identification as the
molecular correlate of the highly Ca**-selective CRAC current resolved a long-
standing question in calcium signaling and established Orai as a channel family
fundamentally distinct from voltage or ligand-gated Ca#* channels (Feske et al.,
2006; Prakriya et al., 2006; Prakriya & Lewis, 2015). In mammals, three homologs
Orai1, Orai2 and Orai3 have been described, with Orai1 being the predominant
isoform underlying canonical CRAC currents in immune and non-excitable cells
(Amcheslavsky et al., 2015; Hogan & Rao, 2015).

Structurally, each Orai subunit is composed of four transmembrane helices
(TM1-TM4), with cytosolic N- and C-terminal regions that play critical roles in
channel gating and interaction with STIM proteins. High-resolution structural and
biophysical studies revealed that functional Orai channels assemble as hexameric
complexes, forming a narrow central pore primarily lined by the TM1 helices
(Figure 6) (Hou et al., 2020). A conserved ring of acidic residues within TM1, most
notably E106 in human Orai1, constitutes the Ca?" selectivity filter, while
downstream hydrophobic and basic regions contribute to permeation control and
gating, allowing sustained Ca?* influx with exceptionally low unitary conductance
(Amcheslavsky et al., 2015; Prakriya et al., 2006; Prakriya & Lewis, 2015).
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Figure 6. Structural organization of the Orai1 protein.
(A) Schematic representation of the full-length human Orai1 showing the four transmembrane

helices (TM1-TM4), the cytosolic N- and C-terminal regions, and key structural segments involved
in channel architecture. (B) Cartoon representation of a single Orai1 subunit embedded in the
plasma membrane, illustrating the spatial arrangement of the four transmembrane helices and the
cytosolic C-terminal strand (Tiffner & Derler, 2020).

Beyond forming a passive ion-conducting pore, Orai functions as an
allosterically regulated channel whose activation strictly depends on direct
coupling to STIM proteins. The cytosolic C-terminus of Orai1 represents the
primary binding interface for STIM1; however, accumulating evidence indicates
that the N-terminus and intracellular loop regions also play essential roles in
transmitting and stabilizing the conformational changes required for pore opening
(Baraniak et al., 2020; Stathopulos et al., 2013). Structural, mutational, and
molecular dynamics studies support a gating mechanism involving coordinated
rearrangements across all four transmembrane helices, rather than a localized
gate, enabling efficient signal propagation from STIM binding to pore dilation
(Frohlich et al., 2024; Tiffner & Derler, 2020).

Functionally, the unique architecture of Orai channels allows cells to
generate long-lasting, spatially restricted Ca?* signals essential for transcriptional

activation, immune responses, and metabolic regulation. Dysregulation of Orai-
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mediated Ca?" entry has been linked to immunodeficiency, autoimmunity, cancer,
and neurodegeneration, highlighting the channel’'s physiological and pathological
relevance (Hogan & Rao, 2015; Tiffner & Derler, 2020). Importantly, comparative
and evolutionary analyses indicate that Orai homologs are conserved across
metazoans, including helminth parasites, although sequence and structural
divergences may influence channel regulation and pharmacological sensitivity.
These features provide a strong rationale for exploring parasite Orai channels as

potential selective therapeutic targets, as discussed in subsequent sections.

1.4.2. STIM protein

STIM (Stromal Interaction Molecule) proteins function as endoplasmic
reticulum (ER) resident Ca?* sensors that initiate store-operated calcium entry
(SOCE) by coupling ER Ca?* depletion to activation of plasma membrane Orai
channels. STIM1, the best-characterized isoform, is a single-pass transmembrane
protein with an N-terminal luminal region containing canonical and non-canonical
EF-hand motifs followed by a sterile a motif (SAM), which together form the EF -
SAM domain responsible for Ca** sensing (Liou et al., 2005; Prakriya & Lewis,
2015; Stathopulos et al., 2008). Under resting conditions, Ca?* binding to the EF-
hand stabilizes STIM1 in a compact, inactive conformation distributed throughout
the ER membrane, preventing premature activation of SOCE (Hogan & Rao,
2015).

Upon ER Ca?" store depletion, Ca** dissociates from the EF-hand,
triggering destabilization of the EF-SAM domain and promoting STIM1
oligomerization through SAM-SAM interactions (Ma et al., 2015; Stathopulos et
al., 2008). This luminal conformational change is transmitted across the
membrane, leading to extensive rearrangements in the cytosolic portion of STIM1,
which contains three coiled-coil domains (CC1-CC3), a serine/proline-rich region,
and a polybasic C-terminal tail (Tiffner & Derler, 2020). Central to this process is
the exposure of the STIM1 Orai-activating region—also referred to as CAD,
SOAR, or Ccb9—which spans residues approximately 344-442 and forms a
dimeric coiled-coil structure essential for Orai binding and activation (Figure 7)
(Baraniak et al., 2020; Stathopulos et al., 2013).
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Figure 7. The structural features of Stromal interaction molecule 1 (STIM1).
(A) Schematic representation of the full-length human STIM1 highlighting the major functional

domains involved in Ca?* sensing and Orai1 activation, including the EF-hand, SAM, coiled-coil
regions, and the SOAR/CAD signaling module. (B) Structural model of the EF-SAM domain of
STIM1 illustrating the canonical and non-canonical EF-hand motifs responsible for Ca2* binding.
(C) Crystallographic structure of the STIM1 SOAR dimer showing its characteristic V-shaped
architecture formed by the CC2 and CC3 domains (Tiffner & Derler, 2020).

Following oligomerization and extension, STIM1 translocates to ER-plasma
membrane (ER-PM) junctions, where its polybasic C-terminal region interacts with
phosphoinositides in the inner leaflet of the plasma membrane, stabilizing ER-PM
contacts and positioning STIM1 for productive coupling to Orai channels (Chang et
al., 2018; Liou et al., 2005). Recent studies further indicate that STIM1 activity is
finely tuned by additional regulatory inputs, including interactions with cytoskeletal
elements, modulation by cytosolic pH, and isoform-specific structural differences,
underscoring its role as a dynamic integrator of cellular Ca?* homeostasis rather
than a simple binary switch (Figure 8) (Y. Chen et al., 2024; Gao et al., 2009;

Narayanasamy et al., 2024)

1.4.3. Mechanism of STIM-Orai signaling activation

Store-operated calcium entry (SOCE) is initiated when extracellular stimuli
activate receptor-dependent signaling pathways that reduce Ca?* levels within the
endoplasmic reticulum (ER), most commonly through GPCR- or RTK-mediated
activation of phospholipase C (PLC), generation of IP3, and Ca** release via IP;

receptors (Hogan & Rao, 2015; Prakriya & Lewis, 2015). The resulting depletion of
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ER Ca?* stores is sensed by STIM proteins through the luminal EF-SAM domain,
enabling STIM to act as a molecular transducer that converts ER Ca?* loss into a
plasma membrane Ca** influx signal (Prakriya & Lewis, 2015; Stathopulos et al.,
2008). This mechanism allows cells to generate sustained Ca?* signals while
maintaining tight spatial and temporal control over cytosolic Ca?* concentrations
(Figure 8).
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0 Ca** entry into the cell

Figure 8. Schematic overview of STIM-Orai-mediated store-operated Ca?* entry (SOCE).
Receptor activation triggers phospholipase C—dependent signaling and IP;-mediated Ca*

release from the endoplasmic reticulum (ER), leading to ER Ca?* store depletion. STIM proteins
sense ER Ca?" loss, undergo conformational activation, and accumulate at ER-plasma
membrane junctions, where they gate Orai channels. Subsequent Ca?* influx across the plasma
membrane restores cytosolic Ca?* signaling and contributes to ER Ca?* refilling via SERCA
activity (Narayanasamy et al., 2024).

Following ER Ca?* depletion, dissociation of Ca?* from the STIM1 EF-hand
destabilizes the EF-SAM domain and triggers STIM1 oligomerization and
conformational extension, leading to exposure of the SOAR/CAD region within the
cytosolic coiled-coil core (Ma et al., 2015; Stathopulos et al., 2013). Activated
STIM1 accumulates at ER—plasma membrane (ER-PM) junctions, where its
polybasic C-terminal tail interacts with phosphoinositides to stabilize membrane
contacts and promote efficient coupling to Orai channels (Baraniak et al., 2020;
Chang et al., 2018). Upon Orai activation, Ca** enters the cytosol and rapidly
engages downstream Ca?* sensors, including calmodulin (CaM), which binds to

cytosolic regions of Orai and contributes to Ca?*'-dependent inactivation (CDI),
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thereby preventing excessive Ca?" influx (Fréhlich et al., 2024; Li et al., 2017;
Prakriya & Lewis, 2015). In parallel, Ca?* pumps such as SERCA, located in close
proximity to ER—PM junctions, actively transport Ca2?* back into the ER, promoting
store refilling and facilitating termination or modulation of CRAC channel activity

(Figure 9) (Hogan & Rao, 2015; Narayanasamy et al., 2024).
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Figure 9. Conformational transition of STIM1 and Orai1 during CRAC channel activation.
Schematic representation of the inactive and active states of STIM1 and Orai1 following ER
Ca?* store depletion. In the resting state, STIM1 adopts a compact conformation and Orai1
remains closed. ER Ca?* depletion induces STIM1 extension and exposure of the SOAR
domain, enabling coupling to Orai1, channel opening, and Ca?** influx across the plasma
membrane (Prakriya & Lewis, 2015; Stathopulos et al., 2013).

At the molecular level, STIM-Orai coupling induces coordinated allosteric
rearrangements across the Orai transmembrane helices, resulting in pore opening
and highly Ca%**-selective conductance (Baraniak et al., 2020; Prakriya & Lewis,
2015). The balance between channel activation, CaM-mediated inactivation, and
ER Ca*" refilling ensures that CRAC signaling remains sustained yet self-limiting.
Downstream, Ca?" influx through CRAC channels activates Ca?*/calmodulin-
dependent pathways and the calcineurin—NFAT (nuclear factor of activated T cells)

signaling axis, where Ca?*'-dependent dephosphorylation of NFAT drives its
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nuclear translocation and transcriptional activity. Owing to this direct coupling,
NFAT nuclear translocation is widely used as a functional readout of SOCE/CRAC

activity in cellular systems (Hogan & Rao, 2015; Prakriya & Lewis, 2015).

1.5. CRAC channel on helminths

To date, Caenorhabditis elegans represents the only characterized helminth
model for which functional evidence of the STIM-Orai-mediated store-operated
calcium entry (SOCE) pathway has been reported. Genetic, electrophysiological,
and imaging studies have unequivocally shown that C. elegans expresses bona
fide homologues of STIM1 (C.STIM1) and Orai1 (C.Orai1), which together
reconstitute a classical Ca?* release-activated Ca?** (CRAC) current upon
endoplasmic reticulum Ca?" store depletion. Loss-of-function approaches,
including RNAi-mediated silencing of either component, abolish CRAC currents
and lead to severe physiological defects such as sterility, highlighting the essential
role of SOCE in nematode reproductive biology and Ca?* homeostasis. These
studies firmly establish C. elegans as a validated in vivo system for CRAC channel
function in helminths and demonstrate strong evolutionary conservation of the
STIM—Orai signaling axis across metazoans (Gao et al., 2009; Strange et al.,
2007).

Beyond genomic evidence, functional characterization of the CRAC channel
machinery has been achieved for the parasitic trematode Schistosoma mansoni
through heterologous expression approaches. Seminal work demonstrated that S.
mansoni encodes bona fide orthologues of STIM and ORAI, and that these
proteins are capable of recapitulating the essential molecular mechanisms of
store-operated calcium entry (SOCE) when expressed in mammalian cells.
Recombinant SmSTIM functions as an endoplasmic reticulum Ca?* sensor,
undergoes Ca?*"-dependent conformational rearrangements, and targets ER-
plasma membrane junctions, while SmORAI forms a plasma membrane Ca?
channel with conserved pore architecture and gating properties. Biochemical,
imaging, Ca?* influx assays, and mutational analyses collectively demonstrate that
SmORAI is a STIM-gated calcium channel, establishing the first functional CRAC
channel characterized from a parasitic helminth. Importantly, comparative analyses
between schistosome and human STIM-ORAI systems revealed subtle but
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significant mechanistic and pharmacological differences, including differential
sensitivity to CRAC channel inhibitors, highlighting the potential for selective
therapeutic targeting of parasite Ca?*' signaling. While these studies were
necessarily performed in heterologous cell systems due to the lack of stable
schistosome cell lines, they provide compelling evidence that a functional STIM—
ORAI-dependent Ca2* entry pathway operates in S. mansoni and may play critical

roles in parasite physiology (Zeraik et al., Submitted article).

