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ABSTRACT

MEG proteins are unique to parasitic trematodes, particularly Schistosoma mansoni. These
proteins are encoded by micro-exon genes, which have a unique structure consisting of short
micro-exons alternated by long introns. Through genome sequencing of S. mansoni, 35 genes
encoding 87 verified MEG proteins were identified. These genes show no similarity to other
annotated genes except those found in Schistosoma spp. Furthermore, they lack identifiable
motifs or functional domains. MEGs undergo alternative splicing, resulting in the generation
of multiple isoforms from a single mRNA.

Most MEG families have several members, each with several spliced isoforms, enabling S.
mansoni to produce a diverse range of proteins based on the internal environment of the
human host. Transcriptomic studies have suggested that MEG proteins are involved in host-
parasite interactions, particularly in the penetration of eggs through the intestinal wall. These
proteins exhibit a unique structure with a signal peptide at the N-terminus, indicating their
secretion. Additionally, MEG proteins often contain a significant amount of cysteine residues
and are predicted to have a disordered protein structure (IDP).

Despite the intriguing nature of MEG proteins, there have been limited studies investigating
their biophysical properties. Only a few publications have focused on transcriptomic and
localization analyses, with even fewer dedicated to their structural and functional
characterization. Therefore, the current dissertation aims to address this knowledge gap by
focusing on a trio of MEG proteins—MEG 2.1, MEG 3.2, and MEG 6—that have been identified
in S. mansoni eggs.

To study the MEG proteins, various expression systems, and conditions were tested to obtain
recombinant proteins for structural analyses. Unfortunately, despite extensive efforts, none
of the three MEG proteins were obtained in sufficient quantities for NMR analysis. MEG 6
protein was not expressed at all, while MEG 2.1 isoform 1 showed instability in the selected
expression system. MEG 3.2 isoform 1 was successfully expressed using a specific protocol for
toxic protein expression in a bacterial system, but the required concentration of both
unlabeled and labeled protein for NMR analysis could not be achieved. Additionally, MEG 3.2
isoform 1 exhibited stability issues.

Given the challenges in recombinant protein expression, a "divide and reconstruct” strategy
was employed. Short peptides derived from isoforms 1, 2, and 3 of MEG 2.1 were chemically
synthesized. However, these peptides posed solubility issues in biologically relevant buffers
and organic solvents. To overcome this, 100% deuterated dimethyl sulphoxide (DMSO-d6) was
used for NMR measurements, while acetonitrile (also mixed with trifluoroethanol) (TFE) were
tested as suitable solvents for circular dichroism (CD) analyses.

NMR experiments were performed on the synthesized peptides using homonuclear and
heteronuclear techniques. The peptides were measured at natural abundance, resulting in
lengthy analysis times. Subsequently, structural calculations using CYANA software were
conducted. The reconstructed and minimized isoform 1 of MEG 2.1 exhibited the formation
of short and long helices during molecular dynamics simulations. Additionally, phylogenetic



analysis, classification based on primary structure, and ab initio structural predictions were
performed.

Through a combination of biochemical, biophysical, and bioinformatic analyses, this
dissertation aimed to characterize the poorly studied egg-secreted MEG proteins. Notably,
MEG 2.1 remains the only MEG family for which all splice variants have been structurally
described. Overall, this study contributes to the understanding of MEG protein diversity and
provides a foundation for future investigations into their functional significance in host-
parasite interactions.



RESUME

Les protéines MEG sont propres aux trématodes parasites, en particulier Schistosoma
mansoni. Ces protéines sont codées par des genes a micro-exons, qui ont une structure unique
composée de micro-exons courts alternants avec de longs introns. Le séquencage du génome
de S. mansoni a permis d'identifier 35 genes codant 87 protéines MEG vérifiées. Ces geénes ne
présentent aucune similitude avec d'autres genes annotés, a I'exception de ceux que I'on
trouve chez Schistosoma spp. lls ne présentent pas de motifs ou de domaines fonctionnels
identifiables. Les MEG subissent un épissage alternatif, ce qui entraine la production de
plusieurs isoformes a partir d'un seul ARNm.

La plupart des familles de MEG comptent plusieurs membres, chacun ayant plusieurs
isoformes épissées, ce qui permet a S. mansoni de produire une variété de protéines en
fonction de I'environnement interne de I'hote. Des études transcriptomiques ont suggéré que
les protéines MEG sont impliquées dans les interactions hote-parasite, en particulier dans la
pénétration des ceufs a travers la paroi intestinale. Ces protéines présentent une structure
unique avec un peptide signal a I'extrémité N-terminale, ce qui indique qu'elles sont sécrétées.
Les MEGs contiennent souvent un nombre important de cystéine et sont modélisées avec une
structure protéique désordonnée (IDP).

Malgré la nature intrigante des protéines MEG, peu d'études ont été menées sur leurs
propriétés biophysiques. La thése vise donc a combler cette lacune en se concentrant sur un
trio de protéines MEG - MEG 2.1, MEG 3.2 et MEG 6 - qui ont été identifiées dans les ceufs de
S. mansoni.

Pour étudier les MEGs, différents systemes d'expression ont été testés afin d'obtenir des
protéines recombinantes pour des analyses structurales. Malgré des efforts considérables,
aucune des trois MEGs n'a pu étre obtenue en quantité suffisante pour étre analysée par RMN.
La protéine MEG 6 n'a pas été exprimée du tout. L'isoforme 1 de la MEG 2.1 s'est révélée
instable dans le systeme d'expression S2. L'isoforme 1 de MEG 3.2 a été exprimée avec succes
en utilisant un protocole pour I'expression de protéines toxiques dans un systeme bactérien,
mais la concentration requise de protéines marquées et non marquées pour I'analyse RMN
n'a pas pu étre atteinte. En outre, I'isoforme 1 de la MEG 3.2 a présenté des problemes de
stabilité.

Compte tenu des difficultés liées a I'expression des protéines recombinantes, une stratégie de
"division et reconstruction” a été employée. Des peptides courts issus des isoformes 1, 2 et 3
de la MEG 2.1 ont été synthétisés chimiquement. Ces peptides présentent des problemes de
solubilité dans les tampons et les solvants biologiquement pertinents. Pour résoudre ce
probleme, le DMSO-d6 a 100 % a été utilisé pour les mesures RMN, tandis que I'acétonitrile
(également mélangé avec TFE) a été utilisé comme solvant pour les analyses de CD.

Des expériences RMN ont été réalisées sur les peptides synthétisés a I'aide de techniques
homonucléaires et hétéronucléaires. Les spectres RMN ont été enregistrés sur des peptides
en abondance naturelle, ce qui a entrainé de longs temps d'analyse. Des calculs structuraux
ont ensuite été effectués a I'aide du logiciel CYANA. L'isoforme 1 reconstruite et minimisée de



MEG 2.1 a montré la formation d'hélices courtes et longues pendant les simulations de
dynamique moléculaire. En outre, une analyse phylogénétique, une classification basée sur la
structure primaire et des prédictions structurales ab initio ont été réalisées.

Grace a une combinaison d'analyses biochimiques, biophysiques et bioinformatiques, cette
these visait a caractériser les protéines MEG sécrétées dans I'ceuf. MEG 2.1 reste la seule
famille de MEG pour laquelle toutes les variantes d'épissage ont été décrites structuralement.
Cette thése contribue a la compréhension de la diversité des protéines MEG et fournit une
base pour de futures recherches sur leur importance fonctionnelle dans les interactions héte-
parasite.
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1 INTRODUCTION

Schistosomiasis is a vector-borne parasitic disease affecting over 250 million of the
world’s poorest people in sub-Saharan Africa, Brazil, and South-East Asia (Fig. 1.1) and
is one of the most devastating parasitic diseases in the world, with up to 779 million
people at risk (McManus et al. 2018). Beyond distribution in (sub)tropical regions, the
introduction of human schistosomiasis to Southern Europe was reported in Corsica
(Berry et al. 2016; Oleaga et al. 2019) and Almeria (Salas-Coronas et al. 2021).

Figure 1.1 - Status of schistosomiasis in endemic countries in 2020 by WHO. Green color for countries with no
preventive chemotherapy required, light orange for countries with the status “interruption of transmission to be
confirmed”, orange color for countries with the status of transmission to be determined, dark orange color for
countries requiring preventive chemotherapy and grey color for countries that have the status “not applicable”.
Adapted from Global Health Observatory (GHO) interactive graph of the World Health Organization. Neglected
diseases - Schistosomiasis - Status of schistosomiasis endemic countries 2020 -
https://apps.who.int/neglected_diseases/ntddata/sch/sch.html (Dyson and Wright).

Disease-causing pathogens are dioecious trematodes of the genus Schistosoma, living in
the blood vessels of either the bladder (Schistosoma haematobium) or the intestine
(Schistosoma mansoni, Schistosoma japonicum, and related species) (Lockyer et al.
2003; Howe et al. 2017). People become infected when larval forms of the parasite
(cercariae) are released by freshwater snails and penetrate the skin during contact with
infested water. Infected freshwater snails in irrigation canals, streams, and lakes
transmit the flatworm parasite as villagers gather to collect water to support their
household needs or perform agricultural and fishing activities. Precariously, there is just
one partially effective drug, called praziquantel, that is authorized by the WHO for
disease treatment and mass drug administration (MDA); therefore, the threat of
resistance is ever-present (WHO 2022). Praziquantel is effective against all major forms
of schistosomiasis, although it is more active against mature adult parasites than
juvenile ones. Due to its efficacy, safety, price, and lack of alternatives, praziquantel has
been the drug of choice for over 40 years, despite its limitations and concerns about
resistance that have been confirmed not only in the laboratory but also in the field
(Caffrey 2015; Vale et al. 2017). The mechanism of action of praziquantel is the influence
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of calcium influx throughout the body of the parasite, muscle contraction, and surface
modification. The key to all these mechanisms of action is the interference with the
parasite's calcium metabolism, leading very rapidly to spastic paralysis of the
musculature and then to morphological changes in the tissue (Cioli, Pica-Mattoccia, and
Archer 1995; Cioli et al. 2014; Vale et al. 2017). The effectiveness of this drug depends
on a number of factors, whether pharmacokinetic, its metabolization, but also on the
species of Schistosoma, its strain (for S. mansoni: Belo Horizonte, Puerto Rican, Mwanza,
Egyptian), stage, and also depends on the type of infection (single-sex female/single-sex
male/bisexual) (Saoud 1966; Soliman et al. 1986; Pica-Mattoccia and Cioli 2004; Vale et
al. 2017).

According to WHO, at least 236.6 million people required preventive treatment in 2019.
The death estimates due to schistosomiasis need to be re-assessed, as it varies between
24,072 (1) and 200,000 (2) globally per year (WHO 2023). At the dose delivered,
praziquantel is curative, but it does not prevent reinfections, and the reliance on just
one drug means that resistance is a constant threat. Praziquantel also has many
pharmacological and pharmaceutical weaknesses relating to its spectrum of efficacy,
metabolism, dose, formulation, and taste (McManus et al. 2018; Caffrey 2015, 2007;
Coulibaly et al. 2018; Olliaro, Delgado-Romero, and Keiser 2014; Zwang and Olliaro
2017). As a result, new medications and drug targets must be discovered. A pediatric
praziquantel formulation is currently being developed that could be used in these large-
scale treatment campaigns for preschool children. At the same time, there is still no cure
or vaccine that could be used as a preventative measure. The five species of blood fluke
cause two main forms of human schistosomiasis - intestinal and urogenital (Table 1.1).

Table 1.1 - Schistosoma species causing two major types of human schistosomiasis and its geographical
distribution. Adapted from Global Health Observatory (GHO) interactive graph of World Health Organization.

Neglected diseases - Schistosomiasis - Status of schistosomiasis endemic countries 2021,
https://apps.who.int/neglected_diseases/ntddata/sch/sch.html (2021)
species geographical distribution
intestinal Africa, the Middle East, the Caribbean, Brazil,

Schistosoma mansoni .
. - Venezuela, and Suriname
schistosomiasis

Schistosoma japonicum China, Indonesia, the Philippines

Several districts of Cambodia and the Lao People’s

Schistosoma mekongi . )
g Democratic Republic

Schistosoma guineensis and

related Rain forest areas of central Africa

S. intercalatum

urogenital

h . Schistosoma haematobium Africa, the Middle East, Corsica (France)
schistosomiasis




1.1 The life cycle of Schistosomes

Schistosomes have two hosts: freshwater snails and mammals. They reproduce sexually
in mammalian hosts, including humans, cattle, dogs, cats, rodents, pigs, horses, goats,
and wild primates, and asexually in snails. The life cycle of Schistosoma starts with the
eggs (n. 5 in Fig. 1.2) shed from an infected mammalian host (with feces or urine,
depending on species). The eggs then hatch and release the free-living miracidia (n. 5 in
Fig. 1.2), which penetrate a specific snail intermediate host (n. 6 in Fig. 1.3), which is
Biomphalaria for S. mansoni, Oncomelania for S. japonicum, Bulinus for S. haematobium,
S. intercalatum, S. guineensis. The only known intermediate host for S. mekongi is
Neotricula aperta (CDC 2019). In the snail, asexual reproduction produces the
subsequent formation of two stages of sporocysts. Sporocysts reproduce and develop
into free-living cercariae, which are released in freshwater by the snails (n. 7 in Fig. 1.2).
The infective cercariae swim, penetrate the skin of the mammalian host, and shed their
forked tails, transforming into schistosomulae (n. 2 in Fig. 1.2). The schistosomulae
migrate to the lungs via the venous circulation (n. 3 in Fig. 1.2), then to the heart, and
then to the liver, where they mature and escape via the portal vein system (n. 3 in Fig.
1.2). Male and female adult worms copulate and reside in the mesenteric venules, the
location of which varies by species (with some exceptions). S. japonicum, for example,
is more commonly found in the superior mesenteric veins that drain the small intestine),
while S. mansoniis more commonly found in the inferior mesenteric veins that drain the
large intestine. Both species, however, may live in either place and can move between
them (n. 4 in Fig. 1.2). S. intercalatum and S. guineensis, like S. mansoni, live in the
inferior mesenteric plexus but lower in the gut. S. haematobium lives in the bladder’s
vesicular and pelvic venous plexus, although it can also be detected in the rectal venules.
Female worms lay eggs in the portal and peri-vesical systems’ small venules; the eggs
can range in size from 7 to 28 mm, depending on the species. They are progressively
transported toward the lumens of the intestine (S. mansoni, S. japonicum, S. mekongi,
S. intercalatum/guineensis) or the bladder and ureters (S. haematobium), where they
are removed with feces or urine (CDC 2019).