1.6. Therapeutic implications of CRAC channel modulation

Beyond mammalian systems (Waldherr et al., 2020), the identification of
conserved STIM-Orai signaling components across metazoans provides a strong
conceptual framework for rational drug design targeting CRAC channels in
parasitic helminths. Comparative genomic and functional studies indicate that key
elements of store-operated Ca** entry are evolutionarily conserved, suggesting
that helminth Orai channels retain fundamental structural and biophysical features
required for Ca?* permeation and regulation (Prakriya & Lewis, 2015). This
conservation supports the feasibility of structure-guided approaches aimed at
selectively targeting helminth CRAC channels while minimizing host toxicity. High-
resolution structural and mechanistic insights obtained from mammalian Orai1,
including the identification of druggable regions such as the pore selectivity filter
and extracellular transmembrane interfaces, provide a valuable template for
homology modeling and in silico screening of helminth Orai homologs (Derler et
al., 2013; Waldherr et al., 2020). Importantly, the growing recognition of Ca?*
signaling as a central regulator of parasite motility, development, neuromuscular
function, and host—parasite interaction further reinforces CRAC channels as
attractive pharmacological targets in helminthiasis (Greenberg, 2005; McVeigh,
2020). Collectively, these findings position helminth CRAC channels as promising
candidates for rational drug discovery pipelines that integrate comparative
genomics, structural modeling, and selective pore-targeted inhibition to develop

next-generation antiparasitic therapies.
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2. OBJECTIVES

2.1.

General objective

To investigate the molecular, functional, and structural mechanisms underlying

STIM-

Orai coupling in helminth parasites, with emphasis on CRAC channel

activation, pH-dependent regulation, and the identification of parasite-selective

inhibitory sites.

2.2,
2.2.1.

2.2.2.

2.23.

2.24.

2.2.5.

Specific objectives

To perform a comparative sequence and structural analysis of STIM and
Orai proteins from Ascaris lumbricoides, Schistosoma mansoni, Homo
sapiens, and selected orthologs in order to identify conserved and parasite-
specific molecular features involved in CRAC channel activation.

To evaluate the functional coupling between helminth-derived STIM and
Orai proteins using confocal microscopy, focusing on puncta formation and
ER—plasma membrane junction dynamics.

To assess CRAC channel activation mediated by helminth STIM—Orai
complexes through NFAT nuclear translocation assays as a Ca?*-dependent
functional readout.

To investigate the role of A. lumbricoides STIM proteins as intracellular pH
sensors and determine how pH variations modulate STIM activation and
CRAC channel coupling.

To generate a three-dimensional structural model of A. lumbricoides Orai
and identify and characterize potential small-molecule inhibitors targeting
transmembrane druggable pockets through structure-based virtual

screening, redocking, and molecular dynamics simulations.

3. METHODOLOGY

3.1.

Multiple sequence alignment and comparative analysis of STIM and
Orai proteins from Ascaris lumbricoides, Schistosoma mansoni, and

selected orthologs

A comparative sequence analysis of STIM and Orai proteins was performed

using homologous sequences from Ascaris lumbricoides, Schistosoma mansoni,

Homo sapiens, and selected representative orthologs from metazoans. Amino acid

sequences were retrieved from the National Center for Biotechnology Information
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(NCBI) (Sayers et al., 2021) and the UniProt databases (Bateman et al., 2023),

ensuring full-length annotations and curated entries whenever available (Table 4).

Multiple sequence alignments were generated using Jalview (Waterhouse
et al., 2009), allowing detailed comparison of primary sequences, detection of
conserved residues, and assessment of evolutionary relationships across species.
The alignments were manually inspected and refined to ensure accurate
positioning of functionally relevant regions. Conserved motifs and domains were
highlighted directly within the multiple sequence alignment to facilitate cross-

species comparison.

Functional and structural features of STIM and Orai proteins were further
annotated using complementary bioinformatic prediction tools. Signal peptides
were predicted using SignalP (version 5.0) (Almagro Armenteros et al., 2019),
while domain architecture was analyzed with SMART (Letunic & Bork, 2025).
Transmembrane helices were identified using TMHMM (version 2.0) (Krogh et al.,
2001), and coiled-coil regions were predicted using the COILS algorithm (Lupas,
1997). In parallel, three-dimensional structural predictions were obtained from the
AlphaFold platform to support domain localization and guide structural

interpretation (Jumper et al., 2021).

Table 4. Amino acid sequences of STIM and Orai proteins from helminth parasites in FASTA
format.

Protein | FASTA (sequence)

Ascaris lumbricoides

>SAM domain-containing protein OS=Ascaris lumbricoides
0X=6252 PE=4 3SV=2
MFARRIDFRLKRVMCPRWGTHLELLSASAPLIASVVITADDEKFRDPEGYAATIMQLHROM
DDDHSGSIDRFESNDFLKEDMKEFGGSDREKREKAFHHNNDEQITVDDLWEAWEGSEERAW
TTAEVVAWLENSVRLPQYSNNLIVKNVDGRALPRMAVANSTYLATELGIKNAVHKHKIHL
STIM* KALDVVLFGFSGDGSSRMKDIALSILLCVLIAVLVLYKRQRSRSRNEMEQLTSKLRQLKS
MESDFEDVOQOKFEEERKKRQSVSEAIVAENAQMETLRSQLMEAERLLESSSSAPLALQPL
LRRTCELEMSYVGQORLECIAEMREATIELIDKLRKKQSSLMSSIKLATGGSTGTDQVDSR
IFSLKARMEKISLAMEECQORWIEIESLCGFPLMVOPNGAELTFMGHTMPASGSSHLPRT
PSMCSSEFYRSSGICSTLATSAPPSYSSASALSTLALLDTSVAPKRPTTVEFSLTSASTSRL
SSSSHSHSSSSSEDRPYPLPSPSEFQLLTSAEHRNPGSTLYGALENRIQQQTGTLRFFAH
EYFFGMRLSRSLHPARFCSS

>Protein orai OS=Ascaris lumbricoides 0X=6252 PE=3 SvV=1
MVSSSPLHLDTSAPRRKGITEAYPLSGWITDVKLASRLAASNRMLNESRSANDICTNAFE
Orai** GGTRHDFMHEHDDVKSLLOQESRHRGELTILEKYRYDLSRAQLKASSRTSALLAGFAMVAL
VELQYESNTPPYLLILLGVVTTLLVSVHLLALMMSTCILPYIEANGCTQDSPHIRLKFYI
DLSWLFSTCIGLVLFLVEIGVIFFVKEFNAVNYELAAYITTAMLIPVLIIFTVFSCLIHKN
REFIHSMDRVDTKVNDLOQKFLSENESAVALPNATSVOQRHLVGAGLQGITILR

Schistosoma mansoni

>SAM domain-containing protein O0S=Schistosoma mansoni
0X=6183 PE=4 S5SV=1
MICYIFGILFCTCMFSPTVCSDICSATDEILSCFTKILSYEATEDLHRNLDGDKNGEVDH
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SETEKFLRKEFNPGDAAKKSRMLNSDDPLISLTDLWOMWRNNPAENWTVRDTTQWLVNLV
DLPQYADLFROHNLDGRSLPRLAMONMSYLVDVLGIQNPTHKKKLMLRALDITILEGPPROQ
STIM*** PVLVSGNVPLVTLSIGLLCVSEVSEFSHWEYHTSSEFSEKNSVGENQEKLNVAEQTLKQLOR
RLDDVEQLRQTLNAYEINQHFASSSSSAPKGMKRDNLSSPHLKSMEALNEDSLNTRKQSY
DHSSYIPSSITEFSLSTDLCNDSLHSNSSNNNNIYSANDPLTSDQIRTLOQCRKILNLKGR
NYGNEFCSSIALSRNPCNKYHLDEPHYELKHWLOVTYELELKRYCEKRMKAEKKLDEFARQ
SCKRFMRKRYGIFGSVRLVNAINLDELENRLISAKQALDQLEIEVQERINRWSRIEALTG
HEFIHTDIHNQYAKSTICETTKSIHCSMDMYRYCNGSMKSSDSDRLSSMIEETSLESNRES
KSTSNGLVNDFDCTHNKEIEFNLKDSFQSNSETADTFRTSLPRNYSFVRPFATLWRRKTKS
GRGKADSKQ

>0S=Schistosoma mansoni 0X=6183 PE=3 SV=1
MSSDNVVTSSVLPDSYSLARRHLQLSRAKLKATSRVSALLAGFAMVAITELQVAVGESKP
Orai1**** PEGLLFAFTILSCLLVVVHIMAVMISTCILPHIDSYTVPQDCYLIEEAPHNRLRTFVEVA
WICSTVVGIILFLAVVTLAFWVKEFWSVSSLSAIAATIVLIPAMLIFVIFAILFYRALTTY
KVERATEMIRNIDMRMSFLRSGVQKMYDEDNRKQHV

*(UniProt AISTIM, n.d.) **(UniProt AlOrai, n.d.) ***(UniProt SmSTIM, n.d.) ****(UniProt SmOrai,
n.d.)

3.2. Cloning of STIM and Orai from Ascaris lumbricoides and Schistosoma

mansoni

Previously generated clones of Schistosoma mansoni STIM (SmSTIM) and
Orai (SmOrai), as well as human STIM (HsSTIM), Orai (HsOrai), and NFAT,
obtained from earlier studies, were used in this work together with Ascaris
lumbricoides Orai (AlOrai) as templates for the generation of recombinant and

chimeric constructs.

The first construct corresponded to full-length Ascaris lumbricoides STIM
(AISTIM) excluding the predicted signal peptide. Specifically, the first 28 N-terminal
residues were removed, and the construct comprised residues 29-560 of the
AISTIM sequence. This fragment was cloned into the EGFP-pCMV6-XL5
expression vector using the Hindlll and Xhol restriction sites. It is important to note
that the EGFP-pCMV6-XL5 vector contains a human signal peptide located at the
N-terminus, upstream of the EGFP tag, which directs the expressed fusion protein
to the endoplasmic reticulum (ER), thereby ensuring appropriate subcellular
targeting during heterologous expression. The second construct consisted of the
C-terminal region of A. lumbricoides STIM (AISTIM-CT), comprising 333 amino
acid residues corresponding to positions 227-560 of the AISTIM sequence. This
fragment was subcloned into the EGFP-pcDNA3.1 expression vector using the
BamHI and Xhol restriction sites. The third construct corresponded to isoform 2 of
S. mansoni Orai, which was cloned into the pGEM vector using BamHI and Xhol

restriction sites (Table 5).
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In addition, a chimeric STIM construct was designed in which the C-terminal
region of S. mansoni STIM was replaced by the corresponding C-terminal domain
of A. lumbricoides. The resulting chimeric SmSTIM construct was cloned into the
EGFP-pCMV6-XL5 expression vector. Specific primers were designed to amplify
the regions of interest by PCR, incorporating overlapping sequences with the
vector backbone to enable cloning via the Gibson Assembly method (Table 5).
Following amplification, insert and vector fragments were assembled using the
enzymes provided in the NEBuilder Assembly Tool kit according to the
manufacturer’s instructions. Restriction enzyme analysis using Hindlll and Xhol
was subsequently performed to verify successful replacement and correct

insertion of the substituted C-terminal region.

Following confirmation of the recombinant clones by DNA sequencing, the
plasmids were transformed into competent Escherichia coli DH5a cells for plasmid
propagation. Cells were incubated with the recombinant plasmids for 30 min on ice
and subsequently subjected to heat shock at 42 °C for 50 s in a water bath.
Immediately after heat shock, 200 pL of Luria—Bertani (LB) medium were added,
and the cells were returned to ice for 2 min. The transformed cells were then
incubated under agitation at 37 °C for 1 h 30 min and plated onto LB agar plates
supplemented with ampicillin or carbenicillin (50 pg/mL), depending on the plasmid
construct. Plates were incubated at 37 °C for 16 h. Colonies corresponding to
positive clones were selected and grown for approximately 16 h at 37 °C in LB
medium containing ampicillin (50 ug/mL) and plasmid DNA were subsequently
extracted using the Wizard® Plus SV Miniprep DNA Purification System

(Promega), following the manufacturer’s instructions.

Table 5. Primers used for cloning and generation of chimeric STIM.

Construct / Primer name Sequence (5—3) Restricti Tm
Target q on site (°C)

AISTIM full-  AISTIM_F_Hindlll CCGAAGCTTAGCGCCCCTCTGATCGCC Hindlll 69
length
(excluding
predicted signal
peptide)
(EGFP-pCMV6-
XL5)

AISTIM_R_Xhol CCGCTCGAGTCAGCTGCTGCAGAATCTAGC  Xhol 68

AISTIM-CT (C- AISTIM_CT_F_BamHI CCGGGATCCAAGCGGCAGCGGAGCAGAAG BamHI 71
terminal region)

(EGFP-  AISTIM_R_Xhol CCGCTCGAGTCAGCTGCTGCAGAATCTAGC  Xhol 68
pcDNA3.1)
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Construct / Restricti Tm

Target Primer name Sequence (5'—3’) onsite (°C)
SmOrai SmMORAI2_F_1_BamHI gg_l(?GGATCCATGAGTTCAGACAACGTTGTT BamHl 65
isoform 2
(pGEM) SmORAI2_R_1_Xhol ggGCTCGAGTCAACTTTGTAGGTAGTAAGC Xhol 66
Fw vector chimera TAGATTCTGCAGCAGCTGAGCAGGATGGGG . 69
- - TGGCAGTAA
Chimeric STIM Rv_vector_chimera ?gL%LGAiL %%GCTGCCGCTTGTAAAACCAA . 68
(overlap/assem
: . . GCTTTTCTCATTGGTTTTACAAGCGGCAGC
bl _
y primers)  Fw_insert_chimera GGAGCAGAAG 69
. . TTACTCCCACCCCATCCTGCTCAGCTGCTG
Rv_insert_chimera — 69

CAGAATCTAGC

3.3. Confocal fluorescence imaging

3.3.1. STIM-Orai puncta formation upon ER Ca?* depletion

Human embryonic kidney cells (HEK293) were transiently transfected with
EGFP-tagged STIM and mCherry-tagged Orai constructs derived from Ascaris
lumbricoides (EGFP-AISTIM/mCherry-AlOrai), Schistosoma mansoni (EGFP-
SmSTIM/mCherry-SmOrai), or Homo sapiens (EGFP-HsSTIM/mCherry-HsOrai).
HEK293 cells were selected due to their high transfection efficiency and suitability
for heterologous protein expression and imaging assays (P. Thomas & Smart,
2005). Transfections were performed in six-well plates at a density of 3 x 10° cells
per well using Lipofectamine 2000 (Thermo Fisher Scientific), following the
manufacturer’s instructions. Cells were maintained at 37 °C in a humidified

atmosphere containing 5% CO..

Twenty-four hours after transfection, the medium was replaced with DMEM
supplemented with 10% fetal bovine serum (FBS) and antibiotics (penicillin—
streptomycin). Cells were then seeded onto poly-D-lysine—coated glass coverslips

(Sigma) or 35-mm glass-bottom dishes and analyzed 48 hours post-transfection.

Confocal fluorescence imaging was performed using a Zeiss LSM 710 laser
scanning confocal microscope (Carl Zeiss), equipped with a 488 nm laser for
EGFP excitation and a 561 nm laser for mCherry excitation. Non-transfected cells
present in the same cultures served as internal negative controls, as they showed
no detectable EGFP fluorescence. For functional assessment of CRAC channel
activation, transfected HEK293 cells were stimulated with thapsigargin (1 yM) to

induce endoplasmic reticulum Ca?" store depletion, and STIM-Orai puncta
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formation was monitored by real-time confocal microscopy. (Gao et al., 2009;

Zeraik et al., Submittend article).

3.3.2. NFAT-translocation assays

As a functional readout of CRAC channel activation mediated by helminth-
derived STIM and Orai proteins in mammalian cells, nuclear translocation of NFAT
(nuclear factor of activated T cells) was employed as a Ca?*-dependent signaling
assay. NFAT activation is triggered by sustained Ca?* influx through CRAC
channels, leading to calcineurin-dependent dephosphorylation and subsequent

translocation of NFAT from the cytoplasm to the nucleus (Carretta et al., 2018).

HEK293 cells were transiently co-transfected with the following constructs:
eGFP-AISTIM/mCherry-AlOrai, eGFP-SmSTIM/mCherry-SmOrai or eGFP-
HsSTIM/mCherry-HsOrai, together with a GFP-tagged NFAT reporter plasmid.
Transfections were performed using Lipofectamine 2000 according to the
manufacturer’s instructions. Cells were maintained at 37 °C in a humidified

atmosphere containing 5% CO, and analyzed 48 h post-transfection.

To induce store-operated Ca** entry (SOCE), cells were treated with
thapsigargin (1 uM; Sigma-Aldrich). NFAT translocation dynamics from the
cytoplasm to the nucleus were monitored by confocal microscopy, with images
acquired before and after TG stimulation in real-time mode. Image analyses were
performed using Fiji/lmaged. This approach enabled direct correlation between
CRAC channel activation mediated by helminth-derived STIM—Orai complexes
and downstream Ca**-dependent transcriptional signaling, providing functional
evidence for SOCE-driven NFAT activation in mammalian cells expressing parasite

CRAC channel components (Princen et al., 2024).

Image analysis was performed using Fiji/lmaged software (Schindelin et al.,
2012). Qualitative comparisons were conducted based on fluorescence
redistribution patterns and puncta formation, with particular emphasis on the
conservation and functional relevance of the C-terminal polybasic domain across

species.

3.3.3. Evaluation of STIM as an intracellular pH sensor
To evaluate the role of STIM as an intracellular pH (pHi) sensor, HEK293

cells were transiently co-transfected with the following constructs: EGFP-
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AISTIM/mCherry-AlOrai or EGFP-HsSTIM/mCherry-HsOrai. Cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO, and analyzed 48 h post-

transfection.

Prior to pH manipulation, cells were washed and equilibrated in a standard
recording solution containing (in mM): 140 NaCl, 5 KCI, 1 MgCl,, 1 CaCl,, 10
glucose, and 20 HEPES, adjusted to pH 7.5. This solution was used as the
baseline condition for confocal imaging. Intracellular pH clamping were achieved
using nigericin (10 uM; Sigma-Aldrich), a H*/K* ionophore that equilibrates
intracellular and extracellular pH in high-potassium buffers. Cells were incubated
with calibration solutions of defined pH values (pH 6.0, 7.2, 7.5, 8.0, and 9.0), each
containing 140 mM KCI, 1 mM MgCl,, 0.2 mM EGTA, and 10 mM glucose. Buffer
systems were selected according to the target pH: MES for pH 6.0, HEPES for pH
7.2,7.5, and 8.0, and Tris for pH 9.0 (Y. Chen et al., 2024).

Confocal microscopy was performed before and after exposure to each pH
condition to assess STIM redistribution and puncta formation at endoplasmic
reticulum—plasma membrane (ER-PM) junctions. Changes in STIM activation in
response to intracellular pH shifts were analyzed comparatively between AISTIM

and HsSTIM constructs.

3.4. In silico structural modeling, virtual screening, redocking and

molecular dynamics simulations

The amino acid sequence of Ascaris lumbricoides Orai was retrieved from
UniProt (Bateman et al., 2023) and used to generate a three-dimensional
structural model. Homology modeling was performed using MODELLER (Webb &
Sali, 2016), employing the open-state structure of Drosophila melanogaster Orai
(PDB ID: 7KR5) as the template. A homohexameric assembly was constructed,
and the best model was selected based on the lowest DOPE score. The selected
structure was subsequently subjected to energy minimization and preliminary

relaxation.

Virtual screening was carried out using a library of 3,400 small molecules
obtained from the ZINC database (Irwin et al., 2020), corresponding to compounds
classified as FDA-approved or in advanced clinical trial phases. Protein and ligand
preparation for docking was performed using MGLTools (Morris et al., 2009). The
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Orai model was prepared by adding polar hydrogens, assigning Gasteiger
charges, and defining AutoDock4 atom types, followed by conversion to PDBQT
format. Ligands were geometry-optimized and energy-minimized at physiological
pH (7.4), with Gasteiger charges and AD4 atom types assigned prior to conversion
to PDBQT format.

Docking calculations were performed using AutoDock Vina (Trott & Olson,
2010), executed via custom Bash scripts to enable batch processing. Docking
poses were ranked according to binding affinity, and the three top-scoring ligands
with the lowest binding energies were selected for further analysis. Binding modes
were visually inspected using PyMOL (PyMOL, 2025).

To refine docking results, directed redocking was performed for each
selected ligand using AutoDock Vina (Trott & Olson, 2010), with 30 independent
docking runs per ligand. The most stable receptor—ligand complexes were
selected based on consistently low binding energies and favorable interaction
geometries. Protein-ligand interactions were subsequently analyzed using
Discovery Studio Visualizer (BIOVIA, n.d.).

Molecular dynamics (MD) simulations were performed using Desmond-
Maestro (Schrddinger) to evaluate the stability of the selected complexes under
membrane-embedded conditions. Each protein—ligand complex was embedded in
a DPPC lipid bilayer, solvated with explicit water molecules, and neutralized by the
addition of Na* and CI” ions to achieve physiological ionic strength. Simulations
were conducted using the OPLS (Optimized Potentials for Liquid Simulations)
force field, which is the default force field implemented in Desmond for
biomolecular and membrane systems (Higginbotham et al., 2025). The system
was built using the Desmond System Builder and subjected to the standard
Desmond relaxation protocol, including energy minimization and short equilibration
phases under restrained conditions. Production MD simulations were carried out
for 50 ns under the NPyT ensemble at 300 K, allowing for constant pressure,
temperature, and membrane surface tension control. Trajectory analyses included
root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF),
secondary structure stability, protein—ligand contact profiles, and ligand
conformational stability, as extracted from the Desmond simulation interaction
reports (Friedrichs et al., 2009; Higginbotham et al., 2025).
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4. RESULTS AND DISCUSSION

4.1. Multiple sequence alignment and comparative analysis of STIM and
Orai proteins

The physicochemical properties of STIM and Orai proteins from Ascaris
lumbricoides and Schistosoma mansoni, are summarized in Table 6, providing a
comparative framework to evaluate structural features that may influence protein
stability, membrane association, and functional coupling within the CRAC channel

complex.

Table 6. General physicochemical properties of STIM and Orai proteins from helminth

parasites.
Organism  Protein Mot Molectiar - Theoretical - Extinction coofficient gravy
Ascaris STIM 560 62.92 6.96 48,400 -0.383
lumbricoides Orai 291 32.48 7.14 24,660 0.260
Schistosoma  STIM 609 70.22 8.19 73,310 -0.584
mansoni Orai1 216 24.16 8.72 25,690 0.687

Source (Expasy ProtParam, n.d.)

Multiple sequence alignment of STIM proteins from Ascaris lumbricoides,
Schistosoma mansoni, Homo sapiens, and selected metazoan orthologs revealed
a high degree of conservation across functionally critical regions (Figure 10).
Pairwise comparative analysis indicated a moderate overall sequence identity
between helminth STIM proteins and human STIM1. In this context, A.
lumbricoides STIM displays 25.82% identity to human STIM1 at the full-length
level, whereas S. mansoni STIM shows slightly higher identity, ranging from
24.51%. Notably, the Iuminal EF-SAM domain, the single transmembrane
segment, and the cytosolic coiled-coil regions directly involved in Orai activation
(CC2-CC3/SOAR) are well conserved between helminth STIM proteins and
human STIM, suggesting strong evolutionary pressure to maintain the core
mechanisms of Ca?" sensing and STIM-Orai coupling. In contrast, greater
sequence divergence is observed in low-complexity regions and in C-terminal
regulatory segments, such as CC1 and the polybasic domain (PBD), which are

enriched in proline and serine residues, potentially reflecting species-specific
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regulatory adaptations without compromising the fundamental activation

machinery (Cohen et al., 2023).

Analogous to the analysis performed for STIM, a multiple sequence
alignment of Orai proteins from Ascaris lumbricoides, Schistosoma mansoni,
representative helminths, vertebrates, and Drosophila melanogaster was
conducted, with the latter used as a structural reference due to the availability of
experimentally resolved structures in defined functional states (PDB: 4HKS, closed
state; PDB: 7KR5, open state) (Hou et al., 2012a, 2020b). Comparative analysis
revealed a moderate overall sequence identity between helminth Orai proteins and
D. melanogaster Orai, with approximate values of 40.28% for A. lumbricoides Orai
and 43.87% for S. mansoni Orai1.

Notably, the four transmembrane domains (TM1-TM4) display a high
degree of conservation (Figure 11), preserving the alpha-helical organization
characteristic of the Orai channel and consistent with its assembly as a
homohexameric pore. This structural conservation suggests that the fundamental
principles governing pore formation, ion selectivity, and Ca?* permeation are
maintained in helminth Orai proteins, despite divergence observed in extracellular
and cytosolic regions, which may contribute to species-specific regulatory
modulation (Hou et al., 2020b).
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Figure 10. Multiple sequence alignment of STIM proteins from helminth parasites and metazoan orthologs, highlighting conserved functional

domains.