Each adult pair of S. mansoni worms produces approximately 300 eggs daily, which
induce chronic inflammatory responses in the visceral organs, liver, or bladder, called a
granuloma. The eggs endeavor to pass through the mesenteric vessels and across the
intestinal wall into the intestinal lumen (Mooee and Sandgeound 1956). This leads to
life-threatening organ damage and a lifetime of chronic pain and stunted growth.
Schistosomes do not elicit immune protection; therefore, re-infection is the major
threat in endemic countries. Untreated infection can lead to extensive granulomas
formation, which gradually occupies a large proportion of the liver tissue, eventually
inducing a blockage of the blood flow back to the heart through the portal system,
creating portal hypertension, pulmonary hypertension, and esophageal varices resulting
in death, if untreated (Colley and Secor 2014).
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Figure 1.2 - Life cycle of Schistosoma mansoni. Made with the use of BioRender.

1.2 Symptoms and clinical presentation of schistosomiasis

Symptoms of schistosomiasis are generated by the body’s reaction to the eggs rather
than to the worms themselves. A large number of infections are asymptomatic; thus,
the affected individual is not treated in the early stages of schistosomiasis. Following
cercariae penetration, a local cutaneous hypersensitivity reaction might occur,
manifesting as tiny, itchy maculopapular sores. Acute schistosomiasis, called Katayama
fever, is a systemic hypersensitivity reaction caused by S. mansoni and S. japonicum that
can occur weeks after the first infection. Fever, cough, abdominal pain, diarrhea,
hepato-splenomegaly, and eosinophilia are some of the systemic symptoms and
indicators. In some cases, Schistosoma infections can cause lesions in the central
nervous system. S. japonicum eggs in the brain can cause cerebral granulomatous illness,
and granulomatous lesions around ectopic eggs in the spinal cord can also arise in S.
mansoniand S. haematobium infections. Continued infection can lead to granulomatous
responses and fibrosis in the affected organs such as the liver and spleen, as well as
other signs and symptoms, such as embolic egg granulomas in the brain and spinal cord.
Haematuria, scarring, calcification, squamous cell carcinoma, and embolic egg
granulomas in the brain and spinal cord are all consequences of S. haematobium
schistosomiasis (McManus et al. 2018; CDC 2019). In advanced untreated cases, fibrosis
of the bladder and ureter, as well as kidney dysfunction, may be diagnosed, as well as
bladder cancer. Genital sores, vaginal bleeding, pain during sexual intercourse, and
nodules in the vulva are all symptoms of urogenital schistosomiasis in women.
Urogenital schistosomiasis can cause seminal vesicles, prostate, and other organ
pathology in men. Infertility is one of the long-term, permanent outcomes of urinary
schistosomiasis.

In all cases, schistosomiasis causes anemia, stunting, and a loss of learning ability in
children, but these effects are usually reversible with treatment. Chronic schistosomiasis
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can make it difficult for people to work; it can eventually lead to death if untreated or
very late treated. Because of hidden pathologies such as liver and renal failure, bladder
cancer, and ectopic pregnancies caused by female genital schistosomiasis, it’s difficult
to assess the number of deaths directly caused by schistosomiasis (WHO 2023). In
addition, some symptoms and typical manifestations of schistosomiasis caused by eggs
can often be mistaken for symptoms of other diseases (Gobbi et al. 2015).

1.3 Egg migration and pathology

Local inflammations and the above-described serious pathologies are primarily caused
by eggs that progressively accumulate in the host body because living adult worms
found in blood vessels typically do not directly produce symptoms or trigger any
localized inflammation (McManus et al. 2018). Because schistosome eggs lack evident
motility capabilities, their evacuation (Fig. 1.3 and 1.4) is believed to be substantially
reliant on host-driven processes. Schistosomes exert a range of immunomodulatory
effects in the intestinal tissues to promote the formation of granulomas around
transiting eggs, which is an important step in egg excretion(Doenhoff et al. 1981;
Mathew and Boros 1986) (Byram and von Lichtenberg 1977). However, successful egg
passage is not an easy task on which the completion of the life cycle and survival of the
parasite depends. Only 22 % of all eggs produced are passed in the feces, 18 % remain
in the wall of the large intestine, 32 % in the small intestine, 26 % in the liver, and 2 % in
the mesenteries and its associated lymph nodes and pancreas. The number of eggs
discovered in the spleen and lungs is negligible (McManus et al. 2018).

Adult worms typically survive for 5-10 years in the veins of the host while they release
anti-inflammatory, vasoregulatory, and anticoagulation factors (Shariati et al. 2011). The
deposition of eggs exerts an inflammatory process about 4-6 weeks after infection. The
eggs' products cause progressive Th2-driven tissue fibrosis on one hand and attenuation
of a tissue-damaging Th1 response via direct stimulation of a Th2 response on the other.
The creation of granulomas (Fig. 5) surrounding tissue-entrapped eggs is a dynamic
process involving adaptive immune responses that protect hepatocytes against
cytotoxic egg products (Pirovich, Da'dara, and Skelly 2019). Egg secretions are known to
be a mixture of highly potent immunomodulatory proteins, nucleic acids, lipids, and
glycoproteins, such as IPSE/alpha-1 (interleukin-4-inducing principle of S. mansoni eggs)
or omega-1 (Mathieson and Wilson 2010; Cass et al. 2007), which stimulate robust Th2
cell responses (Jankovic et al. 1999; Lundy and Lukacs 2013). The granuloma begins to
form when the eggs reach maturity (after 6 days of development) within the intestinal
wall or when imprisoned in the liver. Immature eggs are immunologically inactive until
they reach that stage (Takaki et al. 2021). T cells, B cells, M2 macrophages, neutrophils,
eosinophils, and mast cells are concentrated in granulomas, which are highly organized,
well-defined multicellular clusters (Costain, MacDonald, and Smits 2018; Hams, Aviello,
and Fallon 2013). Intestinal granulomatous inflammation facilitates egg penetration into



the gastrointestinal lumen. However, the development of fibrotic lesions in the place of
the liver granuloma is the main cause of the pathology (Hams, Aviello, and Fallon 2013).
The development of granuloma around the egg is divided into four major stages (Amaral
et al. 2017; Lenzi et al. 1998) that differ in the organization of the layers, the number of
inflammatory cells, and the presence of collagen fibers. The size, cellular composition,
and extracellular matrix deposition of intestinal and hepatic granulomas differ. These
changes reflect the infected liver's greater amount of dead eggs and differences in egg
secretions between the two organs (Linder 2017; Weinstock and Boros 1983). Severe
fibrosis, blood flow blockages, portal hypertension, and portocaval anastomosis result
from the formation of hepatic granulomas, increasing the risk of life-threatening
bleeding. Intestinal infection in humans can induce pseudo-polyps formation,
ulceration, and stricture formation, despite the fact that pathology in the intestine is
often less severe than in the liver (Barsoum, Esmat, and El-Baz 2013). Egg extravasation
is also facilitated by angiogenesis, endothelial activation, and interactions with blood
clotting components inside the vasculature (Shariati et al. 2011; Mebius et al. 2013).
Another ingenious technique of S. mansoni eggs is the use of extracellular vesicles (EVs)
for intercellular, inter-tissue communication without serious damage to host tissues
(Bischofsberger et al. 2020). The use of EVs as a tool for balancing host immunity is a
widespread tool for parasites, especially helminths (Khosravi et al. 2020).
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Figure 1.3 - Migration of S. mansoni eggs from the mesenteric veins through the intestinal wall to the intestinal
lumen.

So far, there is only very limited knowledge about excretory-secretory (E/S) products of
S. mansoni eggs and their ability to stimulate egg excretion or intestinal granuloma
formation. Ultrastructural studies reveal pore openings in the shell of schistosome eggs
(Jones et al. 2008; Cao, Wang, and Long 1982). When eggs mature, they cause host
inflammatory cells to migrate from the vasculature endothelia and be discharged by



host excretions. This results in pathological processes in the surrounding intestinal
tissues, which are essential for effective egg release into the gut environment. The
process of egg release can be divided into four stages: a) egg release into the
bloodstream and attachment to the endothelium; b) immune-dependent granuloma
formation; c) transition between endothelium and epithelium; and d) release into the
intestinal lumen (Schwartz and Fallon 2018). With a few exceptions, there is a
considerable knowledge gap about the entire spectrum of secreted proteins that
potentially interact with host tissues to facilitate the transition across the gut
epithelium.
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Figure 1.4 - S. mansoni egg migration adapted from “Schistosome Egg Migration: Mechanisms, Pathogenesis and
Host Immune Responses.” by Costain, A. H. et al. 2018. Frontiers in immunology, 9, 3042.

1.4 Host-parasite molecular interactions

Parasites, because of their lifestyle, have been forced to develop a variety of different
countermeasures, thanks to which they can remain in the host at least until they can
start generating offspring. These mechanisms are very sophisticated, and not all are fully
understood. This regulation of host immunity has both intended and unforeseen
outcomes, both beneficial and detrimental (Maizels and McSorley 2016; Riffkin et al.
1996). Successful helminth parasites combine specific molecular strategies to deal with
the threat of immediate immune attack with quantitative and dynamic properties that
allow long-term establishment within an individual host (Maizels et al. 1993). Parasites
can use immuno-evasion or immune-modulation strategies, or a combination of both
(Riffkin et al. 1996). Immuno-evasion is a passive way of avoiding the effects of the
immune response and can be represented, for example, by the formation of cysts,
granulomas (i.e., encapsulation), or the secretion of proteins that protect the surface of
the parasite (and its stages) from the effects of interactions with immunity. Most of the



time, it is the secretion of peptidoglycan or glycoprotein. Some parasites express and
secrete proteases which then cleave the immunoglobulin G (IgG) (Kong et al. 1994) or
proteases secreted by the schistosomula S. mansoni, which cleave IgG molecules bound
to their surface, thus again modulating the immune response of the organism (Auriault
et al. 1981). Some parasites secrete zinc metalloproteases that help degrade immune
components (Hill et al. 1993) or secrete serine proteases that inhibit interleukin-2
proliferation (Nicolas-Gaulard, Moiré, and Boulard 1995). The second strategy is active
immunemodulation. This strategy includes suppression of T- and B-cells, down-
regulation of interleukins, production of TNF-a inhibitor, modulation of some cytokines,
or even secretion of proteins that mimic their host proteins (Riffkin et al. 1996).
Achieving a better understanding of the molecular architecture of human biology,
pathogenesis, and host-parasite interactions is possible by combining transcriptomic,
genomic, and proteomic data (Han et al. 2009). Interactions between host and parasite
include several life stages in the life cycle of S. mansoni: penetrating cercariae, migrating
schistosomula, multiplying adults and eggs trapped in host tissues or migrating through
the intestinal wall (McManus et al. 2018; Pearce et al. 1998). Mature schistosomes have
also evolved highly powerful strategies for evading and even exploiting the cellular and
humoral immune responses that they elicit (Maizels et al. 1993; McKerrow 1997)
(Pearce and MacDonald 2002; Pearce and Sher 1987).

Other players in the field of parasite-host interactions are the aforementioned
extracellular vesicles (EVs), whose secretion has been observed in a number of
helminths. For the maintenance of biological processes (migration, maturation,
reproduction) and host immunity evasion, every life stage of the schistosome life cycle
has evolved its own inventive abilities to interact with the host via EVs. EVs are
composed of a combination of proteins, lipids, nucleic acids, and the exact composition
of individual EVs depends on the individual life stages of the schistosome. Proteomic
studies have shown that S. mansoni exosomes contain a variety of proteases (serine,
cysteine, metalloproteases), glycolytic enzymes, proteins that affect blood clotting. At
the same time, Schistosomal EVs have been shown to contain different types of RNA
molecules (MRNA, miRNA, small non-coding RNA - sncRNA). The authors agree that the
proteins found in EVs may be potential therapeutic targets. (Tritten and Geary 2018;
Bischofsberger et al. 2020; Nowacki et al. 2015; Sotillo et al. 2016; Samoil et al. 2018;
Zhu et al. 2016)

Only a few S. mansoni egg molecules have been experimentally examined, and their
function elucidated (Costain, MacDonald, and Smits 2018) (Macedonia and Mosimann
1994), despite the fact that several have been isolated and identified (Mathieson and
Wilson 2010). Proteomic analyses of the S. mansoni egg secretome revealed the content
of a wide range of proteins secreted from the eggs (Cass et al. 2007). It is well known
that several abundant egg proteins are highly glycosylated (Dunne, Jones, and Doenhoff
1991; Schramm et al. 2006; Fitzsimmons et al. 2005). Glycomics analysis confirmed
Omega-1 and IPSE as the most abundant glycoproteins in the secretome. It also showed



a high proportion of N- and O-glycan structures in the egg secretome. The authors
suggest that these glycan epitopes could be another means for S. mansoni to modify
host immunity by interacting with Th2 cells and interleukins (Jang-Lee et al. 2007).

The proteins IPSE/alpha-1, omega-1, Sm-p40, HSP70, Niemann-Pick C2 (NPC2), and
peptidylglycine alpha hydroxylating monooxygenase were found among the most highly
abundant ones found in egg secretions (Cass et al. 2007; Mair et al. 2004). A number of
proteins with different functional categories of effects have been as well discovered:
antioxidant proteins (peroxiredoxin 1, thioredoxin, ...), heat shock, chaperone, and
protein folding proteins (HSP70, polyubiquitin C, ...), calcium-binding proteins
(translationally controlled tumor protein, calpain), inflammation-inducing proteins
(IPSE/alpha-1, venom allergen-like proteins), glycolytic or glycolytic feeder pathway
enzymes (fructose bisphosphate aldolase, enolase,...), and scavenging pathway proteins
(NPC2 - cholesterol transporter) (Cass et al. 2007).