34



D.melanogaster/TKR5

A. lumbricoides/Orai
A. suum/Orai
S.mansoni/Orail
S.mansoni/Orail
S.japonicum/Orai
S.haematobium/Orail
C.elegans/Orai
A.duodenale/Orai
H.sapiens/Qrail
H.sapiens/Orai2
M.musculus/Orail
D.melanogaster/TKR5

87

121
15
15

15
14
101
114

71

45

73
11

D.melanogaster/AHKR 11

D.melanogaster/TKRS

A. lumbricoides/Orai
A. suum/Orai
S.mansoni/Orail
S.mansoni/Orail
S.japonicum/Orai
S.haematobium/Orail
C.elegans/Orai
A.duedenale/Orai
H.sapiens/Orail
H.sapiens/Orai2
M.musculus/Orail
D.melanogaster/TKRS
D.melanogaster/AHKR

D.melanogaster/TKRS

A. lumbricoides/Orai
A. suum/Orai
S.mansoni/Orail
S.mansoni/Orai2
S.japonicum/Orai
S. haematobium/Orail
C.elegans/Orai
A.duodenale/Orai
H.sapiens/Orail
H.sapiens/Orai2
M.musculus/Orail

D.melanogaster/TKR5 130 E
D.melanogaster/AHKR 130 E

D.meianogaster/TKRS

A. lumbricoides/Orai 229 TFTVE
A. suum/Orai 263 IFTVF
S.mansoni/Orail 165 IFVIE
S.mansoni/Orai2 156 RHI I L
S.japonicum/Orai 165 VEV IF
S.haematobium/Orail 164 IFVIFE
C.elegans/Orai 243 VEVVE
A.duodenale/Orai 256 VEVVE
H.sapiens/Orail 249 IF IV E
H.sapiens/Orai2 210 TFVVE
M.musculus/Orail 252 VE I VE]
D.melanogaster/TKRS 160 IFMAF

D.melanogaster/4AHKR 160 TFEMAF

198
232
135
135
135
134
212
225
190
164
192

mEEHESSSSER

LTI
LTI
SYS
SYS
SYL
SYS
LDL

LDM
MQA
vQAa
MQA

PTY
PTY

R sBH L LRV M VERISEERR YT EJANGCTQ . . - . . .
PRSI L LI MMER SRS Y T EANGCTQ . - . . . .
WA T MY M T RSB T DS Y TVPQDCYLIE
bR VA T MIAV M TR leb SRl I DISYTVPQDCYLIE
SRV H T MENV M TR ek d BT DISYTVPHDCYLVE
A T MY M T ER kR E| T DS YMVPQDCYLIE
IS H T LINL MMER BB BI Y MEATGCTQ . . . . . .
AR SW H T LEN L MMER oS BA Y MEATGCTQ . . . . . .
SRR T FINL M T ERdehdNIN T EAVSNVHNLNS VK

AN HMLENT M TR e MN| T EiITVSNLHSISLVH

PRI SOQHAIHOO

Frrcrmnbeo oo

ERRARZZmom oo

OO QWnAEER

FEE<P<<<EAK<<

REFIHSMDR|VDTK]
REFIHSMDRVDTE|
LTTYKVERATEM

LITYKVERATEM
LTTYKVERATEM
RVSHSLIGRFKHK
RVSYTLGR[FKDK
LVSHKTDR|QFQE
LVRHKTERHNRE
LVSHKTDR|QFQE
LVSHKYEV|TVSG
LVSHKYEVTVSG

Figure 11. Multiple sequence alignment of Orai proteins from helminths, vertebrates, and
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Drosophila melanogaster, highlighting conservation of transmembrane domains.

The alignment highlights conservation of the four transmembrane segments (TM1-TM4) of Orai, as
well as the predominantly alpha-helical secondary structure characteristic of the channel. D.
melanogaster Orai structures in the closed (4HKS) and open (7KR5) states are included as structural

references. The alignment was generated using ESPript 3.2.
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Three-dimensional structure prediction of STIM using AlphaFold for Ascaris
lumbricoides (Figure 12A) enabled clear identification of the canonical structural
domains of STIM, including the Iluminal EF-SAM module, the single
transmembrane segment, and the cytosolic coiled-coil regions involved in Orai
activation. A notable finding is the absence of the polybasic domain (PBD) at the
C-terminus of A. lumbricoides STIM, in contrast to what has been described for
vertebrate STIM proteins. Similarly, structural prediction of STIM from Schistosoma
mansoni (Figure 12B) revealed the presence of conserved domains but with a
pronounced extension of disordered regions and cytosolic loops, particularly
toward the C-terminal region, suggesting increased conformational flexibility
relative to A. lumbricoides and other orthologs.
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Figure 12. AlphaFold-based three-dimensional structural prediction of helminth STIM
proteins.

Structural models of STIM generated by AlphaFold. (A) STIM from Ascaris lumbricoides and (B)
STIM from Schistosoma mansoni. The EF-SAM domain, transmembrane segment (TM), CC1,
CC2-CC3/SOAR regions, and the polybasic domain (PBD), when present, are indicated.
Differences in the extent of disordered regions and cytosolic loops between both species are
observed.
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4.2. Cloning of STIM and Orai from Ascaris lumbricoides and Schistosoma
mansoni

Successful generation of recombinant STIM constructs from Ascaris
lumbricoides was confirmed by restriction analysis and agarose gel
electrophoresis (Figure 13). Digestion of the pCMV6-XL5 expression vector
harboring the full-length A. lumbricoides STIM sequence lacking the predicted
signal peptide yielded a DNA fragment of approximately 1,625 bp, consistent with
the expected size of the AISTIM insert. Similarly, restriction analysis of the
pcDNA3.1-based construct containing the C-terminal region of AISTIM produced a
fragment of approximately 1,043 bp, corresponding to the predicted length of the
AISTIM-CT domain.

As shown in Figure 13, lanes I|-IV display the recombinant clones
containing full-length AISTIM, whereas lanes V-VII correspond to the AISTIM-CT
construct. The presence of single, well-defined bands at the expected molecular
sizes, together with the absence of non-specific amplification products, indicates
high cloning specificity and structural integrity of the inserts. The reproducibility of
the banding pattern across independent clones further supports the robustness of
the cloning strategy and the efficiency of the restriction-based verification

approach.

I II III IV V VI VII
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Figure 13. Agarose gel electrophoresis of recombinant Ascaris Ilumbricoides STIM
constructs.
Agarose gel (0.8%) showing restriction analysis of recombinant clones. Lanes |-V correspond to

full-length A. lumbricoides STIM lacking the predicted signal peptide, revealing the expected insert
size of ~1,625 bp. Lanes V-VII correspond to the C-terminal STIM construct (AISTIM-CT),
displaying the expected fragment of ~1,043 bp. DNA size markers (bp) are shown on the left. All
constructs were confirmed by sequencing.

The generation of the chimeric STIM construct was validated by restriction
analysis and agarose gel electrophoresis (Figure 14). In this construct, the C-
terminal region of Schistosoma mansoni STIM was replaced by the corresponding
C-terminal domain from Ascaris lumbricoides and cloned into the pCMV6-XL5
expression vector. Digestion with Hindlll and Xhol released a DNA fragment of
approximately 1,625 bp, consistent with the expected size of the chimeric STIM
insert. As shown in the gel, samples subjected to double digestion displayed a
clear band at the predicted molecular size, confirming successful incorporation of
the A. lumbricoides C-terminal region into the SmSTIM backbone. The absence of
additional non-specific bands supports the specificity of the cloning strategy and
indicates correct assembly of the chimeric construct, which was subsequently

confirmed by sequencing.
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Figure 14. Agarose gel electrophoresis of recombinant chimeric STIM constructs.
(A) Schematic representation of the chimeric STIM protein, composed of the EF-SAM,

transmembrane, and proximal cytosolic regions of S. mansoni STIM fused to the C-terminal
domain of A. lumbricoides STIM. (B) Agarose gel (0.8%) showing restriction analysis of the
chimeric construct. Double digestion with Hindlll and Xhol released an insert of approximately
1,625 bp, detected in lanes Il and IV, consistent with the expected size of the chimeric STIM
sequence. Lanes |, lll, and V correspond to undigested control samples (no restriction enzymes
added), showing the intact plasmid. DNA size markers (bp) are shown on the left.
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In contrast to the STIM-based constructs, we were unable to amplify the
Schistosoma mansoni Orai isoform 2. This isoform encodes a markedly short
protein of only 168 amino acids. In addition, truncated or non-canonical Orai
isoforms may represent alternatively spliced or non-functional variants, which
could further account for the lack of successful sequence amplification.

Consequently, this isoform was excluded from subsequent functional analyses.

Table 7. Summary of recombinant STIM and Orai constructs generated in this study.
The table summarizes the cloning strategy, insert size, vector backbone, and validation status of each

construct based on restriction analysis and sequencing.

Protein / Expected Sequencing
Construct Species D - Vector insert size - . Outcome
omain (bp) confirmation
Algiﬂr:\gl(A Ascaris Full-length pCMV6- ~1 625 Yes Successfully
or lumbricoides STIM XL5 ' cloned
peptide)
Ascaris C-terminal N Successfully
ASTIM-CT lumbricoides  domain (CT) PEDNAS.1 1,043 Yes cloned
Chimeric SmSTIM
STIM S. mansoni| A. backbone + pCMV6- ~1 625 Yes Successfully
(SmSTIM—  lumbricoides AISTIM C- XL5 ’ cloned
AICT) terminus
SmOrai Schistosoma Orai isoform 2 Not
(isoform 2) mansoni (168 aa) PGEM 523 No confirmed

4.3. Confocal imaging of STIM-Orai coupling and puncta formation

Confocal imaging was used to evaluate the ability of Ascaris lumbricoides
STIM (AISTIM) to undergo puncta formation upon endoplasmic reticulum (ER)
Ca?* store depletion. HEK293 cells transiently expressing EGFP-AISTIM exhibited
a predominantly diffuse distribution of the protein, mainly associated with
intracellular membranes of the ER, under resting conditions (Figure 15B). Notably,
treatment with thapsigargin (TG, 1 uM) for up to 40 minutes failed to induce the
formation of discrete STIM puncta at ER—-plasma membrane (ER-PM) junctions,
as evidenced by the absence of punctate structures following stimulation (Figure
15C).

In humans, puncta formation represents a hallmark early step in CRAC
channel activation, reflecting STIM oligomerization and its accumulation at
endoplasmic reticulum—plasma membrane (ER-PM) contact sites, where STIM

physically couples to Orai channels in the plasma membrane. This process is
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critically supported by the polybasic domain (PBD) located at the C-terminus of
human STIM1, which mediates electrostatic interactions with plasma membrane
phosphoinositides and stabilizes STIM positioning at ER—PM junctions (Cohen et
al., 2023). In contrast, Ascaris lumbricoides STIM (AISTIM) lacks a canonical C-
terminal polybasic region, a structural feature that is also absent in STIM

homologs from several invertebrate species.

Studies in Caenorhabditis elegans have shown that STIM can display
atypical spatial distributions, including pre-assembled peripheral puncta at resting
state; however, such puncta are not sufficient to activate Orai or induce CRAC
currents in the absence of ER Ca?* depletion (Gao et al., 2009). In contrast, recent
work in Schistosoma mansoni has demonstrated that the CRAC channel is
constitutively active when expressed in HEK293 cells, a behavior attributed to
structural features within the C-terminal region of SmSTIM that promote stable
ER—plasma membrane coupling (Zeraik et al., Submitted article). In this context,
the absence of puncta formation observed for AISTIM after TG treatment suggests
that, unlike SmSTIM or human STIM1, AISTIM alone is unable to efficiently
reorganize into functional ER-PM contact sites. Collectively, these observations
indicate that puncta formation and CRAC activation are tightly regulated, species-
dependent processes, in which structural differences within the STIM C-terminal

region critically determine spatial dynamics and coupling competence.
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Figure 15. Confocal analysis of EGFP-AISTIM distribution in HEK293 cells following ER Ca**
store depletion.
(A) Schematic representation of A. lumbricoides STIM highlighting the absence of a polybasic

domain at the C-terminal region. (B) Confocal images of HEK293 cells expressing EGFP-A/STIM
40



under basal conditions, showing a diffuse intracellular distribution. (C) After treatment with
thapsigargin (TG, 1 pM) for 40 min, EGFP-AISTIM does not reorganize into punctate structures at
ER-PM contact sites, indicating a lack of puncta formation upon ER Ca?* depletion. Scale bars =
10 um.