Of the 188 proteins identified in the egg secretome, 118 contain traditional signal
sequences or are secreted by a classical pathway. The rest of the analyzed egg-secreted
proteins were either too short for predictive analysis or were proteins that were
truncated but conserved ORFs. In addition, the predictive neural network SecretomeP
v. 2.0 is trained on mammalian proteins, so it does not have suitable comparison
datasets for pure helminth proteins (Cass et al. 2007). The majority of all 188 secreted
egg proteins analyzed are involved in molecular functions (ion, nucleic acid, and protein
binding, catalytic activity - hydrolase, oxidoreductase, transferase activity), biological
processes (cellular death, homeostasis, metabolism, cell communication) or are part of
cellular components (cytoplasmic organelles, protein complexes), as revealed by gene
ontology analysis (Cass et al. 2007). The results of the small number of proteomic studies
published so far vary depending on the egg extraction and egg-secreted proteins
extraction protocol (Cass et al. 2007; Mathieson and Wilson 2010).

Mathieson and Wilson (2010) describe a relatively lower number of proteins and their
isoforms/variants than Cass et al. (2007). Mathieson and Wilson (2010) criticize the egg
and egg-secreted protein extraction protocol and claim that the proteomic analysis of
Cass et al. (2007) is an analysis of the cytosolic proteins of dead and dying eggs and claim
that there are far fewer secreted proteins than reported by Cass et al. (2007). However,
their results for the most abundant proteins are consistent - IPSE, Omega-1, thioredoxin
peroxidase - were confirmed in the study (Mathieson and Wilson 2010; Cass et al. 2007).
The ESP15-family/ESP-like family proteins (“egg secreted proteins” - described in the
Result 4.1 bioinformatic analysis of MEG superfamily chapter as members of the MEG 2
family) are added to these jointly identified most abundant proteins (Mathieson and
Wilson 2010). The authors also claim that another of the described glycoproteins
abundantly represented in the egg secretome, kappa 5, is not part of the secreted
proteins because it is too large (97 kDa) to penetrate the eggshell; they claim that this
protein is part of the hatching fluid. (Mathieson and Wilson 2010). Also, proteins that
are already one of the targets for WHO vaccines were discussed in this comparative



proteomic study. These are paramyosin (motor protein), glutathione S-transferasetriose
(defense), phosphate isomerase (energy metabolism), and Sm14 (fatty acid binding
protein), which were also relatively abundant in the egg secretome (Bergquist et al.
2002; Mathieson and Wilson 2010).

Egg-specific glycoprotein IPSE-1/alpha-1 is a common E/S product that has been shown
to stimulate basophils to produce anti-inflammatory IL-10 (interleukin-10) and IL-4,
which then induces alternative macrophage activation and shift the immune response
to Th2 polarization (Knuhr et al. 2018) (Schramm et al. 2006; Hewitson, Grainger, and
Maizels 2009; Kaur et al. 2011; Haisch et al. 2001). Omega-1 (glycosylated T2 RNase) is
another E/S glycoprotein that stimulates dendritic cells to produce fewer Thl pro-
inflammatory molecules, promoting the Th2 anti-inflammatory response (Hewitson,
Grainger, and Maizels 2009; Everts et al. 2009). Omega-1 was recently investigated
utilizing CRISPR/Cas9 technology, and it was discovered that KO eggs do not polarize Th2
responses; therefore, the granulomas surrounding these eggs are substantially less than
those surrounding non-genetically modified eggs. IPSE/alpha-1 has been described as a
sticky protein due to its high glycosylation and a positive charge at physiological pH. For
this reason, it is assumed that IPSE could have potential use to keep more proteins near
the egg (Mathieson and Wilson 2010).

In vitro, monoclonal antibodies that depleted omega-1 and IPSE/alpha-1 also reduced
hepatotoxicity (Ittiprasert et al. 2019). Important studies on the proteomic identification
of egg E/S products in S. mansoni have been reported; in particular, Williams and
coworkers (Cass et al. 2007) identified IPSE-1, omega-1, and schistosome specific
proteins with a unique multi-isoformic organization — called micro-exon gene (MEG)
family (Fig. 6) - were identified as one group of secreted proteins (Mathieson and Wilson
2010). Mathieson and Wilson (2010) pointed to the presence of MEG 3 and ESP15 (MEG
2) family (and their isoforms) antigens in the egg secretome. Berriman et al. (2009)
detected the presence of MEG 2, MEG 3, and MEG 6 in S. mansoni eggs (Fig. 5 panel b)
(Berriman et al. 2009). MEG proteins are described in detail in the chapter MEG family
proteins below.

Another of the interesting protein families described in the S. mansoni egg secretome
are the Venom Allergen-Like (VAL/SmVAL) proteins. More than 200 VAL proteins were
identified by transcriptomic analyses, all taxonomically belonging to the Trematoda,
Cestoda, Monogenea, and Turbellaria (Chalmers and Hoffmann 2012). SmVAL family of
proteins was first described after the analysis of S. mansoni transcriptome, and the
name is derived from their similarity with wasp venom allergen (Verjovski-Almeida et al.
2003). SmVAL proteins contain SCP/TAPS protein domain; thus, they are members of
the Sperm-coating protein/Tpx-1/Ag5/PR-1/Sc7 family, which varies in length between
120 and 170 amino acids. Tertiary structural studies of SCP/TAPS domain have
demonstrated that this domain adopts a highly conserved a-B-a sandwich conformation
(Fernandez et al. 1997; Henriksen et al. 2001; Groves et al. 2004; Asojo, Loukas, et al.
2005; Shikamoto et al. 2005; Asojo, Goud, et al. 2005). Chalmers et al. (2008) study

10



divides SmVAL proteins into two groups based on their phylogenetic analysis and
sequence similarities (Chalmers et al. 2008). Group 1 of SmVAL contains a signal peptide
and a motif of six conserved cysteines that are able to form disulfide musts; group 2
differs in that it does not contain a signal peptide and does not have these conserved
cysteines (Chalmers et al. 2008). Like MEG proteins, SmVAL proteins are also found
among the developmental stages of S. mansoni, and their presence has been confirmed
in eggs: SmMVAL2, SmVAL3, SmVAL5, SmVAL9, SmVAL10, SmVAL11, and SmVAL13 in eggs
(Chalmers et al. 2008; Cass et al. 2007). Very interesting is SmVAL6, which is structurally
strikingly close to MEG proteins. For the SmVAL6 protein, 35 different isoforms have
been identified, which are generated (as for the Schistosomal MEG protein) by
alternative splicing. It contains an SCP/TAPS domain, which makes it a member of the
SmVAL protein family, but the rest of its sequence is composed mainly of short
symmetric exons, a structural pattern that has been described for Schistosomal MEG
proteins (Chalmers et al. 2008). Verjovski-Almeida and DeMarco (2011), supported by
Chalmers (2012), hypothesized that SmVAL6 was formed by recombination between the
ancestral SmVAL6 that contained only the first four exons with a MEG, creating this
SmVAL/MEG combined structure (Chalmers and Hoffmann 2012; Chalmers et al. 2008).
SmVAL proteins exhibit better protein homology; therefore, a number of homology
modeling of their structure has already been performed (for SmVAL1, SmVAL4,
SmVAL13). In addition, the structure of the SCP/TAPS domain has already been resolved,
as described above. Furthermore, an X-ray structure (with resolution 2.16 A) of the S.
mansoni VAL4 protein (Q1X6L4_SCHMA) has already been solved (Kelleher et al. 2014).
Genes encoding both MEG and VAL proteins show high levels of
nonsynonymous/synonymous) dN/dS substitutions. The two antigens that are vaccine
candidates Sm29 and TSP-2 show similar dN/dS values to those found for MEG and VAL
proteins. All of these proteins are exposed to the host immune system, so it is assumed
that the genes encoding them have undergone a higher and accelerated evolutionary
pressure to bypass host immunity. This accelerated co-evolutionary pressure on
potential candidate molecules for vaccine production could greatly complicate the
development of this vaccine (Philippsen, Wilson, and DeMarco 2015). Some of the MEGs
have been used in the form of short synthetic peptides for immunization tests in mice.
The most reactive ones were selected to create a protective vaccine, unfortunately, with
very low efficacy (Farias et al. 2021).
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1.5 Schistosomal MEG family proteins

SmMEG family proteins are an enigmatic group of schistosome-specific proteins
previously described in the human parasite Schistosoma mansoni. The name MEG is an
abbreviation of the words “micro-exon genes”, which also explains the nature of the
proteins of this group (Fig. 1.5). SmMMEGs are relatively small proteins - the longest of
them is composed of 188 amino acids (UniProt 2022). The genes (meg) that encode
SmMEG proteins are unique in that they contain up to 75 % of the sequence encoded
by short, mostly symmetric exons (Berriman et al. 2009). A total of 35 meg genes of
Schistosoma mansoni have been annotated, which are characterized by an alternation
of long introns (0.1 - 5 kbp) and short symmetric exons, whose length ranges between 6
and 81 bp; the most abundant exons are 15 bp long (Berriman et al. 2009; Howe et al.
2017). The intron structure is also interesting - longer introns (up to 4 kbp) are located
in the middle of the sequence, while their length shortens towards the 5' and 3' ends
(length varies around 100 - 500 bp) (Howe et al. 2017). The WormBase Parasite database
contains a total of 40 MEG-encoding genes, which, in addition to the 35 genes encoding
S. mansoni proteins, also encode MEG proteins of S. rodhaini, S. bovis, S. japonicum and
S. haematobium (Howe et al. 2017). The UniProt database contains 108 MEG proteins
belonging mostly to S. mansoni but also to S. haematobium, and S. japonicum (UniProt
2022). Genes encoding MEG proteins show no similarity to any annotated genes, except
Schistosoma spp.; at the same time, they do not contain any identifiable motifs or
functional domains (Berriman et al. 2009). The proteins encoded by these genes also
show no significant homology to non-Schistosomal MEG proteins. Most MEG proteins
contain a signal peptide at the N-terminus, indicating that they are secreted proteins
(Berriman et al. 2009). Additionally, most of them contain a relatively significant amount
of cysteine, and a large part of the MEG members is predicated with a large part of the
disordered structure (Felizatti et al. 2020). The primary protein structure makes MEGs
challenging for in vitro studies.

The nomenclature and numbering of individual MEG proteins (and their isoforms) are
confusing because some of the MEG proteins are named MEG-2 ESP15 (egg-secreted
proteins), some of them are named as MEG-3 (Grail) family and antigen 10.3. At the
same time, their numbering maintains continuity from MEG 1 to MEG 14, and then there
is a gap in numbering, and the next one is MEG 26, which continues to MEG 32 (UniProt
2022).
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Figure 1.5 - Schematic representation of gene structure from MEG family members. a) Boxes represent exons and
the numbers above their size in nucleotides. Black triangles indicate exons encoding predicted signal peptides and
transmembrane helices. Other characteristics associated with exons are indicated by color and grouped as follow:
micro-exons having lengths of either multiples of 3 bp (red) or indivisible by 3 bp (orange); exons longer than 36 bp
and having lengths of either multiples of 3 bp (blue) or indivisible by 3 bp (green); putative initiation and termination
exons (grey); untranslated region. b) Diagram showing the presence of individual MEG families at different life stages:
C - cercaria; E - egg; G - germball; M - miracidium; 3s and 7s, 3- and 7-day schistosomula; 21li and 28li, 21- and 28-
day liver worms; 45a, 45-day adult worm pairs. Adapted from “The genome of the blood fluke Schistosoma mansoni”
by Berriman, M. et al., 2009, Nature, 460, 352—358.

So far, only MEG 14, MEG 24, and MEG 27 have been structurally characterized by
circular dichroism. Of these three proteins, only MEG 14 and Sm10.3 protein (one
isoform of the MEG 4 family) were recombinantly expressed, while MEG 24 and MEG 27
were chemically synthesized for the purpose of these biophysical studies (Felizatti et al.
2020; Lopes et al. 2013; Martins et al. 2014). Felizatti et al. (2020) found that both MEG
24 and MEG 27 contain a structure predominantly composed of a-helix, and the overall
character of these molecules is amphipathic. This structure is similar to that of
membrane-active peptides, whose actions disrupt membrane integrity (e.g.,
antimicrobial peptides) (Avci, Sariyar Akbulut, and Ozkirimli 2018). Both of these MEGs
interact with mimetic membranes to reduce membrane fluidity and promote membrane
leakage. Whole-mount in situ hybridization (WISH) experiments performed in the same
study proved that MEG 24 is transcribed in subtegumental cells and MEG 27 in the
esophagus of adult worms (Felizatti et al. 2020).

MEG 14 has been determined by synchrotron radiation circular dichroism (SRCD) as a
member of intrinsically disordered proteins (IDPs). Additionally, it has been shown that
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by changing the external conditions, partial folding can be achieved (Lopes et al. 2013).
Conformational changes/structural morphing of MEG 14 protein was demonstrated in
interaction with human S100 protein, which is involved in the inflammatory response.
Unfolded MEG 14 has been shown to fold upon binding to negatively charged
membranes or calgranulins (mediators of inflammatory processes) (Orcia et al. 2017).
Sm10.3 (MEG 4 family member) was expressed for the purpose of immunization and
hemagglutination assays. At the same time, Sm10.3 was confirmed to be expressed in
esophageal epithelia, esophageal lumen, and intestinal epithelia, which could suggest a
possible role of the Sm10.3 protein (MEG 4 family member) in the host blood feeding
process (Martins et al. 2014).

It has been shown that several genes of the MEG family are developmentally regulated.
However, all the MEGs are preferentially expressed in the intra-mammalian phase of the
life cycle. As already mentioned, MEG proteins are among the most abundant
components of the egg secretome (Mathieson and Wilson 2010; Berriman et al. 2009).
The bioinformatically predicted secretion of the MEG 3 family and MEG 2 family, based
on the presence of a signal peptide sequence, was confirmed by protein identification
of S. mansoni egg-secreted MEG proteins. Moreover, many different isoforms of MEG
proteins were identified, which proves that they undergo alternative splicing (DeMarco
et al. 2010).