Co-expression of EGFP-tagged Ascaris lumbricoides STIM (AISTIM)
together with mCherry-tagged A. lumbricoides Orai (AlOrai) revealed a marked
change in STIM spatial organization upon endoplasmic reticulum (ER) Ca?* store
depletion. In HEK293 cells co-transfected with both proteins, treatment with
thapsigargin (TG, 1 uM) for 40 min induced the formation of discrete puncta at
ER—plasma membrane (ER-PM) junctions (Figure 16C), in contrast to the diffuse
distribution observed when AISTIM was expressed alone. The absence of the red
channel corresponding to mCherry-AlOrai is due to a malfunction of the
microscope’s red laser; consequently, only the green fluorescence signals could

be reported throughout this document.

The inability of AISTIM to form puncta in the absence of AlOrai is consistent
with the lack of a canonical C-terminal polybasic domain (PBD), which in
mammalian STIM1 mediates electrostatic interactions with plasma membrane
phosphoinositides and stabilizes ER-PM contact sites (Cohen et al., 2023; Liou et
al., 2005). Multiple sequence alignment of STIM orthologs confirms the absence of
conserved polybasic residues in the C-terminal region of AISTIM, in contrast to
vertebrate STIM1 and several invertebrate homologs (Figure 16D), a feature that
has been shown to critically influence membrane tethering and puncta stability
(Gao et al., 2009). In agreement with these observations, structural
representations of the STIM polybasic domain reveal a positively charged helical
motif that is absent in A. lumbricoides STIM (Figure 16E), providing a structural
explanation for its limited intrinsic membrane-anchoring capacity (Stathopulos et
al., 2013).

In this context, the presence of AlOrai appears to compensate for the
absence of a PBD in AISTIM by providing a binding and anchoring platform that
enables STIM clustering at ER—PM junctions. This interpretation is supported by
studies demonstrating that direct interactions between the SOAR/CAD region of
STIM and cytosolic domains of Orai can stabilize puncta formation and promote

channel gating even when membrane lipid interactions are weakened (Baraniak et
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al., 2020; Yuan et al., 2009). Together, these findings support a model in which
puncta formation and CRAC channel activation in A. lumbricoides are strictly
dependent on productive STIM-Orai coupling rather than on intrinsic STIM-driven

membrane tethering alone.
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Figure 16. Orai-dependent puncta formation and CRAC channel activation mediated by
AISTIM in HEK293 cells.

(A) Schematic representation of A. lumbricoides STIM, lacking a C-terminal polybasic domain
(PBD), and the corresponding Orai protein. (B) Confocal images of HEK293 cells co-transfected
with EGFP-AISTIM and mCherry-AlOrai under basal conditions, showing a predominantly diffuse
distribution prior to stimulation. (C) Following ER Ca?* store depletion with thapsigargin (TG, 1 pM)
for 40 min, robust puncta formation is observed at ER—plasma membrane junctions, indicating
functional STIM-Orai coupling and CRAC channel activation. (D) Multiple sequence alignment of
the C-terminal region of STIM orthologs highlighting the absence of conserved polybasic residues
in A. lumbricoides STIM. (E) Structural representation of the STIM polybasic domain illustrating a
positively charged helical motif that is absent in AI/STIM. Puncta formation in this system is
dependent on the presence of AlOrai, compensating for the lack of a PBD in AISTIM. Scale bars =
10 um.

To assess species specificity in STIM-Orai coupling, EGFP-tagged Ascaris
lumbricoides STIM (AISTIM) was co-expressed with mCherry-tagged human Orai1
(HsOrai1) in HEK293 cells. Under basal conditions, both proteins exhibited a
diffuse distribution, predominantly associated with the plasma membrane. Notably,
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ER Ca?* store depletion induced by thapsigargin (TG, 1 yM) for 40 min failed to
promote puncta formation or STIM reorganization at ER—plasma membrane (ER—
PM) contact sites (Figure 17C), indicating the absence of functional CRAC

channel activation in this heterologous combination.

Productive CRAC activation requires direct and structurally compatible
interactions between the SOAR/CAD region of STIM and the cytosolic domains of
Orai, which stabilize the STIM—Orai complex and enable channel gating
(Stathopulos et al., 2013; Yuan et al., 2009). Previous studies have shown that
even subtle mismatches in STIM—Orai interfaces across species can impair
coupling efficiency and abolish Ca?* influx, despite the individual functionality of
each component in its native context (Liou et al., 2005; Prakriya et al., 2006).
Consistent with this model, the inability of AISTIM to activate HsOrai1 supports the
notion that CRAC channel activation in A. lumbricoides depends on a cognate,

species-specific STIM-Orai interaction, rather than on Orai presence alone.

AISTIM/HsOrai
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Figure 17. Lack of puncta formation and CRAC activation in the AISTIM-HsOrai

combination.
(A) Schematic representation of A. lumbricoides STIM, lacking a C-terminal polybasic domain, and

human Orai1. (B) Confocal images of HEK293 cells co-transfected with EGFP-AISTIM and
mCherry-HsOrai1 under basal conditions, showing a diffuse distribution of both proteins prior to
stimulation. (C) Following ER Ca?* store depletion with thapsigargin (TG, 1 uM) for 40 min, no
puncta formation or STIM reorganization at ER—PM contact sites is observed, indicating ineffective
STIM-Orai coupling and lack of CRAC channel activation. Scale bars = 10 ym.

To further evaluate the specificity of STIM-Orai coupling among
phylogenetically related helminths, EGFP-tagged Ascaris Ilumbricoides STIM
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(AISTIM) was co-expressed with mCherry-tagged Schistosoma mansoni Orai
(SmOrai) in HEK293 cells. Despite the evolutionary proximity between A.
lumbricoides and S. mansoni, ER Ca?" store depletion induced by thapsigargin
(TG, 1 uM) for 40 min failed to trigger puncta formation or STIM reorganization at
ER-plasma membrane (ER—PM) contact sites (Figure 18C), indicating ineffective

STIM—-Orai coupling in this heterologous helminth—helminth combination.

Previous studies have demonstrated that productive CRAC channel
activation relies on highly specific molecular interfaces between STIM and Orai,
particularly involving the SOAR/CAD region of STIM and conserved cytosolic
helices of Orai that mediate direct binding and channel gating (Stathopulos et al.,
2013; Yuan et al., 2009). Although SmOrai is functional and capable of supporting
CRAC currents when paired with its cognate STIM in mammalian cells, structural
divergence within the C-terminal region of AISTIM—most notably the absence of a
canonical polybasic domain likely impairs its ability to recognize and stably engage
SmOrai (Zeraik et al., Submitted article). This interpretation is further supported by
comparative analyses indicating that even subtle sequence variations in STIM—
Orai interaction surfaces can abolish coupling across species boundaries (Gao et
al., 2009; Prakriya et al., 2006). Taken together with the lack of functional coupling
observed in the AISTIM-HsOrai combination (Figure 17 and Figure 18), these
findings demonstrate that AISTIM supports CRAC channel activation exclusively in
the presence of its cognate AlOrai. This strict specificity suggests the existence of
parasite-selective molecular determinants within A/ISTIM that prevent productive
interaction with Orai proteins from other organisms. Importantly, such species-
restricted coupling provides a conceptual framework for rational drug design, as
pharmacological targeting of helminth-specific STIM-Orai interfaces could enable
selective modulation of parasite Ca?* signaling without interfering with host CRAC

channels.
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Figure 18. Absence of puncta formation and CRAC activation in the AISTIM-SmOrai
combination.
(A) Schematic representation of A. lumbricoides STIM, lacking a C-terminal polybasic domain, and

S. mansoni Orai. (B) Confocal images of HEK293 cells co-transfected with EGFP-A/STIM and
mCherry-SmOrai under basal conditions, showing a diffuse intracellular distribution of both
proteins. (C) Following ER Ca?* store depletion with thapsigargin (TG, 1 yM) for 40 min, no puncta
formation or STIM reorganization at ER—PM contact sites is observed, indicating ineffective STIM—
Orai coupling and absence of CRAC channel activation. Scale bars = 10 uym.

A chimeric construct was generated in which the luminal EF-SAM domain,
transmembrane segment, and proximal cytosolic regions of Schistosoma mansoni
STIM were fused to the C-terminal region of Ascaris lumbricoides STIM and co-
expressed with A. lumbricoides Orai. This strategy was based on the hypothesis that
the STIM C-terminus, which contains the SOAR/CAD activation domain, could
function as a modular element capable of restoring constitutive or store depletion—
dependent Ca?* activation from the endoplasmic reticulum (ER). However, confocal
microscopy analysis revealed a predominantly diffuse intracellular distribution under
both basal conditions and following ER Ca?* depletion induced by thapsigargin, with
no evidence of puncta formation or redistribution to ER—plasma membrane contact
sites (Figure 19). These results indicate that isolated replacement of the STIM C-
terminal region is not sufficient to support productive STIM—Orai coupling, suggesting
that additional domains and allosteric interactions between structural regions are
essential for proper STIM activation. The absence of puncta formation further
supports the notion that STIM function relies on a finely tuned global architecture, in
which coordinated interactions among luminal, transmembrane, and cytosolic

domains are required to effectively transmit ER Ca?* depletion signals to Orai
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channels. Overall, this chimeric approach highlights the limitations of considering the

A. lumbricoides STIM C-terminus as an autonomous activation module.
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Figure 19. Chimeric STIM-AIOrai construct fails to induce puncta formation upon ER Ca?*
depletion.

(A) Schematic representation of the chimeric STIM protein, composed of the luminal EF-SAM
domain, transmembrane segment, and proximal cytosolic regions of Schistosoma mansoni STIM
fused to the C-terminal region of Ascaris lumbricoides STIM, co-expressed with A. lumbricoides
Orai. (B) Confocal images of HEK293 cells expressing the chimeric STIM/AIOrai combination
under basal conditions, showing a predominantly diffuse intracellular distribution. (C) Following ER
Ca?* store depletion with thapsigargin (TG, 1 uM) for 40 min, no puncta formation or reorganization
at ER—plasma membrane contact sites is observed. These results indicate that the chimeric STIM
construct is unable to support puncta formation and functional CRAC channel activation,
highlighting the critical requirement for an intact and species-specific STIM C-terminal architecture
for productive STIM—Orai coupling. Scale bars = 10 ym.

4.4. Functional assessment of CRAC channel activation by NFAT nuclear
translocation

To functionally validate CRAC channel activation mediated by the Ascaris
lumbricoides STIM—Orai complex, NFAT nuclear translocation was employed as a
Ca%*-dependent downstream readout of sustained store-operated calcium entry
(SOCE). HEK293 cells were co-transfected with EGFP-tagged A. lumbricoides
STIM (AISTIM), mCherry-tagged A. lumbricoides Orai (AlOrai), and a GFP-tagged
NFAT reporter. Under basal conditions, NFAT fluorescence was predominantly
localized in the cytoplasm, consistent with its phosphorylated and inactive state
(Figure 20B,D). Depletion of endoplasmic reticulum Ca?* stores by treatment with
thapsigargin (TG, 1 uM) for 40 min induced robust STIM-Orai puncta formation at

ER-plasma membrane junctions (Figure 20C), indicating effective coupling
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between AISTIM and AlOrai. However, under Ca**-free extracellular conditions,
NFAT remained cytoplasmic, demonstrating that ER Ca?* depletion alone is
insufficient to trigger NFAT activation in the absence of Ca?" influx. Subsequent
addition of extracellular CaCl, (2 mM) resulted in a pronounced translocation of
GFP-NFAT from the cytoplasm to the nucleus within 15 min (Figure 20E). Higher
extracellular Ca** concentrations may promote activation of endogenous STIM—
Orai channels in HEK293 cells, which natively express functional CRAC
components; therefore, 2 mM CaCl, was selected to limit this contribution and
ensure that NFAT translocation predominantly reflects the activity of the
heterologously expressed A. lumbricoides STIM—Orai complex (Gwack et al.,
2007; Prakriya & Lewis, 2015). This provides direct functional evidence of Ca?**
entry through a STIM-Orai—dependent CRAC channel formed by A. lumbricoides
proteins. This nuclear accumulation of NFAT reflects sustained Ca?* signaling
sufficient to activate the Ca?*/calmodulin—calcineurin pathway, leading to NFAT

dephosphorylation and nuclear import.

NFAT nuclear translocation is widely recognized as a sensitive and
integrative functional readout of CRAC channel activity, as it specifically requires
prolonged Ca?" influx rather than transient Ca®* release events (Hogan & Rao,
2015; Prakriya & Lewis, 2015). Previous studies in mammalian systems have
firmly established that CRAC-mediated Ca?* entry is both necessary and sufficient
to drive NFAT-dependent transcriptional responses (Feske et al., 2006; Liou et al.,
2005). More recently, NFAT-based assays have been successfully applied to
indirectly quantify CRAC channel activity in heterologous expression systems and

immune cells (Carretta et al., 2018).

Importantly, functional STIM—Orai coupling and SOCE have previously been
demonstrated in the helminth Schistosoma mansoni using heterologous
expression approaches, providing the first evidence of a bona fide CRAC channel
in a parasitic flatworm (Zeraik et al., Submitted article). The present results extend
these findings to a parasitic nematode and demonstrate, for the first time, that A.
lumbricoides STIM and Orai proteins assemble into a functional CRAC channel
capable of supporting Ca?*-dependent transcriptional signaling. Taken together,
the coordinated observation of STIM—Orai puncta formation and NFAT nuclear

translocation establishes that the A. lumbricoides CRAC channel is not only
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structurally competent but also functionally active. These findings provide a critical
functional validation of CRAC channel activity in A. lumbricoides and support the
broader concept that SOCE represents an evolutionarily conserved signaling
mechanism in helminth parasites with potential relevance for parasite physiology

and therapeutic targeting.
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Figure 20. Indirect measurement of Ca** influx through NFAT nuclear translocation in the
Ascaris lumbricoides CRAC channel.

(A) Schematic representation of A. lumbricoides STIM and Orai proteins. (B,D) Confocal images
correspond to the same cells acquired at different focal planes. Panel B shows the superficial plane
at the plasma membrane, whereas panel D corresponds to a deeper focal plane centered on the
nucleus to assess NFAT subcellular localization. HEK293 cells co-transfected with EGFP-AISTIM
(1 pug), mCherry-AlOrai (1 ug), and GFP-NFAT (0.5 ug) showing basal subcellular localization of the
proteins prior to stimulation, with NFAT predominantly cytoplasmic. (C) After endoplasmic reticulum
Ca?* store depletion by thapsigargin (TG, 1 uM) for 40 min, STIM-Orai puncta formation is
observed, indicating CRAC channel assembly. (E) Subsequent addition of extracellular CaCl, (2
mM) induces Ca?* influx and results in robust nuclear translocation of GFP-NFAT within 15 min,
demonstrating functional CRAC channel activity mediated by A. lumbricoides STIM-Orai coupling.
Scale bars =10 ym.

To further evaluate the specificity and directionality of STIM—Orai coupling,

human STIM1 (HsSTIM) was co-expressed with Ascaris lumbricoides Orai (AlOrai)
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in HEK293 cells, together with a GFP-tagged NFAT reporter. Under basal
conditions, NFAT remained predominantly cytoplasmic, indicating an inactive
signaling state. Depletion of ER Ca?* stores with thapsigargin (TG, 1 yM) induced
rapid formation of STIM puncta at ER—plasma membrane junctions (Figure 21C),
demonstrating efficient recruitment and clustering of HsSTIM in the presence of
AlOrai. Subsequent addition of extracellular CaCl, (2 mM) resulted in robust
nuclear translocation of GFP-NFAT within 15 min (Figure 21E), providing functional
evidence of Ca?* influx through AlOrai gated by human STIM1. These results
indicate that A. lumbricoides Orai constitutes a fully competent CRAC channel
pore capable of supporting sustained Ca?* signaling and downstream NFAT
activation. In contrast with the non-functional AISTIM—HsOrai combination, this
finding highlights a directional compatibility in which human STIM can productively
activate parasite Orai, reinforcing the notion that species-specific constraints are
primarily encoded within STIM, while the pore-forming properties of AlOrai are

evolutionarily conserved.
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Figure 21. Functional reconstitution of CRAC channel activity by human STIM1 and Ascaris
lumbricoides Orai assessed by NFAT nuclear translocation.
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(A) Schematic representation of human STIM1 (HsSTIM), containing a canonical C-terminal
polybasic domain, and A. lumbricoides Orai (AlOrai). (B,D) HEK293 cells co-transfected with
EGFP-HsSTIM (1 ug), mCherry-AlOrai (1 ug), and GFP-NFAT (0.5 ug) showing basal subcellular
localization of STIM and NFAT prior to stimulation, with NFAT predominantly cytoplasmic. (C)
Following ER Ca** store depletion with thapsigargin (TG, 1 yM) for 10 min, HsSTIM redistributes
into discrete puncta at ER—plasma membrane junctions, indicative of CRAC channel assembly. (E)
Subsequent addition of extracellular CaCl, (2 mM) induces Ca?* influx and results in robust nuclear
translocation of GFP-NFAT within 15 min, demonstrating functional CRAC channel activation
mediated by the HsSTIM—A/Orai interaction. Scale bars = 10 pm.

To evaluate whether the isolated C-terminal region of A. lumbricoides STIM
is sufficient to promote CRAC channel activation independently of endoplasmic
reticulum Ca?* store depletion, the AISTIM-CT construct was co-expressed with A.
lumbricoides Orai and GFP-NFAT. Under basal conditions, NFAT displayed a
predominantly cytosolic localization, consistent with low intracellular Ca?* levels.
Upon addition of extracellular CaCl,, a pronounced nuclear translocation of GFP-
NFAT was observed, indicating Ca?* influx mediated by constitutively active CRAC
channels (Figure 22). These results demonstrate that the C-terminal region of
AISTIM is capable of activating Orai independently of Ca?" store depletion,
consistent with the presence of the SOAR/CAD activation domain within this
region. In contrast to the chimeric STIM construct, which failed to induce puncta
formation or functional coupling, the isolated AISTIM-CT region retains the ability
to activate Orai, highlighting the functional competence of the A. lumbricoides
STIM C-terminal domain when released from the constraints imposed by the full-
length protein architecture. Collectively, these findings support a model in which
the AISTIM C-terminal domain is sufficient to induce constitutive CRAC channel

activation.
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Figure 22.Constitutive CRAC channel activation mediated by the C-terminal domain of

Ascaris lumbricoides STIM (AISTIM-CT).

(A) Schematic representation of AlOrai and the isolated C-terminal region of A/ISTIM (A/STIM-CT),
lacking the luminal EF-SAM Ca?**-sensing domain. (B) HEK293 cells co-transfected with AISTIM-
CT, AlOrai, and GFP-NFAT showing basal NFAT localization in the absence of extracellular Ca?*.
(C) Addition of extracellular CaCl, (2 mM) for 15 min induces Ca?* influx and nuclear translocation
of GFP-NFAT, indicating constitutive CRAC channel activation mediated by AISTIM-CT. Scale bars

=10 um.
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The results of puncta formation and Ca?-dependent NFAT nuclear translocation assays, obtained with different STIM and
Orai combinations, are summarized in Table 8.

Table 8.Summary of STIM-Orai constructs and combinations evaluated for CRAC channel activation.

This table summarizes the STIM and Orai constructs experimentally tested in this study and their functional outcomes, assessed by STIM—Orai puncta

formation and Ca?*-dependent NFAT nuclear translocation.

STIM-Orai puncta

NFAT nuclear

Functional CRAC

Construct / Combination Organism(s) : -
formation translocation channel
EGFP-AISTIM Ascaris lumbricoides No - No
EGFP-AISTIM + mCherry -AlOrai Ascaris lumbricoides Yes (after TG-induced ER i Yes
Ca?* depletion)
EGFP-AISTIM + mCherry -AlOrai + . o Yes (after Ca**
GFP-NFAT Ascaris lumbricoides Yes (after TG) addition) Yes
EGFP-AISTIM-CT + mCherry-AlOrai : L Yes (after Ca**
+ GFP-NFAT Ascaris lumbricoides Yes (after TG) addition) Yes
EGFP-AISTIM + mCherry -HsOrai  *\3¢@/1s lumbricoides / Homo No i No
sapiens
EGFP-AISTIM + mCherry -SmOrai Ascaris lumbricoides | No ; No
Schistosoma mansoni
EGFP-CHIMERA STIM + mCherry-  Ascaris lumbricoides | Homo
: ; No - No
AlOrai sapiens
EGFP-HsSTIM1 + mCherry-AlOrai Homo sapiens | Ascaris Yes (after Ca**
+ GFP-NFAT lumbricoides Yes (after TG) addition) Yes

* STIM-Orai puncta formation reflects clustering at ER—plasma membrane junctions following ER Ca?* store depletion. NFAT nuclear translocation indicates
sustained Ca?* influx mediated by functional CRAC channel activity. Constitutive activation by AISTIM-CT occurs independently of ER Ca?* depletion.
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4.5. STIM function as an intracellular pH sensor

To validate our experimental approach and establish a reliable positive
control, we first evaluated the pH-dependent behavior of the human STIM-Orai
complex, a mechanism that has been characterized in previous studies (Y. Chen et
al., 2024). HEK293 cells were co-transfected with EGFP-tagged human STIM1
(HsSTIM1) and mCherry-tagged human Orai1 (HsOrai1), and intracellular pH was
clamped using nigericin-based buffers at defined pH values. As expected,
intracellular alkalinization triggered a robust relocalization of STIM1 from a diffuse
endoplasmic reticulum distribution toward discrete puncta at ER-plasma
membrane (ER-PM) contact sites, indicative of STIM activation. STIM activation
became evident at pH 7.2 and was markedly enhanced at higher pH values,
consistent with its function as a molecular pH sensor (Figure 23). This pH
sensitivity is mediated by protonation—deprotonation events involving conserved
histidine residues within the SOAR/CAD domain, which act as intracellular pH-
sensing elements that regulate STIM oligomerization and coupling to Orai
channels. Consequently, intracellular alkalinization acts as a molecular trigger for

CRAC channel activation and calcium entry (Y. Chen et al., 2024).

Given that this mechanism is well established in the literature, the present
experiment was performed exclusively as a positive control and therefore is not
discussed in further detail. This validation was essential prior to extending the
analysis to Ascaris lumbricoides STIM proteins, where pH-dependent regulation is

addressed in subsequent sections.
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Figure 23. pH-dependent activation of the human STIM-Orai complex.
Confocal microscopy images of HEK293 cells co-expressing EGFP-HsSTIM1 and mCherry—

HsOrai1 under controlled intracellular pH conditions. Cells were exposed to nigericin-containing
buffers adjusted to pH 6.0 (A), 7.2 (B), 7.5 (C), 8.0 (D), and 9.0 (E). Progressive intracellular
alkalinization induces STIM1 relocalization and puncta formation at ER—plasma membrane contact
sites, indicative of STIM activation. The schematic representation highlights conserved histidine
residues within the SOAR domain implicated in pH sensing. Scale bars = 10 ym.
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We next evaluated the pH-dependent behavior of the Ascaris lumbricoides
STIM—Orai pair. HEK293 cells were co-transfected with EGFP-tagged A/ISTIM and
mCherry-tagged AlOrai, and intracellular pH was clamped using nigericin-
containing buffers. Under acidic and near-neutral conditions (pH 6.0-7.5), AISTIM
exhibited a predominantly diffuse cytosolic and reticular distribution, with no clear
puncta formation (Figure 24A—C). In contrast, intracellular alkalinization induced a
detectable, albeit weaker, relocalization of AISTIM toward punctate structures,
which became more evident at pH 8.0 and was most pronounced at pH 9.0 (Figure
24D-E).

Compared to the human STIM1 response, the pH sensitivity of AISTIM
appears shifted toward more alkaline values, suggesting a reduced or altered
proton-sensing capacity. Structural analysis of the AISTIM C-terminal region
revealed that histidine residues implicated in pH sensing are not conserved within
the canonical SOAR/CAD a-helical core (Y. Chen et al.,, 2024). Instead, six
histidine residues are located within flexible loop regions, while only a single
histidine is positioned within the a-helical segment of the polybasic domain (Figure
24F). Previous studies have demonstrated that histidine residues embedded within
structured a-helices are critical for effective protonation-dependent conformational
transitions, whereas histidines located in disordered or loop regions contribute less
efficiently to pH sensing and long-range allosteric coupling to Orai channels
(Fahrner et al., 2018). This structural organization likely underlies the attenuated
puncta formation observed for AISTIM, as flexible loop-localized histidines may
exhibit reduced capacity to stabilize STIM oligomerization and ER-PM trapping
upon alkalinization. Nevertheless, the persistence of puncta formation at pH 9.0
indicates that AISTIM retains intrinsic pH responsiveness, supporting its role as an
intracellular pH sensor. The shifted activation range may reflect physiological
adaptation of A. lumbricoides to its host environment, where intracellular and
extracellular pH conditions differ substantially from those encountered by humans.
Collectively, these data demonstrate that while the pH-sensing function of STIM is
evolutionarily conserved, the molecular determinants and effective pH window for

activation are species-specific (Y. Chen et al., 2024; Fahrner et al., 2018).
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Figure 24. pH-dependent activation of Ascaris lumbricoides STIM—Orai complex.
Confocal microscopy images of HEK293 cells co-expressing EGFP-AISTIM and mCherry—A[Orai

before and after intracellular pH clamping using nigericin. Cells were exposed to buffers adjusted to
pH 6.0 (A), 7.2 (B), 7.5 (C), 8.0 (D), and 9.0 (E). AISTIM displays a predominantly diffuse
distribution at acidic and near-neutral pH, whereas intracellular alkalinization induces weak but
detectable puncta formation, which is most evident at pH 9.0. (F) Structural model of the AISTIM C-
terminal region highlighting histidine residues (red), predominantly localized in loop regions rather
than within the a-helical SOAR core. Scale bars = 10 um.