It is difficult to infer a function from the sequence, but some hypotheses were proposed
based on the localization of transcripts and proteins within some S. mansoni life stages.
In adult schistosomes, a variety of MEGs were detected in the esophageal glands (Wilson
et al. 2015); therefore, it was suggested that the secreted MEGs could interact with
leukocytes that are part of the worm blood meal. Berriman et al. (2009) pointed to the
presence of MEG 2, MEG 3, and MEG 6 in the eggs (Fig. 5). It has been hypothesized that
MEG 2 and MEG 3 family proteins might be involved in the interaction of eggs with host
tissues - specifically the gut (Mathieson and Wilson 2010; DeMarco et al. 2010; Castro-
Borges and Wilson 2022). This hypothesis is also supported by the unpublished
transcriptomic data from Dvorak’s lab (Fig. 6), where significantly higher expression of
all three studied MEG-family proteins was observed in mature eggs compared to
immature ones (Fig. 6). The MEG 2 and MEG 3 family had already been linked to the
migration of the schistosomulum and the subshell envelope of the mature egg (DeMarco
et al. 2010; Wilson 2012). The authors proposed that the MEG proteins produced by the
eggs and larvae interact with and change vascular endothelium function (Wilson 2012).
MEG 2 and MEG 3 family proteins were also found in head glands (adults) and sub-shell
of eggs, MEG 3.4 was found in the anterior and posterior esophageal glands (adults),
and MEG 6 was found in the tegument and cell bodies of adults (Castro-Borges and
Wilson 2022).
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Figure 1.6 - Comparison of the expression of MEG proteins in S. mansoni mature/immature eggs. Expression values
were counted from Illumina short reads originating from RNA isolated from S. mansoni eggs. Unpublished preliminary
data, Dvorak’s lab 2023.

Each family of MEGs has its members, and each member has one or multiple isoforms.
In view of the data obtained and confirmed by us regarding the expression of MEGs in
S. mansoni eggs, 3 members of the MEG family of proteins were selected for this thesis.
On the basis of unpublished transcriptomic data from Dr. Dvorak's lab (Fig. 1.6), MEG
2.1 from the MEG 2 family; MEG 3.2 from the MEG 3 family and MEG 6, which is the only
member of the MEG 6 family, were selected. For all studied proteins, the longest
isoforms were selected (most often referred to as isoform 1), which cover the whole
cassette of exons, within which alternative splicing and subsequent formation of
different proteins occur. It is plausible that Schistosomes use MEGs as a comprehensive
tool for their adaptation to the environment and/or immunemodulation in interactions
with the host. With the help of alternative splicing, S. mansoni can create up to 18
different proteins from one unspliced isoform, as it is the case of MEG 1 for example.
MEG 3.2 protein has 10 isoforms (Fig. 1.7), MEG 2.1 has three and MEG 6 has only one.
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Figure 1.7 — Alternative splice variants of MEG 3.2 protein. The deduced structure for sequenced transcripts of the
MEG-3.2 gene is displayed. Boxes represent the coding region for exons; narrow lines represent the introns (not to
scale). Exons generated using an alternative splicing site are shown in grey. Coding exons that are being read in a
frame different from the most abundant isoform (1) are shown as a rainbow box. Exons are shown to scale, but for
illustrative purposes, intron length is not proportional to size. Numbers in the boxes (and their color) indicate exon
size. Colors for individual lengths are pink - 18 bp, light blue - 9 bp, lavender - 24 bp, light yellow - 24 bp, green - 27
bp, gray - 19/62/23/71/20 bp. Figure adapted from “Protein variation in blood-dwelling schistosome worms
generated by differential splicing of micro-exon gene transcripts” by DeMarco, R. et al., 2010, Genome Research, 20,
p. 1112-1121. Copyright 2010 by Cold Spring Harbor Laboratory Press.

The structure of micro exons is not new to researchers; it has been described in many
genes across animal and plant phyla (Volfovsky, Haas, and Salzberg 2003). However, it
is the unique character of the Schistosomal MEGs that makes the gene and MEG
proteins unique. The work on solving the structure of these enigmatic proteins is
important not only in terms of finding new potential drug targets, which are needed in
the case of the global schistosomiasis threat. Solving the structure of the MEG proteins
will allow homologous modeling of other MEG proteins, finding potential
binding/interaction partners, and thus may reveal much about the human immune
system, about which there is still much to learn. MEG proteins are considered to be one
of the many very powerful tools of S. mansoni to regulate the host immune response
and/or to avoid the attention of the immune system. Their structural and biological
functions are yet unclear, although partial structural elements and some of their in vivo
localizations have already been described.

16



2 SCIENTIFIC HYPOTHESIS AND OBJECTIVES

H1: Alternative splicing of MEG family proteins is a powerful tool of Schistosoma
mansoni to achieve maximum variability of expressed proteins for best
immunomodaulation.

H2: MEG family proteins are important players among the secreted proteins as they
interact with the host and assist in egg passage through the intestinal wall.

O1: In order to elucidate the structure and variability of isoforms within individual
members of the MEG protein families, recombinant proteins will be expressed, purified,
and then biophysically analyzed. To complete this objective, | proposed to express and
purify MEG 2.1 (isoform 1), MEG 3.2 (isoform 1), and MEG 6 proteins in various
expression systems (bacterial, yeast, insect, cell-free) to obtain soluble properly folded
proteins for further investigation. The final step will be a thorough biophysical and
structural characterization of the complexes using nuclear magnetic resonance (NMR)
spectroscopy (liquid-state), dynamic light scattering (DLS), and circular dichroism (CD).

02: Given the lack of research on interaction partners for the whole family of MEG
proteins, the structure of the investigated proteins will have to be solved first. Then it
will be possible to proceed with interaction studies. Screening of potential interaction
partners will first be carried out in the framework of in silico modeling, such as prediction
of putative interaction surface(s) and molecular docking.
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3 METHODOLOGY

3.1 Bioinformatics

Bioinformatic analyses were performed to determine the characteristics of MEG proteins
under study, such as hydrophobicity, charge, prediction of secondary and tertiary structure,
and as a complement to structural studies, for the refinement of the determined structure.
Combined with the biochemical and biophysical part of the project, it allowed to gain a more
comprehensive view of the MEG family proteins.

3.1.1 Phylogenetics and primary sequence analysis
A thorough bioinformatic analysis of the three studied MEG family proteins, and their

isoforms was performed. Protein sequences of MEG family proteins were obtained from the
UniProt database (UniProt 2022), last accessed on April 2023). A phylogenetic tree of all
previously described and submitted MEG protein sequences has been constructed. There are
103 Schistosoma mansoni MEG proteins and 107 Schistosoma genus proteins (including
Schistosoma japonicum, Schistosoma haematobium) annotated in the Uniprot database.
These sequences were then manually trimmed to remove duplicate entries, which displayed
the same sequence with two different accession numbers, one from NCBI and one from
UniProt. For each discovered duplication, only the UniProt sequence was strictly preserved to
maintain the cross-annotation of the WormBase ParaSite database (Howe et al. 2017).

Phylogenetic trees were built with both Simple phylogeny and PRANK (Loytynoja and
Goldman 2008) on the EBI server (Madeira et al. 2022). The one from PRANK was more
consistent with the gene clustering and also with the type of retrotransposon sequences
which had been found at the boundaries of the megs; therefore it was retained and visualized
on iTOL (interactive Tree of Life) server (Letunic and Bork 2007). Emboss on the EBI server
(Madeira et al. 2022) was used to put in evidence conserved linear motifs, which were
displayed with Weblogo (Crooks et al. 2004). Jalview software (Waterhouse et al. 2009) was
also used to visualize the results. Primary sequence analysis was performed by ProtParam
tool (Gasteiger et al. 2005) on the Expasy website (Gasteiger et al. 2003); the results on
calculated molecular weights, isoelectric point, aliphatic index and GRAVY index are
presented in Table A. N-glycosylation predictions were made using NetNGlyc - 1.0 (Gupta and
Brunak 2001), O-glycosylation predictions were made using NetOGlyc - 4.0 (Steentoft et al.
2013). Graphical overview of aligned sequences from the blastp was performed in use of the
Constraint-based Multiple Alignment Tool (COBALT) (Papadopoulos and Agarwala 2007).
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3.1.2 Ab Initio Protein Structure Prediction
A series of predictive modelling of MEG protein structures was also performed. Deep learning-

based modelling software — AlphaFold2 (Jumper et al. 2021), Robetta (Song et al. 2013) (Baek
et al. 2021), and the ESMFold (Lin et al. 2023) — were used for ab initio protein structure
prediction. The Swiss-Model (Waterhouse et al. 2018) server was used to determine as many
homologous proteins as possible. For AlphaFold 2 predicted local distance difference test
(pLDDT) score (0-100) is a per-residue confidence score, with values greater than 90 indicating
high confidence, and values below 50 indicating low confidence. This measure estimates
whether the predicted residue has similar distances to neigbhoring C-alpha atoms (within 15
Angstroms) in agreement with distances in the true structure.

NCBI Blast (Standard Protein BLAST — blastp (Mahram and Herbordt 2015)) was also used to
identify protein homology. The resulting models (from AlphaFold, Robetta and Swiss-Model)
were analyzed and used for structure comparison and subsequent modelling in MODELLER
(Webb and Sali 2016), which was used as a plugin in the UCSF Chimera (Pettersen et al. 2004).
UCSF Chimera X (Pettersen et al. 2021) and Pymol (Schrédinger and DelLano 2020) software
were also used for the visualization results of the coordinate files.

3.2 Recombinant protein expression

The first stage of expression was characterized by cloning design of the selected MEG proteins
to be expressed in a heterologous host. We decided to start from MEG 3.2 (isoform 1), MEG
2.1 (isoform 1) and MEG 6 - Fig. 3.1.

10 20 30 40 50 60

MEG_2.1_isoform_1 MKLSGANCLVVFSLLQLLVAFSHCDINDITCNKTVCCASEDGKKGSLCCEKDGCPIPSTPDLLLG 65
MEC_3.2_isoform 1 MLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEYVTRYCGGLCSGSTGPQTFYCYLGCSHN 65
MEG_6 MVQNPKNTKKINRTIRRSTKTVIVITDRVQNIVLGHRLLHHRIPTIKRSKSHGINKNETVSNLFP 65

70 80 90 100 110 120

MEG_2.1_isoform_1 NYQRHQRMKNYLEEVCENFIYTP 88
MEG_3.2_isoform_ 1  ASNQNDFDKCLPKCNGSPQLTESSCQNDCGRVTTHPELCGIVCGGNVGDSFPLCLYNCDQGNGSG 130
MEG_6

1.40
MEG_2.1_isoform_1
MEC_3.2_isoform_1 NFDECKTKCYEMAGR 145
MEC_6

Figure 3.1 - Sequences of MEG 2.1 isoform 1 (88 aa), MEG 3.2 isoform 1 (145 aa) and MEG 6 (65 aa) proteins.

Detailed cloning design, plasmid sequence, restriction enzymes used, primer design are given
in the following tables: Table 3.1 for MEG 2.1 isoform 1, Table 3.2 for MEG 3.2 isoform 1, and
Table 3.3 for MEG 6.
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Table 3.1 - Overview of the cloning design for MEG 2.1 isoform 1 that have been used to express this protein.

name
& . . restriction .
. DNA sequence protein sequence plasmid primers
expression enzymes
system

MEG 2.1 atgaagttatccggegcaaactgtttagtcgtat | MAMKLSGANCLVVFS pET SUMO TOPO Forward:

isoform 1 tcagtcttcttcagttacttgttgctttttcacact LLQLLVAFSHCDINDIT Champion cloning with | 5-ATGAAGTTATCCG

“long” gcgacataaacgacataacatgcaacaaaac CNKTVCCASEDGKKGS linearized GCGCAAA-3’

(with SP) ggtatgctgegcttccgaggatggaaaaaagg LCCEKDGCPIPSTPDLL vector
gttctttatgttgcgagaaggatggctgtccaat LGNYQRHQRMKNYLE supplied in Reverse:

E. coli cccctcaacaccagaccttttgetgggeaattat | EVCENFIYTPENLYFQA the kit 5’-TTGAAATAGATG
caaaggcaccagagaatgaagaattacctgga | FEHHHHHH TGTGGGACT-3’
agaggtctgtgaaaactttatctacacaccctg
a

MEG 2.1 cagccggcegatggecatgaagttatccggege MAMKLSGANCLVVFS PET 22(b)+ Nco | Forward:

isoform 1 aaactgtttagtcgtattcagtcttcttcagttac LLQLLVAFSHCDINDIT Xho | 5’-CAGCCGGCGATG

“long” ttgttgctttttcacactgcgacataaacgacat | CNKTVCCASEDGKKGS GCCATGAAGTTATCC

(with SP) aacatgcaacaaaacggtatgctgegetteeg LCCEKDGCPIPSTPDLL GGCGCAAACTGTTTA-
aggatggaaaaaagggttctttatgttgcgaga | LGNYQRHQRMKNYLE 3

E. coli aggatggctgtccaatccectcaacaccagacc | EVCENFIYTPENLYFQA
ttttgctgggcaattatcaaaggcaccagagaa | FEHHHHHH Reverse:
tgaagaattacctggaagaggtctgtgaaaact 5’-CACTTTTGGACAT
ttatctacacacccgaaaacctgtacttccaag GAAGGTTCGCAAGCT
cgttcgagcaccaccaccaccaccactga CGTGGTGGTGG-3’

MEG 2.1 gagaaagagaggctgaagctgcaaagttatcc | MKLSGANCLVVFSLLQ | pPICZa B Pst | Forward:

isoform 1 ggcgcaaactgtttagtcgtattcagtcttcttc LLVAFSHCDINDITCNK 5’-GAGAAAGAGAGG

“long” agttacttgttgctttttcacactgcgacataaa TVCCASEDGKKGSLCC CTGAAGCTGCA-3’

(with SP) cgacataacatgcaacaaaa EKDGCPIPSTPDLLLGN
cggtatgctgegcettccgaggatggaaaaaag YQRHQRMKNYLEEVC Reverse:

Komagataella ggttctttatgttgcgagaaggatggcetgtccaa | ENFIYTP 5’-GTAATTCCTTAA

phaffii tcccctcaacaccagaccttttgetgggeaatta GTGCACCGGGTC-3’
tcaaaggcaccagagaatga
agaattacctggaagaggtctgtgaaaacttta
tctacacacccggtcatcatcatcatcatcatta
aggaattcacgtggcccag