4.6. Structural modeling and identification of potential inhibitors of Ascaris
lumbricoides Orai

Once the homohexameric model of Ascaris Ilumbricoides Orai was
generated and structurally stabilized through energy minimization, as described in
Figure 25, we next evaluated the druggability of the channel pore using structure-
based cavity detection. Druggable site prediction was performed with the Fpocket
analysis pipeline (FPocketWeb, n.d.), which identifies and ranks putative ligand-

binding cavities based on geometric and physicochemical descriptors.

As shown in Figure 26, analysis of the minimized Orai homohexamer from
both lateral and extracellular top views revealed the presence of two prominent
pharmacologically relevant cavities located within the central pore region. These
cavities exhibited the highest druggability scores among all detected pockets,
indicating an increased potential for small-molecule binding. The first cavity
(Pocket 1), represented by cyan spheres, displayed a drug score of 0.66, while the
second cavity (Pocket 2), represented by magenta spheres, showed a drug score
of 0.45. Importantly, both cavities are positioned within the pore lumen and at

interfaces formed by the transmembrane helices, making them highly accessible
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to small molecules approaching from the extracellular side. The localization of
these high-scoring pockets within the ion-conducting pathway is particularly
relevant, as previous structural and functional studies have demonstrated that
small molecules and pore-blocking inhibitors targeting the Orai transmembrane
region can directly interfere with channel architecture and Ca?* permeation (Hou et
al., 2012a, 2020b; Tiffner et al., 2021; Yeung et al., 2020). Indeed, several CRAC
channel inhibitors have been shown to bind within or near the pore region,
stabilizing non-conductive conformations or physically occluding ion flow
(Bergsmann et al., 2011; McNally & Prakriya, 2012; Waldherr et al., 2020).

In this context, the identification of druggable cavities within the central pore
of A. lumbricoides Orai provides a strong structural basis for pharmacological
inhibition of the parasite CRAC channel. These findings support the suitability of
the refined Orai model for subsequent structure-based virtual screening and
reinforce the central pore as a functionally relevant and druggable target for the

development of parasite-selective CRAC channel inhibitors.
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Figure 25. Structural modeling workflow of the homohexameric Orai channel from Ascaris lumbricoides.

This annex illustrates the stepwise generation and refinement of the three-dimensional structural model of Ascaris lumbricoides Orai. (A) The Orai monomer
was generated by homology modeling using MODELLER, employing the open-state structure of Drosophila melanogaster Orai (PDB ID: 7KR5) as a template.
(B) Homohexameric pore assembly was constructed from the monomeric units, revealing a central ion-conducting pore and flexible cytosolic and extracellular
loop regions, some of which extend laterally toward the membrane bilayer. (C) Structural refinement was performed to reposition disordered loop regions
away from the membrane surface, allowing them to adopt outward-facing conformations that minimize steric interference and facilitate stable channel
dynamics. (D) The refined homohexameric model was subsequently subjected to energy minimization and molecular dynamics relaxation for 50 ns using
Desmond-Maestro, yielding a structurally stable conformation suitable for downstream membrane-embedded simulations and structure-based drug discovery
analyses.
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Figure 26. Identification of druggable cavities in the homohexameric Orai channel from
Ascaris lumbricoides.
Structural representation of the energy-minimized Orai homohexamer showing predicted druggable

cavities identified by Fpocket analysis. (A) Lateral view of the channel embedded in the membrane,
highlighting cavities located along the pore axis. (B) Top view from the extracellular side, illustrating
the spatial distribution of the cavities within the central pore. Pocket 1 (cyan spheres) exhibits a
drug score of 0.66, while Pocket 2 (magenta spheres) shows a drug score of 0.45. Higher drug
scores indicate increased druggability potential and accessibility for small-molecule binding within
the ion-conducting pathway.

Following the identification of druggable cavities within the central pore of
the Ascaris lumbricoides Orai channel, a structure-based virtual screening was
performed to prioritize small molecules with high binding affinity toward the
predicted pharmacological sites. Docking calculations were carried out using
AutoDock Vina against the minimized homohexameric Orai model (Trott & Olson,
2010), focusing on the pore region identified by Fpocket as highly druggable
(Ferreira et al.,, 2015). From the initial virtual screening dataset, ligands were
ranked according to their predicted binding energy (kcal/mol). Based on this
ranking, three compounds identified as ligands 209, 212, and 1005—were
selected for further analysis, as they consistently exhibited the most favorable
binding affinities among the screened molecules. These ligands showed binding
energies ranging from -12.2 to —-11.1 kcal/mol, indicating a strong predicted
interaction with the Orai pore region (Table 9). Importantly, beyond their favorable
binding energies, the selected ligands displayed docking poses that were spatially

consistent with the high-scoring druggable cavities previously identified within the
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ion-conducting pathway. This convergence between energetic ranking and
structural localization provided a robust criterion for prioritizing these three ligands
for subsequent refinement and redocking analyses.

To further refine ligand—channel interactions and assess pose
reproducibility, a focused redocking analysis was performed for the three selected
ligands. For each compound, 30 independent docking runs were conducted using
AutoDock Vina, restricting the search space to the druggable cavity region
identified in the virtual screening step. The final binding pose for each ligand was
selected based on the lowest binding energy and the consistency of the docking
orientation across multiple runs. Notably, the lowest-energy poses obtained during
redocking consistently localized within the same druggable cavities identified by
Fpocket, further validating these regions as structurally and pharmacologically
relevant binding sites. This redocking strategy increased confidence in both ligand
selection and binding mode reliability, providing a refined structural basis for
subsequent molecular dynamics simulations and inhibitor optimization (McNally &
Prakriya, 2012; Yeung et al., 2020).

Table 9. Prioritized ligands identified through structure-based virtual screening and
redocking against Ascaris lumbricoides Orai.
The table summarizes the three ligands selected based on their favorable binding energies

obtained from virtual screening using AutoDock Vina and subsequent redocking analyses. All
selected compounds exhibited strong predicted affinities and consistent binding poses within the
central pore region of the Orai channel, corresponding to the high-scoring druggable cavities
identified by Fpocket.

. PubChem Best binding affinity . Target
Ligand Compound name cID (kcal/mol) Docking strategy site

209 Pyrrqhd_myl—4— 145705968 129 Virtual screening + Central
pyrimidinyl redocking pore

212 Golvatinib 16118392 ~12.0 Virtual screening + - Central
redocking pore

1005 Revastinib 25066467 ~11.1 Virtual screening + - Central
redocking pore

Following the structure-based virtual screening, molecular dynamics (MD)
simulations were performed for the Orai—ligand complex containing the
pyrrolidinyl-4-pyrimidinyl compound (ligand 209), selected based on its favorable
binding affinity and consistent localization within the predicted druggable cavity. As
shown (Figure 27A), the ligand remains stably positioned within the central pore
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region during the MD simulation, occupying the same binding site identified by
Fpocket and refined through redocking. This observation supports the structural
relevance of the selected cavity and confirms the reliability of the docking-derived
binding pose. Analysis of protein—ligand interactions (Figure 27B) revealed that the
complex is primarily stabilized by hydrophobic and t—alkyl interactions involving
residues lining the pore lumen. Such nonpolar interactions are commonly reported
as key contributors to ligand stabilization within ion channel pores, particularly in
transmembrane environments where hydrophobic packing plays a dominant role
(Hou et al., 2012b; Yeung et al., 2020).

The temporal evolution of the root mean square deviation (RMSD) further
supports the stability of the complex (Figure 27C). While moderate fluctuations are
observed for the ligand, its RMSD remains within a stable range throughout the
simulation, indicating sustained retention within the binding site without
dissociation. In parallel, the protein RMSD reaches a plateau after an initial
equilibration phase, suggesting overall structural stability of the Orai channel in the
presence of the bound ligand. Similar RMSD behaviors have been widely used as
indicators of stable ligand binding in MD-based drug discovery studies
(Hollingsworth & Dror, 2018).

Residue-level flexibility analysis (RMSF) showed that the Ilargest
fluctuations occur predominantly in external loop regions, whereas residues
directly involved in ligand binding exhibit reduced mobility (Figure 27D). This
pattern indicates a locally rigid binding environment, which is often associated with
favorable ligand retention and specificity (Kuzmanic & Zagrovic, 2010). The
reduced flexibility of pore-lining residues further supports the functional relevance
of the identified binding site. Finally, the interaction fraction analysis (Figure 27E)
highlights persistent contacts between the ligand and key pore residues
throughout the MD trajectory, reinforcing the notion that the ligand—channel
complex is dynamically stable. Collectively, these results demonstrate that ligand
209 not only exhibits favorable docking scores but also maintains a stable and
well-defined binding mode during molecular dynamics, thereby strengthening its
candidacy as a potential inhibitor of the Ascaris lumbricoides CRAC channel.
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Figure 27. Redocking and molecular dynamics analysis of the Ascaris lumbricoides Orai—
pyrrolidinyl-4-pyrimidinyl (209) complex.

(A) Representative binding pose of ligand 209 within the central pore of Ascaris lumbricoides Orai
after redocking and molecular dynamics refinement. (B) Two-dimensional interaction map
highlighting key hydrophobic and m—alkyl interactions between the ligand and pore-lining residues.
(C) RMSD profiles of the protein backbone and ligand throughout the MD simulation. (D) RMSF per
residue showing increased flexibility in external loop regions and reduced mobility of ligand-
interacting residues. (E) Interaction fraction analysis summarizing persistent protein—ligand
contacts during the MD simulation. (F) Three-dimensional view of the Orai—-ligand complex
embedded in a membrane-mimetic environment, illustrating the stable positioning of ligand 209
within the central pore in the context of the lipid bilayer and solvent. Collectively, these analyses
indicate a stable and well-defined binding mode of ligand 209 within the Orai pore.

Molecular dynamics simulations were next performed for the Orai—Golvatinib
(ligand 212) complex in order to evaluate the stability and persistence of ligand

binding within the central pore of Ascaris lumbricoides Orai. As shown in (Figure
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28A), Golvatinib remains stably positioned within the pore region during the MD
simulation, occupying the same binding site identified during redocking and
overlapping with the high-scoring druggable cavity predicted by Fpocket. This spatial
consistency supports the robustness of the docking-derived binding pose. The two-
dimensional interaction map (Figure 28B) reveals that Golvatinib engages in a
combination of hydrophobic, TT—alkyl, and hydrogen-bond interactions with pore-lining
residues. Notably, a persistent interaction with residue ARG D:8 is observed, which is
maintained during both the redocking stage and throughout the MD simulation. The
involvement of positively charged residues such as arginine in stabilizing ligands
within ion channel pores has been previously reported, as these residues can
contribute to electrostatic anchoring and orientation of ligands within the conduction
pathway (Hou et al., 2012b; Yeung et al., 2020).

RMSD analysis further supports the stability of the Orai—Golvatinib complex
(Figure 28C). After an initial equilibration phase, the protein backbone RMSD
reaches a stable plateau, indicating global structural stability of the channel. Although
the ligand RMSD exhibits moderate fluctuations, Golvatinib remains confined within
the pore region without evidence of dissociation. Such RMSD behavior is commonly
interpreted as indicative of a stable yet dynamically adaptable binding
mode(Hollingsworth & Dror, 2018).

Residue-level flexibility analysis (RMSF) shows that the highest fluctuations
are primarily localized in external loop regions, while residues involved in ligand
binding—including ARG D:8—display reduced mobility (Figure 28D). This reduction
in local flexibility suggests the formation of a relatively rigid interaction network
around the ligand, which is often associated with enhanced binding stability and
specificity(Kuzmanic & Zagrovic, 2010). Consistent with these observations,
interaction fraction analysis (Figure 28E) highlights sustained contacts between
Golvatinib and several pore-lining residues throughout the MD trajectory, with ARG
D:8 exhibiting one of the highest interaction occupancies. The persistence of this
interaction from redocking through MD strongly suggests that ARG D:8 plays a key
role in anchoring Golvatinib within the Orai pore. Collectively, these results
demonstrate that Golvatinib adopts a stable and well-defined binding mode within the
central pore of A. lumbricoides Orai, reinforcing its potential as a pharmacological

modulator of the parasite CRAC channel.
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Figure 28. Redocking and molecular dynamics analysis of the Ascaris lumbricoides Orai—
Golvatinib (212) complex.