MEG 2.1 gcggeegegagaatctttattttcagggeatga MKLSGANCLVVFSLLQ | pIVEX2.4d Not | N/A - synthetized

isoform 1 aactatcgggagcaaactgtttggtagtcttca LLVAFSHCDINDITCNK Bam HI

“long” gcctactacaacttcttgtggeattttcacactgt | TVCCASEDGKKGSLCC

(with SP) gatattaatgacataacatgcaacaagacagtt | EKDGCPIPSTPDLLLGN
tgttgcgcatcagaagacggtaaaaaaggttc YQRHQRMKNYLEEVC

cell-free cctatgttgtgagaaagatggttgtccaattcca | ENFIYTP
agcactccagatcttttgcttggaaattaccage
gccatcaacgaatgaaaaattatttagaggaa
gtgtgcgaaaatttcatatacacgccataataa
ggatcc

MEG 2.1 gcggeegegagaatctttattttcagggegcete DINDITCNKTVCCASE pIVEX2.4d Not | N/A - synthetized

isoform 1 gtgaaactcaacaagaatgtgtacgacattgtg | DGKKGSLCCEKDGCPI Bam HI

“short” gtggacacaatgaatatgtgactcgatactgtg | PSTPDLLLGNYQRHQR

(deletion of 24 | gtggtctgtgttctggcagcacaggaccacaaa | MKNYLEEVCENFIYTP

aa from N- cattctattgttatctcggatgcagtcataacge

terminus) cagtaaccaaaacgatttcgacaaatgtttacc
aaagtgtaatggtagtccccagettactgagtc

cell-free atcgtgtcagaatgactgtggtcgtgttaccac

acaccctgaattgtgtggtatcgtttgtggtgga
aatgttggagactcatttccactgtgtttgtata
actgcgatcagggaaatggttcgggaaactttg
acgaatgtaaaacaaagtgctacgaaatggeg
ggacggtgataaggatcc
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MEG 2.1
isoform 1
“short”
(deletion of 24
aa from N-
terminus)

S2 Drosophila
cells

gacataaacgacataacatgcaacaaaacggt
atgctgcgcttccgaggatggaaaaaagggtt
ctttatgttgcgagaaggatggctgtccaateec
ctcaacaccagaccttttgctgggcaattatca
aaggcaccagagaatgaagaattacctggaa
gaggtctgtgaaaactttatctacacaccctaa

DINDITCNKTVCCASE
DGKKGSLCCEKDGCPI
PSTPDLLLGNYQRHQR
MKNYLEEVCENFIYTP

pMT_BiP_SL
IN

Kpn |
Xho |

Forward:
5’-GGTACCAGACAT
AAACGACATAACATG
CAACAAA-3’

Reverse:
5’-ACACTTTTGAAAT
AGATGTGTGGGATTG
AGCTC-3’

Table 3.2 - Overview of the cloning design for MEG 3.2 isoform 1 that have been used to express this protein.

Name
& . DNA sequence Protein sequence Plasmid Restriction Primers
expression enzymes
system

MEG 3.2 atgcttttcgttgetttgattcttatcatttcacttc | MLFVALILIISLHSFDCV pET SUMO TOPO Forward:

isoform 1 - attccttcgattgtgtattcaccgcaagagaaac | FTARETQQECVRHCG Champion cloning with | 5'-ATGCTTTTCGTTG

“long” ccaacaggaatgtgtcagacattgcggtggtca | GHNEYVTRYCGGLCSG linearized CTTTGATT-3'

(with SP) taatgaatacgtcacacgttactgtggaggact STGPQTFYCYLGCSHN vector
ttgttcaggctcaacgggaccacagacattcta ASNQNDFDKCLPKCN supplied in | Reverse:

E. coli ctgttacttaggttgctctcataatgcttccaacc | GSPQLTESSCQNDCGR the kit 3’-ATACTTTACC
aaaatgactttgacaagtgccttccaaaatgca | VITHPELCGIVCGGNV GGCCTTCCACT-5’
acggctcccctcagcettacggaatectcatgec GDSFPLCLYNCDQGN
aaaacgattgtggaagggtcactacccatcca GSGNFDECKTKCYEM
gaactttgcggcatcgtgtgtggtggtaatgtgg | AGR
gtgactccttcccattatgettgtataattgtgac
cagggaaacggatcaggcaacttcgatgagtg
taaaacgaaatgctatgaaatggcecggaaggt
ga

MEG 3.2 cagccggegatggecatgcettttegttgetttga MAMLFVALILIISLHSF pPET-22(b)+ Xho | Forward:

isoform 1 - ttcttatcatttcacttcattccttcgattgtgtat DCVFTARETQQECVR Nco | 5-CAGCCGGCGATG

“long” tcaccgcaagagaaacccaacaggaatgtgtc | HCGGHNEYVTRYCGG GCCATGCTTTTCGTTG

(with SP) agacattgcggtggtcataatgaatacgtcaca LCSGSTGPQTFYCYLG CTTTGATTCTTATCAT
cgttactgtggaggactttgttcaggctcaacgg | CSHNASNQNDFDKCL TTCA-3’

E. coli gaccacagacattctactgttacttaggttgctc PKCNGSPQLTESSCQN
tcataatgcttccaaccaaaatgactttgacaa DCGRVTTHPELCGIVC Reverse:
gtgccttccaaaatgcaacggcteccctcagett | GGNVGDSFPLCLYNCD 5-CTTTTGGACATGA
acggaatcctcatgccaaaacgattgtggaag QGNGSGNFDECKTKC AGGTTCGCCAGCTCG
ggtcactacccatccagaactttgeggceategt YEMAGRENLYFQAFE TGGTGGTGG-3'
gtgtggtggtaatgtgggtgactcctteccatta HHHHHH
tgcttgtataattgtgaccagggaaacggatca
ggcaacttcgatgagtgtaaaacgaaatgctat
gaaatggccggaagggaaaacctgtacttcca
agcgttcgagcaccaccaccaccaccactga

MEG 3.2 gcaagagaaacccaacaggaatgtgtcagac ARETQQECVRHCGGH pET-22(b)+ Xho | Forward:

isoform 1 - attgcggtggtcataatgaatacgtcacacgtt NEYVTRYCGGLCSGST Nco | 5-CAGCCGGCGATG

“short” actgtggaggactttgttcaggctcaacgggac | GPQTFYCYLGCSHNAS GCCATGGCAAGAGAA

(deletion of 20 | cacagacattctactgttactta NQNDFDKCLPKCNGS ACCCAACAGGAATGT

aa from N- ggttgctctcataatgcttccaaccaaaatgact | PQLTESSCQNDCGRVT GTCAGAC-3’

terminus) ttgacaagtgccttccaaaatgcaacggetccc | THPELCGIVCGGNVGD
ctcagcttacggaatcctcatgccaaaacgatt SFPLCLYNCDQGNGSG Reverse:

E. coli gtggaagggtcactacccatccagaactttgcg | NFDECKTKCYEMAGR 5’-CTTTTGGACATGAA
gcatcgtgtgtggtggtaatgtgggtgactectt GGTTCGCCAGCTCGT
cccattatgcttgtataattgtgaccagggaaa GGTGGTGG-3’

cggatcaggcaacttcgatgagtgtaaaacga
aatgctat gaaatggccggaaggtga
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MEG 3.2 gagaaagagaggctgaagctgcacttttcgttg | MLFVALILIISLHSFDCV pPICZa B Pst1 Forward:
isoform 1 ctttgattcttatcatttcacttcattccttcgatt FTARETQQECVRHCG 5-GAGAAAGAGA
“long” gtgtattcaccgcaagagaaacccaacaggaa | GHNEYVTRYCGGLCSG GGCTGAAGCTGCA-3’
(with SP) tgtgtcagacattgcggtggtcataatgaatac STGPQTFYCYLGCSHN
gtcacacgttactgtggaggactttgttcaggct | ASNQNDFDKCLPKCN Reverse:
Komagataella caacgggaccacagacattctactgttacttag GSPQLTESSCQNDCGR 5’-GTAATTCCTTAAGT
phaffii gttgctctcataatgcttccaaccaaaatgactt | VITHPELCGIVCGGNV GCACCGGGTC-3’
tgacaagtgccttccaaaatgcaacggctcccc | GDSFPLCLYNCDQGN
tcagcttacggaatcctcatgccaaaacgattg GSGNFDECKTKCYEM
tggaagggtcactacccatccagaactttgegg | AGR
catcgtgtgtggtggtaatgtgggtgactccttc
ccattatgcttgtataattgtgaccagggaaac
ggatcaggcaacttcgatgagtgtaaaacgaa
atgctatgaaatggccggaaggggtcatcate
atcatcatcattaaggaattcacgtggcccag
MEG 3.2 gcggecgegagaatctttattttcagggeatget | MLFVALILISLHSFDCV | pIVEX2.4d Not | N/A - synthetized
isoform 1 gttcgttgcattgattctgatcatctctctecact FTARETQQECVRHCG Bam HI
“long” cattcgactgtgtattcacagctcgtgaaactca | GHNEYVTRYCGGLCSG
(with SP) acaagaatgtgtacgacattgtggtggacaca STGPQTFYCYLGCSHN
atgaatatgtgactcgatactgtggtggtctgtg | ASNQNDFDKCLPKCN
cell-free ttctggcagcacaggaccacaaacattctattg GSPQLTESSCQNDCGR
ttatctcggatgcagtcataacgccagtaacca VTTHPELCGIVCGGNV
aaacgatttcgacaaatgtttaccaaagtgtaa GDSFPLCLYNCDQGN
tggtagtccccagcettactgagtcatcgtgtcag | GSGNFDECKTKCYEM
aatgactgtggtcgtgttaccacacaccctgaa AGR
ttgtgtggtatcgtttgtggtggaaatgttggag
actcatttccactgtgtttgtataactgegatca
gggaaatggttcgggaaactttgacgaatgta
aaacaaagtgctacgaaatggegggacggtg
ataaggatcc
MEG 3.2 gcggeegegagaatctttattttcagggegcete ARETQQECVRHCGGH pIVEX2.4d Not | N/A - synthetized
isoform 1 gtgaaactcaacaagaatgtgtacgacattgtg | NEYVTRYCGGLCSGST Bam HI
“short” gtggacacaatgaatatgtgactcgatactgtg | GPQTFYCYLGCSHNAS
(deletion of 20 | gtggtctgtgttctggcagcacaggaccacaaa | NQNDFDKCLPKCNGS
aa from N- cattctattgttatctcggatgcagtcataacge PQLTESSCQNDCGRVT
terminus) cagtaaccaaaacgatttcgacaaatgtttacc | THPELCGIVCGGNVGD
aaagtgtaatggtagtccccagettactgagtc SFPLCLYNCDQGNGSG
cell-free atcgtgtcagaatgactgtggtcgtgttaccac NFDECKTKCYEMAGR
acaccctgaattgtgtggtatcgtttgtggtgga
aatgttggagactcatttccactgtgtttgtata
actgcgatcagggaaatggttcgggaaactttg
acgaatgtaaaacaaagtgctacgaaatggeg
ggacggtgataaggatcc
MEG 3.2 gcaagagaaacccaacaggaatgtgtcagac ARETQQECVRHCGGH pMT_BiP_SL | Kpnl Forward:
isoform 1 attgcggtggtcataatgaatacgtcacacgtt NEYVTRYCGGLCSGST IN Xho | 5’-GGTACCAGCAAG
“short V1” actgtggaggactttgttcaggctcaacgggac | GPQTFYCYLGCSHNAS AGAAACCCAACAGGA
(deletion of 20 | cacagacattctactgttacttaggttgctctcat | NQNDFDKCLPKCNGS AT-3’
aa from N- aatgcttccaaccaaaatgactttgacaagtge PQLTESSCQNDCGRVT
terminus) cttccaaaatgcaacggctcccctcagettacg THPELCGIVCGGNVGD Reverse:
gaatcctcatgccaaaacgattgtggaagggtc | SFPLCLYNCDQGNGSG 5’-ATACTTTACCGGCC
S2 Drosophila actacccatccagaactttgeggceatcgtgtgtg | NFDECKTKCYEMAGR TTCCACTGAGCTC-3’

cells

gtggtaatgtgggtgactcctteecattatgett
gtataattgtgaccagggaaacggatcaggca
acttcgatgagtgtaaaacgaaatgctatgaa
atggccggaaggtga
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MEG 3.2
isoform 1
“short V2"
(deletion of 16
aa from N-
terminus)

S2 Drosophila
cells

tgtgtattcaccgcaagagaaacccaacagga

atgtgtcagacattgcggtggtcataatgaata

cgtcacacgttactgtggaggactttgttcaggc
tcaacgggaccacagacattctactgttactta

ggttgctctcataatgcttccaaccaaaatgact
ttgacaagtgccttccaaaatgcaacggeteec
ctcagcttacggaatcctcatgccaaaacgatt

gtggaagggtcactacccatccagaactttgeg
gcatcgtgtgtggtggtaatgtgggtgactectt
cccattatgcttgtataattgtgaccagggaaa

cggatcaggcaacttcgatgagtgtaaaacga

aatgctatgaaatggccggaaggtga

CVFTARETQQECVRHC
GGHNEYVTRYCGGLCS
GSTGPQTFYCYLGCSH
NASNQNDFDKCLPKC
NGSPQLTESSCQNDC
GRVTTHPELCGIVCGG
NVGDSFPLCLYNCDQ
GNGSGNFDECKTKCYE
MAGR

pMT_BiP_SL
IN

Kpn |
Xho |

Forward:
5’-GGTACCATGTGTA
TTCACCGCAAGAGAA
AC-3’

Reverse:
5’-ATACTTTACCGGCC
TTCCACTGAGCTC-3'

Table 3.3 - Overview of the cloning design for MEG 6 that have been used to express this protein.

acgattaaacgctccaaaagccacggeatcaa
taaaaacgaaaccgtgtctaacttatttccaga
aaacctgtacttccaagcgttcgagcaccacca
ccaccaccactga

NLYFQAFEHHHHHH-

Name
& . DNA sequence Protein sequence Plasmid Restriction Primers
expression enzymes
system
MEG 6 atggttcaaaatccgaaaaacaccaaaaaaat | MVQNPKNTKKINRTIR | pET-22(b)+ Xho | Forward:
caatcgcactatccgccgtagcactaaaacagt | RSTKTVIVITDRVQNIV Nco | 5'-CAGCCGGCGATG
E. coli gattgtcatcacagaccgcgtccaaaacategt LGHRLLHHRIPTIKRSK GCCATGGTTCAAAAT
gctgggecaccgcettgttacaccategtattcce | SHGINKNETV CCGAAAAACACCA-3'
acgattaaacgctccaaaagccacggcatcaa SNLFP
taaaaacgaaaccgtgtctaacttatttccata Reverse:
g 5’-TTTGGCACAGATT
GAATAAAGGTATCGA
GCTCGTGGTGGTGGT
_3’
MEG 6 atggttcaaaatccgaaaaacaccaaaaaaat | MVQNPKNTKKINRTIR | pPICZa B Pst | Forward:
caatcgcactatccgccgtagcactaaaacagt | RSTKTVIVITDRVQNIV 5’AAGAGAGGCTGAA
Komagataella gattgtcatcacagaccgcgtccaaaacategt LGHRLLHHRIPTIKRSK GCTATGGTTCAAAAT
phaffii gctgggecaccgcettgttacaccatcgtattcce | SHGINKNETVSNLFPE CCGAAAAACACCA-3’

Reverse:

5’-GAATAAAGGTCTT
TTGGACATGAAGGT
TAGCCCAAGATCTCT
TGTTTTTGAGTAG-3’

3.2.1 Expression in Yeast
This was done by In Fusion cloning system using synthetic DNA (produced and codon-

optimized for Komagataella phaffii — sequences in Tables 3.1, 3.2, and 3.3), specific primers
(Tables 3.1, 3.2, and 3.3), restriction enzyme Pstl (NEB) and Pichia pastoris pPICZaB cloning
vector for secretory methanol induced expression (EasySelect™ Pichia Expression Kit For
Expression of Recombinant Proteins Using pPICZ and pPICZa (ThermoFisher) in Komagataella

phaffii/Pichia pastoris).

3.2.2 Expression in bacteria
At the same time, protein cloning into the bacterial Escherichia coli expression system was

performed. Therefore, the same synthetic DNA fragments for MEG 2.1, MEG 3.2, and MEG 6
(Tables 3.1, 3.2, 3.3) were used for cloning into the bacterial expression system. In the
framework of E. coli expression, two vectors were used: pET 22b(+) (ThermoFisher), which
allows periplasmic expression and polyhistidine-tag (6xHisTag) for subsequent protein
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purification via affinity chromatography; and Champion™ pET SUMO Expression vector
(Thermo Fisher Scientific), which helps to increase protein solubility thanks to fusion with
SUMO protein and includes a 6xHisTag for subsequent protein purification via affinity
chromatography. All three synthetic DNA of MEG 2.1, MEG 3.2 and MEG 6 proteins were
cloned into the pET 22b(+) expression vector (Tables 3.1 - 3.3).

Only MEG 2.1 and MEG 3.2 coding sequences were cloned into Champion pET SUMO.
Expression of the above-described proteins (three different proteins, two different vectors)
was first performed in the commonly used E. coli expression strain BL21-Gold(DE3)
Competent Cells (Novagen®).

Subsequently, another E. coli strain was also tested, Rosetta(DE3) Competent Cells
(Novagen®). This bacterial strain was chosen because of the presence of rare codons for E.
coliin both sequences of MEG 2.1 and MEG 3.2. In fact, all of ordered synthetic DNA had been
optimized for the yeast expression system.

The next tested bacterial expression strain was One Shot™ BL21(DE3)pLysS Chemically
Competent E. coli (Thermo Fisher Scientific). This system is suitable for T7 promoter
expression and contains the pLysS plasmid, which expresses low levels of T7 lysozyme,
supposed to help to block the basal leaking expression of recombinant proteins by inhibiting
the T7 RNA polymerase. This strain is recommended in the literature for the expression of
potentially toxic proteins.

The last bacterial strain that was tested was a strain that combines the two previously
mentioned ones and which is suitable for expression of toxic proteins: Rosetta(DE3)pLysS
Competent Cells (Novagen®). The Rosetta(DE3)pLysS bacteria used were not the commercial
stock, but homemade chemically prepared, in order to reduce bacteriophage contamination.
First, the cloned and sequenced constructs (~100 - 200 ng of plasmid) were transformed into
the selected bacterial strain, and the mixture was left to incubate on ice for 30 minutes. Heat
shock was then performed at 42 °C for 45 seconds. Next, the plasmid and cell mixture were
again left on ice for 5 minutes. At the end of incubation, 200 - 250 pL of SOC (Super Optimal
broth with Catabolite repression - 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl,
10 mM MgClz, 10 mM MgS0s, and 20 mM glucose) or LB (Luria-Bertani Broth - 5 g/L NaCl, 10
g/L Tryptone, 5 g/L Yeast Extract) media was added and left at 37 °C in a shaking incubator for
1.5 hours at 150 rpm, after which the bacteria were plated on LB agar, containing the
antibiotic for the selection of positive clones. In our case ampicillin (Waterhouse et al.) at a
final concentration of 100 pg/mL was used. Plates were allowed to incubate overnight at 37
°C. Subsequently, one colony was selected and used to create a pre-culture. The volume of
the pre-culture was determined depending on the resulting volume of the expression
medium; the dilution coefficient was 40 (i.e., for 1 L of the medium, a pre-culture of 25 mL
was prepared). This pre-culture was prepared by overnight growth in the shaking incubator
of liquid LB/Amp medium at 37 °C, spinning at 150 rpm. In the morning, the pre-culture was
poured into tempered LB/Amp/glucose media (final concentration of glucose 20 mM) of the
desired volume and let grow at 37 °C, 150 rpm shaking. Optical density (ODsoo) of the bacterial
growth was monitored and measured at regular intervals. After reaching an ODgoo of 0.6 - 0.8,
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the bacteria were allowed to settle at 3000 g for 10 minutes to remove glucose from the
medium. Subsequently, the bacteria were gently resuspended again in a warmed LB/Amp
medium, to avoid temperature shock, and protein production was induced by addition of 0.1
-1 mM IPTG (isopropyl-B-thio-galactopyranoside). The culture was then left at 37 °C for either
3 hours and harvested or allowed to grow overnight and harvested in the morning.

Each large-scale expression was always preceded by a pilot expression. The first expression
assay was according to “standard protocol” (induction of 0.1 - 1 mM IPTG at ODeoo 0.6/0.8,
followed by harvesting of bacteria 3 hours after induction or harvested after overnight
culture), followed by optimization. Depending on the results obtained, the optimization of
the expression process followed. All tested expression conditions are in Tables 3.4, 3.5, 3.6,
and 3.7, which include different IPTG concentrations, different ODgoo of the culture before
IPTG induction, different induction times, and different growth temperatures.

Table 3.4 - Tested conditions of expression for MEG 2.1 isoform 1.

induction purification/stab
Protein name Prot Param Plasmid cloningcelltype  expression cell type temperature of induction expression levels ° notes
concentration ility

MW =11.96 kD: i h,
96 kDa 0.1 mM IPTG, 0.5 no expression in the

MEG2.1 isoform | - long pi=601 PET22b(+) Stellar Competentcells  BL21(DE3)  mMIPTG; | mM  37°CO/N;30°CON, 18°c oy SOlublefraction /no X
version £(280) =6460 (M-1cm-1) ol expression in the
£(280) =0.540 (L g-1cm-1) g inclusions
MW =11.96 kDa no expression in the
MEG2.1 isoform 1 - long pl=601 0.5mMIPTG; | | 37°CO/N;30°CO/N,18°C | soluble fraction /no
version £(280) =6460 (M-1cm-1) PET22b(+) Stellar Competent cells [RES=a(DER) mM IPTG oN expression in the x
£(280) =0.540 (L g-1cm-1) inclusions
MW =11.96 kDa no expression in the
0.1 mMIPTG, 0.5
MEG2.1 isoform I - long pl=6.01 ol 37°CO/N;30°CO/N,18°C  solublefraction /no
——— £(280) - 6460 (V-1em-1) PET22b(+) Stellar Competent cells ~ BL21(DE3)plysS ~ mM 1};;.01 mM on ression inthe x
£(280) =0.540 (L g-1cm-1) inclusions
MW =17.94 kDa

no expression

MEG 2.1 isoform I - lon pl=581 underthe special | 0 SXPression under the
321 isole ®  £(280)=110430 (M-1cm- PET 22b(+) Stellar Competent cells | Rosett(DE3)pLysS: P special rifampicin protocol X X
version rifampicin protocol
Imechodotom) (methodology)
£(280) =0.637 (Lg-1cm-1) 8y
MW = 21.036 kDa no expression in the
MEG 2.1 isoform 1 - long pl=5.08 MO 0.5mMIPTG; 1 37°CO/N;30°CO/N,18°C solublefraction /no
——— £(280) 6060 (V-1cm1) | PETSUMOChampion  Stellr Competent cels BL21(DE3) PG o oression nthe x hard to grow
£(280) =0.307 (L g-1cm-1) inclusions
MW = 21.036 kDa no expression in the
MEG 2.1 isoform 1 - long pl=5.08 S 0.5mMIPTG; 1 37°CO/N;30°CO/N,18°C solublefraction /no ;
ETSUMO Ch Stellar Competent cells R DE X Imost ble t
version £(280) =6460 (M-1cme) | P SUMO Champion ellor Competent cells osetia(DE3) mM IPTG on expression in the aimostimpossible to grow
£(280) 20307 (L g-1cm-1) inclusions
MW = 21.036 kDa no expression in the
MEG 2.1 isoform 1 - long pl=5.08 0.5mMIPTG; 1 37°CO/N;30°CO/N,18°C solublefraction /no
) : I
— £(280) ~6060 (V-1m1) | PETSUMOChampion  Stellar Competent cells  BL21(DE3)plyss PTG on oression nthe X
£(280) =0.307 (L g-1cm-1) inclusions
MW =9.79 kDa MetOH induced no expression in the
MEG 2.1 isoform 1 - long pl=553 o expression . soluble fraction /no
I £(280) 4970 -1 1) PPICPALPHABS Pl tellr Competentcells | Pichiapastoris (PN - 30°C according o theprotocol  * P TN X
£(280) =0.456 (L g-1cm-1) protocol) inclusions
MEG 2.1 isoform 1 -1 MWTig::akDa no transformation into “long" with SP; synthesis into
: "‘:s":‘n‘ ong c(250) Zgimm 1ema) PIVEX2.4d BL21(DE3) cell-free / / BL21 (for midiprep X PIVEX2.4d; not send to
versi - 1em-
¢ £(280) ~0.508 (L g 1em1) isolation - for Grenoble) Grenoble - no transformation
MW =72 kba "short" without SP; synthesis
ithout SP; i
MEG 2.1 '5:::;': 1-short c280) Z;;:fm Lem1) PIVEX2.4d BL21(DE3) cell-free / no expression X into pIVEX2.4d; done in
versi - 1em-
£(280) =0.671 (L g-1cm-1) Grenoble
MW = 7.2 kDa
MEG 2.1 isoform 1 - short pl=49
BiP_SLII I il )T T
o £(280) =4845 (V-1em1) PMT_BiP_SLIN Stellar Competent cells | 52 cells | see see expression StrepTactin X

£(280)=0.671 (Lg-1cm-1)

34



Table 3.5 - Tested conditions of expression for MEG 3.2 isoform 1 - long version.

. . . . induction . . . purification/sta
Protein Name Prot Param Plasmid cloning cell type expression cell type . temperature of induction  expression levels i notes
concentration bility
MW =17.94 kDa
o-581 Nno expression in the
MEG 3.2 isoform 1 ) 0.1 mM; 0.5mM 37°C,37°CO/N;30°C O/N, soluble fraction /no
€(280) =110430 (M-1cm- ET22(b Stellar C tent cell BL21 (DE3 X
~longversion | 1289 Y (M-1cm PET22(b)+ ellar Competent cells =) IPTG; 1 mM IPTG 18°CO/N expression in the
inclusions
£(280) =0.637 (L g-1cm-1)
MW =17.94 kDa N
al-581 no expression in the
MEG 3.2 isoform 1 B : 0.5mMIPTG; I  37°C,37°C O/N;30°CO/N, solublefraction /no
longversion £(280) = 110;;30 (M-1cm- PET22(b)+ Stellar Competent cells Rosetta(DE3) AMIPTG 18°C O axpression in the X
£(280) =0.637 (Lg-1cm-1) inclusions
MW =17.94 kDa
MEG 3.2 isoform 1 pl=581 37°C,37°CO/N;30°C O/N, no expression in the
) €(280) =110430 (M-1cm- ET22(b Stellar C tent cell BL21(DE3)pLysS o ’ ’ ' X
“longversion | 1289 Y (M-1cm PET22(b)+ ellar Competent cells (DE3)pLys IPTG; | mM IPTG 18°CO/N soluble fraction
£(280) =0.637 (L g-1cm-1)
MW =17.94 kDa expression under
MEG 3.2 isoform 1 pl=5.81 xplhe; ec“‘al expression under the stable only with
y N £(280) =110430 (M-1cm- PET22(b)+ Stellar Competent cells Rosetta(DE3)pLysS § sP special rifampicin protocol  low expression at least 0.5 M
- long version rifampicin protocol
1) (methodology) (methodology) Nacl
€(280) =0.637 (Lg-1cm-1) 8Y;
MW =27.01 kDa
MEG 3.2 isoform 1 pl=5.10 . 0.5mMIPTG; I 37°C,37°C O/N;30°CO/N, no expression in the
ET SUMO Ch Stellar C tent cell BL21 (DE3| X hard t
“longversion | £(280)=11430 (M-1cm-1) P ampion | Steflar Competent cells =) mM IPTG 18°CO/N soluble fraction ard to grow
£(280) =0.423 (L g-1cm-1)
MW =27.01 kDa
MEG 3.2 isoform 1 pl=5.10 . 0.5mMIPTG; I 37°C,37°C O/N;30°CO/N, no expression in the almost impossible to
“longversion | £(280) =11430 (M-1cm-1) PET SUMO Champion  Stellar Competent cells fosstane) mM IPTG 18°CO/N soluble fraction X grow
£(280) =0.423 (Lg-1cm-1)
MW =27.01 kDa
MEG 3.2 isoform 1 pl=5.10 . 0.5mMIPTG; 1 37°C,37°CO/N;30°CO/N, no expression in the
ET SUMO Ch Stellar C tent cell BL21(DE3)pLysS X
“longversion | £(280)=11430 (M-1cm-1) P ampion | Steflar Competent cells (DE3)pLys mM IPTG 18°CO/N soluble fraction
£(280) =0.423 (L g-1cm-1)
MW = 15.77 kDa MetOH induced codon optimized for
MEG 3.2 isoform 1 pl=539 L . expression 30°C according to the Pichia; protocol
PICZ alpha B Stellar C tent cell Pichi t X
“longversion | €(280) =9940 (M-1cm-1) prit-2alpha elar Competent cels ichia pastoris (according to the protocol o expression EasySelect Pichia
£(280) =0.630 (L g-1cm-1) protocol) Expression Kit
MW = 15.77 kDa
MEG 3.2 isoform 1 pl=5.39 IVEX2.4d BL21(3D) cell-free x M o expression X donein Grenoble
“longversion | €(280) =9940 (M-1cm-1) pivERZ P
£(280) =0.630 (L g-1cm-1)
Table 3.6 - Tested conditions of expression for MEG 3.2 isoform 1 - short version.
N N R N induction . . expression  purification/st
Protein Name Prot Param Plasmid cloning cell type expression cell type N temperature of induction N notes
concentration levels ability
MW =13.5 kDa
MEG 3.2 isoform 1 - pl=5.44 ) no transformatnor\ inBL21
short version £€(280) =9940 (M-1cm-1) pET 22b(+) Stellar Competent cells BL21 (DE3) X no transformation at 37°C X X (in comparison with MEG6
£(280) =0.736 (Lg-1cm- and MEG 3.2 1)
1)
MW =13.5 kDa
B pl=5.44 no transformation in BL21
MEG 3.2 isoform 1 - . : N "
<hort version £(280) =9940 (M-1cm-1)  pET22b(+)  Stellar Competent cells BL21(DE3)plysS x no transformation at 37°C X X (in comparison with MEG6
£(280) =0.736 (Lg-1cm- and MEG 3.2 L)
1)
MW =13.5 kDa no transformation in BL21
. pl=5.44 (in comparison with MEG6)
MEG 3.2 isoform 1 - N :
short version £€(280) =9940 (M-1cm-1) pET 22b(+) Stellar Competent cells Rosetta(DE3)pLysS X no transformation at 37°C X X - check for transformation;
€(280) =0.736 (L g-1cm- +DNA degradation (-20°C
1) storage)
MW =13.5 kDa
. pl=5.44 X .
MEG 3.2 isof 1- ithout SP, d
short :;S‘i’;nm £(280) =9940 (M-1cm-1) | pIVEX2.4d BL21(3D) cell-free / / no expression X v O(;Irenc'b\znE "
£(280) =0.736 (L g-1cm-
1)
MW =13.5 kDa
MEG 3.2 isoform 1 pl=5.44 MEG3.2_short_V1 (- 16
sho‘rt version £€(280) =9940 (M-1cm-1) pMT_BiP_SLIN Stellar Competent cells S2 Drosophila cells see Methodology see Methodology no expression X o AA) -
£(280) =0.736 (Lg-1cm-
1)
MW =13.95 kDa
MEG 3.2 isoform 1 pl=544
° €(280) =9940 (M-1cm-1) pMT_BiP_SLIN Stellar Competent cells S2D phila cells see Methodols see Methodology no expression X MEG3.2_short_V2 (-20 AA)