Representative binding pose of Golvatinib within the central pore of Ascaris lumbricoides Orai after
redocking and molecular dynamics refinement. (B) Two-dimensional interaction map showing
hydrophobic, T—alkyl, and hydrogen-bond interactions between Golvatinib and pore-lining residues,
highlighting the persistent interaction with ARG D:8. (C) RMSD profiles of the protein backbone and
Golvatinib throughout the MD simulation. (D) RMSF per residue indicating increased flexibility in
external loop regions and reduced mobility of ligand-interacting residues. (E) Interaction fraction
analysis summarizing persistent protein—ligand contacts during the MD simulation. (F) Three-
dimensional view of the Orai—Golvatinib complex embedded in a membrane-mimetic environment,
illustrating stable ligand positioning within the central pore.

Molecular dynamics simulations were subsequently performed for the Orai—
Revastinib (ligand 1005). As illustrated in (Figure 29A), Revastinib remains
consistently positioned within the pore region throughout the MD simulation,

occupying the same binding site identified during redocking and coinciding with the
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high-scoring druggable cavity predicted by Fpocket. This spatial agreement further
supports the reliability of the docking-derived binding pose. The two-dimensional
interaction analysis (Figure 29B) shows that Revastinib establishes a network of
hydrophobic and tr—alkyl interactions with residues lining the pore lumen. Notably,
interactions with ARG C:8 and LEU F:12 are conserved from the redocking stage
and maintained throughout the MD simulation. The persistence of contacts
involving positively charged residues such as arginine and hydrophobic residues
such as leucine has been described as a key determinant of ligand stabilization
within ion channel pores, contributing to both electrostatic anchoring and
hydrophobic packing (Hou et al., 2012a; Yeung et al., 2020).

RMSD analysis (Figure 29C) indicates that the protein backbone rapidly
reaches a stable plateau, reflecting overall structural stability of the Orai channel in
the presence of Revastinib. The ligand RMSD exhibits moderate fluctuations but
remains confined within the pore region without dissociation events, a behavior
commonly associated with stable binding in membrane-embedded protein—ligand
complexes (Hollingsworth & Dror, 2018).

Residue-level flexibility analysis (RMSF) reveals that the largest fluctuations
occur predominantly in external loop regions, while residues directly involved in
ligand binding—particularly ARG C:8 and LEU F:12 display reduced mobility
(Figure 29D). This reduced flexibility suggests the formation of a locally rigid
interaction environment, which is often correlated with enhanced ligand retention
and binding specificity (Kuzmanic & Zagrovic, 2010). Consistent with these
findings, interaction fraction analysis (Figure 29E) highlights sustained contacts
between Revastinib and key pore-lining residues throughout the MD trajectory.
The high interaction occupancy observed for ARG C:8 and LEU F:12 further
supports their central role in anchoring Revastinib within the Orai pore.
Collectively, these results demonstrate that Revastinib adopts a stable and well-
defined binding mode within the central pore of A. lumbricoides Orai, reinforcing its

potential as a pharmacological modulator of the parasite CRAC channel.
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Figure 29. Redocking and molecular dynamics analysis of the Ascaris lumbricoides Orai—
Revastinib (1005) complex.

(A) Representative binding pose of Revastinib within the central pore of Ascaris lumbricoides Orai
after redocking and molecular dynamics refinement. (B) Two-dimensional interaction map
highlighting hydrophobic and m—alkyl interactions between Revastinib and pore-lining residues,
emphasizing conserved contacts with ARG C:8 and LEU F:12. (C) RMSD profiles of the protein
backbone and Revastinib throughout the MD simulation. (D) RMSF per residue showing increased
flexibility in external loop regions and reduced mobility of ligand-interacting residues. (E) Interaction
fraction analysis summarizing persistent protein—ligand contacts during the MD simulation. (F)
Three-dimensional view of the Orai—Revastinib complex embedded in a membrane-mimetic
environment, illustrating stable ligand positioning within the central pore.

A comparative analysis of the three prioritized ligands pyrrolidinyl-4-

pyrimidinyl (209), Golvatinib (212), and Revastinib (1005)—reveals both shared
and distinct binding features that provide important insights into their potential as

pharmacological modulators of the Ascaris lumbricoides CRAC channel. All three

compounds consistently occupy the central pore region of Orai, overlapping with
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the high-scoring druggable cavity identified by Fpocket, and remain stably
associated with the channel throughout redocking and molecular dynamics
simulations. This convergence strongly supports the central pore as a structurally
and functionally relevant target for small-molecule inhibition, in agreement with
previous structural and pharmacological studies on Orai channels (Hou et al.,
2012a; Yeung et al., 2020).

Despite these shared features, clear differences emerge in the nature and
persistence of ligand—protein interactions. Ligand pyrrolidinyl-4-pyrimidinyl (209)
exhibits a predominantly hydrophobic binding mode, characterized by stable -
alkyl and nonpolar contacts with pore-lining residues. While this interaction pattern
supports good retention within the pore, its relative lack of persistent polar or
electrostatic interactions may render binding more sensitive to local conformational
fluctuations of the channel, a limitation commonly observed for hydrophobically
driven ligands in membrane proteins (Hollingsworth & Dror, 2018). In contrast,
Golvatinib (212) and Revastinib (1005) display more complex interaction networks
that combine hydrophobic packing with persistent electrostatic or polar contacts.
Notably, Golvatinib maintains a conserved interaction with ARG D:8, while
Revastinib preserves interactions with both ARG C:8 and LEU F:12 from redocking
through molecular dynamics. The involvement of positively charged residues such
as arginine has been previously implicated in anchoring ligands within the Orai
pore and contributing to binding orientation and stability (Hou et al., 2012a; Tiffner
et al., 2021; Tiffner & Derler, 2020). The persistence of these interactions during
MD suggests that Golvatinib and Revastinib may achieve more robust anchoring

within the conduction pathway compared to Pyrrolidinyl-4-pyrimidinyl.

Importantlyy, RMSD and RMSF analyses indicate that, for all three
complexes, ligand binding is associated with reduced mobility of pore-lining
residues, while higher flexibility is retained in external loop regions. This pattern is
consistent with a binding mode that stabilizes the pore architecture without globally
rigidifying the channel, a feature that may be advantageous for selective inhibition
without complete structural collapse (Kuzmanic & Zagrovic, 2010). However, it
must be emphasized that the present simulations capture equilibrium stability
rather than functional inhibition per se, and do not directly address ion permeation

or conductance changes.
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Taken together, these results suggest that while ligand Pyrrolidinyl-4-
pyrimidinyl represents a strong hydrophobic pore binder, Golvatinib and Revastinib
may offer enhanced binding robustness due to conserved electrostatic anchoring
interactions. Nonetheless, all three ligands should be regarded as structural leads
rather than confirmed inhibitors, and their predicted binding modes warrant further
validation through extended molecular dynamics, free-energy calculations, and
experimental functional assays. This comparative analysis provides a rational
framework for prioritizing compounds and guiding future structure-based

optimization of parasite-selective CRAC channel inhibitors.

5. CONCLUSION

Based on multiple sequence alignment and comparative sequence
analysis, STIM and Orai proteins from Ascaris lumbricoides and Schistosoma
mansoni were shown to preserve the essential structural architecture required for
CRAC channel activation, despite exhibiting only moderate overall sequence
identity with metazoan orthologs. The strong conservation of the EF-SAM Ca?*-
sensing domain, the single transmembrane helix, and the SOAR/CC2-CC3
activation region in STIM, together with the preservation of the four
transmembrane helices (TM1-TM4) forming the Orai pore, indicates that the
fundamental mechanisms of Ca?" detection and STIM—Orai coupling are
evolutionarily conserved in helminths. In contrast, the greater divergence
observed in regulatory and low-complexity regions, including the CC1/PBD
segments of STIM and non-transmembrane regions of Orai, suggests that
parasite-specific modulation occurs predominantly at the regulatory level rather
than through alterations of the core functional machinery of the channel.
Collectively, these results provide a robust amino acid sequence—based
framework for subsequent evaluation of the functional conservation of CRAC
signaling in helminths and identify divergent regions as potential determinants of

species-specific regulation and targets for selective inhibition.

Confocal imaging demonstrated that STIM—Orai coupling in helminths is
functionally competent but highly dependent on molecular context and cognate
partner recognition. When expressed alone in HEK293 cells, EGFP-tagged
Ascaris lumbricoides STIM (AISTIM) failed to form puncta following ER Ca?**

depletion, in contrast to the behavior of human STIM1. This inability to cluster was
67



attributed to the absence of a C-terminal polybasic domain (PBD) in AISTIM, a
region that is essential for plasma membrane anchoring in mammalian STIM
proteins. In contrast, co-expression with the cognate mCherry-A/Orai resulted in
robust puncta formation at ER—plasma membrane junctions, providing direct
evidence of productive STIM-Orai coupling and efficient CRAC channel
activation. These results indicate that, in A. lumbricoides, direct interaction with
Orai compensates for the reduced intrinsic membrane-anchoring capacity of
STIM, thereby enabling functional clustering. Critically, combinations (A/STIM with
human Orai1 or Schistosoma mansoni Orai) failed to induce puncta formation,
demonstrating that AISTIM supports CRAC channel activation exclusively in the
presence of its cognate AlOrai. This strict specificity strongly suggests the
existence of parasite-selective molecular determinants within A/ISTIM that prevent
productive interactions with Orai proteins from other organisms, reinforcing the

concept of species restricted STIM—-Orai coupling in helminths.

NFAT nuclear translocation assays demonstrated that helminth STIM—Orai
complexes are capable of sustaining functional CRAC channel activation and
downstream Ca?**-dependent signaling, but only under conditions of productive
and species-matched STIM-Orai coupling. Co-expression of EGFP-tagged STIM
from Ascaris lumbricoides with its cognate mCherry-tagged Orai induced a clear
and robust accumulation of NFAT in the nucleus, indicating sustained Ca?* entry
consistent with CRAC channel opening. Collectively, these results establish that
functional CRAC signaling in helminths strictly depends on species-specific
STIM-Orai interactions, and that the integrity of regulatory interfaces governing
coupling efficiency is essential to translate Ca?" influx into transcriptional
responses. Importantly, NFAT activation provides the first functional evidence that
the CRAC channel in A. lumbricoides is operational, demonstrating that helminth
STIM-Orai complexes are not only structurally conserved but also functionally
competent, while simultaneously revealing parasite-selective constraints on

channel activation that may be exploited for targeted inhibitory strategies.

Intracellular pH modulation revealed that STIM from Ascaris lumbricoides
functions as a pH-sensitive regulator of CRAC channel activation, albeit with an
activation profile shifted toward more alkaline conditions compared to human

STIM1. Structural analysis indicates that histidine residues implicated in proton
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sensing are largely excluded from the canonical SOAR/CAD a-helical core and
are predominantly located within flexible loop regions of the C-terminal domain,
with only a single histidine embedded in an a-helical segment of the polybasic
region. This organization likely reduces the efficiency of protonation dependent
conformational transitions and contributes to the attenuated puncta formation
observed under moderate pH changes. Nevertheless, the persistence of puncta
formation at highly alkaline pH demonstrates that A/STIM retains intrinsic pH
responsiveness, supporting its role as an intracellular pH sensor. Collectively,
these findings indicate that while pH-dependent regulation of STIM s
evolutionarily conserved, the molecular determinants and effective pH window for
activation are species-specific, likely reflecting physiological adaptation of A.

lumbricoides to its host environment.

The homohexameric three-dimensional model of Ascaris lumbricoides Orai
provided a coherent structural framework to identify pharmacologically relevant
transmembrane cavities and prioritize candidate inhibitors through structure-
based virtual screening, redocking, and molecular dynamics (MD). Fpocket
analysis highlighted druggable pockets within/adjacent to the conduction pathway,
and screening of an FDA-approved—focused library yielded three prioritized
ligands (pyrrolidinyl-4-pyrimidinyl/209, Golvatinib/212, and Revastinib/1005).
Redocking supported pose reproducibility, while MD trajectories consistently
indicated stable ligand retention in the pore region with conserved engagement of
pore-lining residues (including persistent contacts involving Arg8 and hydrophobic
residues such as Leu12), and with flexibility remaining largely confined to
peripheral loop regions rather than the binding core. Collectively, these results
support the feasibility of targeting helminth Orai through pore-associated
transmembrane pockets and define concrete ligand-residue interaction
hypotheses; however, they remain in silico predictions that require experimental

validation to confirm true inhibitory potency and parasite selectivity.
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