short version

£(280) =0.712 (L g-1cm-
1)
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Table 3.7 - Tested conditions of expression for MEG 6.

. . X . induction . . expression  purification/st
Protein Name Prot Param Plasmid cloning cell type expression cell type . temperature of induction L notes
concentration levels ability
MW =13.5 kDa
. pl=5.44 no transformation in BL21
MEG 3.2 isoform 1 - . . N .
short version €(280) =9940 (M-1cm-1) pET 22b(+) Stellar Competent cells BL21 (DE3) X no transformation at 37°C X X (in comparison with MEG6
£(280) =0.736 (Lg-1cm- and MEG 3.2 L)
1)
MW =13.5 kDa
N pl=5.44 no transformation in BL21
MEG 3.2 isoform 1 - X ! i N
short version €(280) =9940 (M-1cm-1) pET 22b(+) Stellar Competent cells BL21(DE3)pLysS X no transformation at 37°C X X (in comparison with MEG6
€(280) =0.736 (L g-1cm- and MEG 3.2 1)
1)
MW =13.5 kDa no transformation in BL21
. pl=5.44 (in comparison with MEG6)
MEG 3.2 isoform 1 - N o .
short version €(280) =9940 (M-1cm-1) pET 22b(+) Stellar Competent cells Rosetta(DE3)pLysS X no transformation at 37°C X X - check for transformation;
£(280) =0.736 (Lg-1cm- +DNA degradation (-20°C
1) storage)
MW =13.5 kDa
. pl=5.44 i .
MEG 3.2 isof 1- ithout SP, d
- :/5;;;:' €(280) =9940 (M-1cm-1)  pIVEX2.4d BL21(3D) cell-free / / no expression X " Qgreno’blz”e "
£(280) =0.736 (Lg-1cm-
1

Only the strain Rosetta(DE3)pLysS followed a special protocol. This protocol was specific in
that recovery in LB/Amp (100 pg/mL) after transformation of 100 ng of plasmid pET 22(b)+
with MEG 3.2 “long” version (with SP) into bacteria was carried out at 25 °C for two hours.
The bacteria were then plated on LB/agar/Amp (100 pug/mL) plates, and the recovery was left
at 25 °C for two days. Bacterial pre-culture was inoculated from multiple colonies (bacteria
scraping) into 25 mL of LB/Amp (100 pg/mL). This pre-culture was incubated at 37 °C for 4
hours and then transferred to 1 L of LB/Amp (100 pg/mL)/20 mM glucose, which was
tempered to 37 °C prior to inoculation. After reaching an ODeoo of 0.6, the culture was induced
with 100 mM IPTG (final concentration) for one hour. Rifampicin (100 pg/ml) was then added
to the culture, and after two hours the bacteria were harvested. The pellet was frozen
overnight at -80 °C.

This was the only functional protocol for the expression of MEG 3.2 isoform 1. In fact the
addition of rifampicin, which is the most effective antibiotic inhibiting the transcription of
bacterial RNA polymerase (Lama and Carrasco 1992; Du et al. 2021) will block the translation
of all the bacteria proteins except the protein of interest. Addition of rifampicin after IPTG
induction also simplifies protein labeling for subsequent NMR structural studies. The addition
of rifampicin results in selective labeling of only the target heterologous protein (Almeida et
al. 2001). This protocol was adapted from Dr. Francesca Fiorini's protocol at IBCP (Lyon) under
her supervision. For this protocol it is essential to use bacteria that have already been
multiplied once from a commercial stock, in order to reduce the potential occurrence of
bacterial phages.

3.2.3 Isotopic labeling of MEG 3.2 protein in BL21(DE3) bacteria
In the morning, several transformed colonies were transferred into 10 mL of LB media with

10 ml of the ampicillin stock (100 mg/mL). For the rest of the day this culture was left in the
incubator at 37 °C under shaking at 150 rpm. In the evening, 2 mL of this culture was added
to a pre-culture of minimal medium for isotopic labeling. The pre-culture of 200 mL was
prepared with ddH,0, 1.5 g NazHPO4, 0.6 g KH2PO4, 0.1 g NaCl and 0.2 g *>NH4Cl which had
been previously sterilized by autoclaving.
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At the same time, the solution of the trace metals was prepared, following the recipe: 5 g
EDTA dissolved in 700 mL ddH,0. Separately 0.5 g FeCl3-6H,0, 0.005 g ZnO, 0.001 g
CuCl;-2H,0, 0.001 g Co(NO3)2:6H,0 and 0.001 g (NH4)sM07024:4H,0 was dissolved in the
smallest possible volume of 5 M HCI. All the prepared solutions were then added to the 700
mL EDTA solution and topped up with ddH,0 to a volume of 1 L; pH of this solution was
adjusted to 7. This stock solution is kept at 4 °C in a dark bottle.

After cooling of the minimal medium after autoclaving, sterile filtered solutions were added:
200 pL of the ampicillin stock (100 mg/mL), 200 uL of MgSOs stock (1 M), 200 pL of CaCl, stock
(1 M), 200 pL of the thiamine stock (1 M), 2 g of glucose, 2 mL of prepared trace metals
solution. To this prepared medium, 2 mL of culture in LB/Amp was added after an all-day
growth. This culture was left in the incubator at 37 °C, shaking at 150 rpm overnight. Along
with the preparation of 200 mL of minimal medium for the pre-culture, 2 L of minimal medium
were prepared for the labelling itself. This medium contained 15 g Na;HPOa4, 6 g KH2PO4, 1 g
NaCl and 2 g >"NH4Cl in water and was sterilized by autoclaving. Prior to use, this minimal
medium was supplemented with 2 mL of the ampicillin stock (100 mg/mL), 2 mL of MgSQOa
stock (1 M), 2 mL of CaCl; stock (1 M), 2 mL of the thiamine stock (1 M), 20 g of glucose, 20
mL of prepared trace metals solution. The amount of overnight preculture in the minimal
media (200 mL) was added to these 2 L of complete minimal media so that the resulting
measured OD600 was 0.1. This culture was left in the incubator at 37 °C, shaking at 150 rpm,
until the OD600 reached 0.6. The bacteria were then induced by adding 2 mL of sterile IPTG
stock solution (1 M). This culture was left in the incubator at 37 °C, shaking at 150 rpm for one
hour. Rifampicin (100 pug/ml) was then added to the culture, and after two hours, the bacteria
were harvested by centrifugation at 3,000x g for 15 min at room temperature and finally the
pellet was frozen overnight at -80 °C.

3.2.4 Expression in cell-free system
Another expression system that was tested for MEG 3.2 (with signal peptide) and MEG 2.1

(without/with signal peptide) was cell-free protein expression. Pilot expressions were
performed at the Institut de Biologie Structurale in Grenoble (CNRS). For this expression,
cloning of MEG 3.2 and MEG 2.1 (both in variants without and with signal peptide) into the
cell-free vector pIVEX2.4d (plasmid and inserts design specified in Tables 3.1 and 3.2) was
performed.

3.2.5 Expression in insect cells
The next tested expression system was an insect system — the Schneider-2 Drosophila cell

line. The expression vector used for S2 expression was pMT/BiP/SLIN (Dr. Barinka’s lab,
BIOCEV, Vestec) (Tables 3.1 and 3.2) with two Strepll tag sequences for further purification
using affinity chromatography, BiP signal peptide, SLIN tag (Strepll - FLAG - TEV site - Strepll -
TEV site). This system was chosen because the plasmid contains the BiP signal peptide, which
secretes proteins from the S2 host cell into the medium and is cleaved off during secretion;
secretion of proteins from cells into the media is another possible strategy for the expression
of toxic proteins. Only “short versions”, without signal peptide, of MEG 2.1 and MEG 3.2
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proteins were cloned into the expression vector. For MEG 3.2, two versions (with 16 amino
acid deletion and with 20 amino acid deletion) were created based on signal peptide
prediction (sequence and cloning design in Table 3.2). Stable S2 transfectants were
transferred to a sterile 500 mL Erlenmeyer flask into 150 mL of serum-free SF-900 Il (Sigma)
and the growth continued at 27 °C with shaking 120-130 rpm to the final density,
approximately 10 x 10%/mL. Cells were then split into two 2L sterile Erlenmeyer flasks (each
with 0.7 L of serum-free SF-900 Il media) and grown to the final concentration of 1 x 108/mL
and afterwards incubated overnight with 0.7 mM CuSOas which triggered their over-
expression. Cell growth was monitored daily (for 5 - 7 days). Medium was harvested upon
reaching plateau of the cell growth (typically 30 x 10%/mL).

3.3 Protein purification

3.3.1 Fast protein liquid chromatography (FPLC) - bacterial expression
Harvesting of bacteria after three hours or overnight after IPTG induction was performed by

centrifugation at 3,000x g for 15 min at room temperature. The pellet was then resuspended
in lysis buffer, using a ratio of 10 ml buffer per 1 g of cell pellet. Lysis buffer is composed by
50 mM Tris/HCl pH 8; 10 mM imidazole; 1 M NaCl; 5 mM B-Mercaptoethanol (BME); 10%
glycerol; cOmplete™ Protease Inhibitor Cocktail, EDTA-free (Roche). After dissolving the
bacterial pellet in the lysis buffer, sonication on ice in a metal beaker was performed, using
2x1 minute (with an amplitude of 70) by measuring the temperature of the sample and
allowing it to cool sufficiently. After sonication, centrifugation was performed at 15,000x g for
30 minutes at 4 °C. The supernatant was used to analyze the soluble fraction, and the pellet
was further used to analyze the insoluble fraction on a denaturing gel electrophoresis (SDS-
PAGE).

FPLC purification system (AKTA go protein purification system from Cytiva) was used to
achieve the best possible separation of proteins in the soluble fraction.

The supernatant was loaded onto a 1 ml or 5 ml (depending on the volume of the culture)
Cytiva HisTrap™ FF Column equilibrated with loading/wash buffer (50 mM Tris/HCI pH 8, 10
mM imidazole; 1 M NaCl; 5 mM B-Mercaptoethanol; 10% glycerol). The supernatant was
circulated twice on the column, before applying a stepped gradient (5% B, 10% B, 20% B, 50%
B, 100% B) for elution, while collecting 1 ml fractions. The elution/ buffer B contained 50 mM
Tris/HCl pH 8; 500 mM imidazole; 500 mM NaCl; 10 % glycerol; 5 mM B-Mercaptoethanol.
The column loading and fractionation flow rate was 1 mL/min, and the wash flow rate before
and after separation was 2 mL/min.

3.3.2 Size-exclusion chromatography (SEC) - bacterial expression
After that the individual fractions following affinity purification were analyzed by SDS-PAGE,

all those containing the MEG protein of interest were pooled to be further purified using a
size exclusion chromatography column on the Akta Pure system. Two columns were used
(depending on the amount of purified protein) — HiLoad® 16/600 Superdex® 75 pg Cytiva
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column 28-9893-33, L x ID 60 cm x 16 mm, 34 um avg. part. size (120 mL) and Superdex 75
Increase 5/150 GL5 column 5x 153-158 mm, 9 um avg. part. size (3 mL). The buffer used was
identical to the elution buffer from FPLC — 50 mM Tris/HCl pH 8; 500 mM imidazole; 500 mM
NaCl; 10 % glycerol; 5 mM B-Mercaptoethanol. If necessary, concentrations were performed
on Amicon Ultra centrifugal filter units Ultra-15, MWCO 10 kDa, before injecting the desired
volume via a loop into the system (500 pL loop for 3 mL column, 5 mL loop for 120 mL column).
The separation was carried out within the pressure and flow rate recommended by the
manufacturer.

3.3.3 Purification of the S2 expressions - gravity-flow affinity chromatography and size
exclusion chromatography
The medium was harvested by centrifugation at 500x g followed by centrifugation of the

supernatant at 10,000x g. Thaw conditioned media was filtered through 0.22 um filter. The
supernatant was completed with protease inhibitors (Roche) and concentrated from 700 mL
to 45 mL using concentration/dialysis by tangential flow filtration TFF (Millipore Mosheim
France). The concentrate was then dialyzed again with TFF into the equilibration buffer, 100
mM Tris-HCl pH 8.0, 300 mM NaCl. MEG 2.1 protein was purified by affinity chromatography
using a StrepTactin XT resin (Coulibaly et al.). The column was equilibrated with 5 column
volumes with loading buffer (100 mM Tris-HCl pH 8.0, 150 mM NacCl). Filtered and dialyzed
media were loaded to the column (1 mL/min) and the flow-through fraction was collected.
Column was washed with 10 column volumes of the loading buffer (100 mM Tris-HCI pH 8.0,
150 mM NaCl) and the flow-through fraction was collected again. Protein was eluted with 10
column volumes with elution buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM d-
Desthiobiotin - Sigma cat. no. D 1411). Pooled elution fractions were subjected to size
exclusion chromatography using a Superdex Hiload16/600 75 pg Cytiva column. Fractions
containing MEG 2.1 isoform 1 protein were pooled, concentrated, flash frozen in liquid
nitrogen and stored at -80 °C.

3.4 Biophysical analysis

The samples used for biophysical analyses were of two types: recombinant MEG 2.1 isoform
1 expressed in insect cells and MEG 3.2 isoform 1 expressed in E. coli. All protein samples
were at very low concentrations for subsequent NMR determination of the tertiary structure
(the highest concentration achieved was 109 uM for **N labeled MEG 3.2 isoform 1). Proteins
were dissolved in buffers suitable for protein stabilization, most frequently 20 mM Tris/HCl at
pH 8 for MEG 3.2 isoform 1 or 50 mM sodium phosphate buffer at pH 8 for MEG 2.1 isoform
1.

The second type of sample were lyophilized synthetic peptides. These peptides were
dissolved to a final concentration of 2 mM in deuterated dimethyl-sulfoxide (DMSO-d6) for
NMR analysis in natural abundance of 3C and 1°N isotopes. At the same time, these peptides
were partially dissolved in 100% acetonitrile, and 50 % acetonitrile plus 50 % trifluoroethanol,
at concentrations of about 10 uM for secondary structure analyses using CD.
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Biophysical analyses were performed to determine the secondary and tertiary structures of
peptides and proteins.

3.4.1 Circular Dichroism
Circular dichroism (CD) analysis was used to determine the secondary structure. Samples

(purified proteins and synthetic peptides) were measured in various buffers: Tris/HCl up to
10 mM pH 8, MES up to 10 mM pH 6, PIPES up to 10 mM pH 6 for two recombinant proteins
(MEG 3.2 and MEG 2.1 isoform 1 in both cases); 100 % acetonitrile and 50 % acetonitrile/50
% TFE for the synthetic peptides. As the peptides exhibited very low solubility in biological
buffers (Tris/HCl, phosphate or MES buffer) or organic solvents (chloroform, acetone,
methanol, isopropanol), acetonitrile was used, in which the peptides were partially soluble.
Acetonitrile proved to be a suitable solvent for CD measurements as it does not absorb
between 180 and 250 nm, where the features essential for protein/peptide secondary
structure determination lie. Conversely, DMSO is not suitable for CD analyses due to its high
absorbance in the above-mentioned ranges of wavelengths. The lyophilized peptides were
resuspended to a nominal concentration of 10 uM, then the samples were centrifuged, and
the recovered supernatant was measured. Samples were measured in a HELLMA Macro-
Cuvette 100-QS, Imm Quarz Glass 100-1-40 in the range from 180 nm to 280 nm with a step
size of 0.5 nm, a bandwidth of 1 nm and in five repetitions for the entire spectrum. The
Chirascan VX instrument from AppliedPhotophysics was used for all the measurements. The
spectra presented in results are the average of the 5 measures after subtraction of the
average of 5 baselines.

3.4.2 Dynamic Light Scattering
Dynamic light scattering (DLS) was used to determine the size distribution of proteins in the

solution. Purified protein MEG 3.2 was measured in a 50 mM Tris/HCl pH 8, 200 mM NaCl, 10
% glycerol and 5 mM BME buffer. The measurement was carried out at a temperature of 25
°C and was performed in three repetitions. The analyses were performed using the Zetasizer
Nano ZS instrument (MalvernPanlytical), and the data were evaluated with Malvern
Instruments software Zetasizer Ver. 6.34.

3.4.3 Nuclear Magnetic Resonance Spectroscopy
The synthetic peptides of MEG 2.1 (isoform 1, 1a, 1b, 1c, 1d, 1f, 1g, 2a, 2b and isoform 3) were

dissolved in a volume of 450 pL of deuterated dimethyl sulfoxide (DMSO-d6) (Eurisotop) to a
concentration of 2 mM. The prepared sample was then transferred to a 5 mm NMR sample
tube and centrifuged. The temperature measurement was 27 °C. All of the peptides were
measured at the Varian Inova spectrometer operated at a H frequency of 600 MHz (14.1 T)
and equipped with a triple HCN cryoprobe enhanced in H and 3C; isoforms 1 and 3 were
measured also at the Bruker Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2
T) and equipped with a triple HCN cryoprobe (Infranalytics Lille).
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For proton resonance assignments we used homonuclear experiments as zero quantum
TOCSY (zTOCSY) experiment with 16 scans and mixing time of 80 ms and 100 ms; NOESY
experiment (Thrippleton and Keeler 2003) with 28 scans and a mixing time of 400 ms. For *°N
and 13C resonance assignments we used heteronuclear experiments in natural abundance:
1H-15N HSQC experiment (Kay, Keifer, and Saarinen 1992) with 600 scans and 'H-3C HSQC
experiment with 256 scans, with and without *H-13C multiplicity editing. To complete H and
13C assignments, we also acquired one *H-13C HSQC-TOCSY experiment (adapted from (Becker
et al. 2019) (Kovér, Hruby, and Uhrin 1997)) with 400 scans and a mixing time of 80 ms. Except
for the H-"N HSQC experiment, we have used a double pre-saturation for each 2D
experiments at 2.48 ppm and 3.33 ppm to suppress signals of DMSO and H,O respectively. To
monitor the peptide stability, between each 2D experiment, we have inserted a standard 1D
!H experiment with the same double pre-saturation for DMSO and H,O signals. All these
experiments were recorded for the different peptides with the Varian spectrometer.

The longest peptide of isoform 1 (without signal peptide) and isoform 3, were dissolved in
200 uL DMSO-d6 (Eurisotop) to a concentration of 2 mM. The experiments were recorded
with the 1.2 GHz Bruker spectrometer in Lille (Infranalytics). The following experiments were
recorded: 'H-H TOCSY (Cavanagh and Rance 1990) (mixing time = 60 ms, 16 scans), 'H-'H
NOESY (mixing time = 120 ms, 48 scans), 'H-13C edited HSQC (Boyer, Johnson, and
Krishnamurthy 2003) (8 scans) and sofast 'H-1>N HSQC (Schanda and Brutscher 2005) (256
scans).

2D data were processed using nmrpipe and nmrdraw processing software (Delaglio et al.
1995). Peak assignment and visualization were performed using Poky (Lee et al. 2021) and
Sparky software (Lee, Tonelli, and Markley 2015).

3.4.4 Structure refinement and molecular docking
CYANA software (Glintert and Buchner 2015) version 2.1 was used for automatic structure

calculations based on assigned spectra (*H-'H NOESY, 'H-13C HSQC and *H-N HSQC). The
algorithm used on CYANA program is based on a consistent probabilistic treatment of the NOE
assignment process. The goal of the procedure is to reduce ambiguities of NOE assignments
that could lead to erroneous distance restraints. The structure calculation is an iterative
process over 7 cycles. The same input data are used for all the cycles and comprise the
assigned chemical shift list, the amino acid sequence of the peptides and a list containing the
positions and the volume of the NOE cross peaks measured in 2D H-'H NOESY spectrum.
Finally, the unambiguous distance restraints are included as input of the structure calculation
with simulated annealing by the fast CYANA algorithm developed by Giintert et al. (Glintert,
Mumenthaler, and Wiithrich 1997). The accuracy of the calculated structures improves with
each subsequent cycle.

The peptide structures (1a, 1b, 1f, 1g, 2a and 2b) obtained after CYANA treatment were built
together using UCSF Chimera software (Pettersen et al. 2004) (with a default setting Join
Models section for C-N peptide bond). In order to reconstruct the complete structure of MEG
2.1 isoform 1 and isoform 2 (with the signal peptide), the AlphaFold2 (Jumper et al. 2021)
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prediction of MEG 2.1 isoform 3 (signal peptide) was used, which was also linked in UCSF
Chimera Build Structure with the already linked measured peptides. For the MEG 2.1 isoform
1 protein, it was necessary to truncate the predicted AlphaFold2 (Jumper et al. 2021) model
of isoform 3 and insert a 4-amino acid peptide (-FSHC-) between it and the 1a peptide. For
MEG 2.1 isoform 2 this modification was not necessary, here only the AlphaFold2 model of
the signal peptide (MEG 2.1 isoform 3) was combined with the assembled structure (2a and
2b peptide).

Such reconstructed models were subjected to energy minimization using the Chiron protein
structure refinement server (Ramachandran et al. 2011) that minimizes steric clashes in
proteins using short discrete molecular dynamics (DMD) simulations until it attains an
'acceptable clash score' (the resulting protein structure has normalized clash score that is
comparable to high-resolution protein structures (<2.5 A)).

The minimized structure of the complete MEG 2.1 isoform 1 protein was screened using
DeepSite neural-network software (Jiménez et al. 2017) via the PlayMolecule web application
(Skalic et al. 2019) (Martinez-Rosell, Giorgino, and De Fabritiis 2017) in order to find possible
binding pockets. Consistent with the NMR measured and analyzed data, a relevant binding
pocket at the C-terminus of MEG 2.1 isoform 1 was identified. This pocket was further used
for blind screen molecular docking.

Molecular docking was performed using the AutoDock Vina software (Trott and Olson 2010)
(Eberhardt et al. 2021). The Open Babel translation program (O'Boyle et al. 2011) was used
to convert all formats necessary for the docking process via AutodockVina. MGLTools and
AutoDock tools (Morris et al. 2009) were also used to prepare the binding pocket and ligands.
ZINC20 database (Irwin et al. 2020) of commercially available compounds was used for the
virtual screening. For the purpose of the blind virtual screening of the potential ligands, the
Tranches database layout was used for subsets download. Thousands of molecules were
screened in this distribution with consideration of the nature of the predicted binding pocket.
The 7942 selected molecules were from the subset of: Representation - 3D molecules, Highest
reactivity - Clean, Minimum Purchasability - In Stock, Representation pH(s) - Reference and
all allowed charges.

Molecular dynamics simulations were carried out using the ACEMD software (Harvey,
Giupponi, and Fabritiis 2009) with the Amberff14SB force field (Maier et al. 2015) and TIP3P
water model (Jorgensen et al. 1983). The system was minimized and equilibrated under
constant pressure (1 atm) and temperature (300 °K) conditions using a time step of 4 fs, a
non-bonded cutoff of 9 A, and particle-mesh Ewald long-range electrostatics with a grid of 52
x 81 x 103 with spacing of 1 A. The system was first equilibrated during 10 ns, then a
production run of 4 pus was performed. The processing of the trajectory and the secondary
structure timeline analysis were carried out by using VMD (Humphrey, Dalke, and Schulten
1996) and the GROMACS dssp utilities (Kabsch and Sander 1983) (Touw et al. 2014).
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3.4.5 Toxicity test of extracellular MEG on bacterial cells

All three tests were performed in E. coli BL21(DE3) expression bacteria in 10 mL of LB medium
without antibiotics, the growth was performed at 37 °C, shaking at 150 rpm. Peptide samples
were added to the media in three different forms at an ODsoo of 0.6 and then the ODsoo Was
measured at time intervals up to values approaching 2.0. For all three toxicity tests a
BL21(DE3) bacterial culture grown in LB was chosen as a negative control. All samples were
first allowed to grow together in a total volume of LB media so that subsequent peptide
addition was performed at an ODsgo of 0.6 identical for all samples.

The first test was performed by adding multiple peptides dissolved in DMSO-d6 at a
concentration of 2 mM, which were previously used for NMR analyses. The peptide sample
thus prepared was added to the medium at ODeoo 0.6 to the final concentration in the medium
of 10 nmol. For the second control of this toxicity test, 12.5 uL of DMSO-d6 were added to LB
medium, corresponding to the volume of peptide dissolved in DMSO-d6. The following
peptides of MEG 2.1 were tested: isoform 3, isoform 2a, isoform 2b, isoform 3 + 2a + 2b
together in one sample (to mimic a pseudo full-length MEG 2.1 isoform 2).

The second test was performed by adding 100 pL of peptide in DMSO-d6 to 10 mL of media
to avoid exceeding the critical limit of DMSO in the bacterial culture that could cause bacterial
death. The negative control was again BL21(DE3) bacteria grown in LB without antibiotics; the
second control was BL21(DE3) bacteria grown in LB without antibiotics with the addition of
100 uL of DMSO to 10 mL of media at ODeoo 0.6. The following peptides of MEG 2.1 were
tested: isoform 1; isoform 1 + 3 together (to mimic a pseudo full-length MEG 2.1 isoform 1);
isoform 1a; 1b; 1c; 1f; 1g; isoform 3; isoform 2a; isoform 2b; isoform 3 + 2a + 2b together in
one sample.

The third test was performed by directly adding the lyophilized peptides to the medium at
ODeoo 0.6. The peptide addition was approximately 0.1 g. The negative control was again a
growth of bacteria in LB medium. The following peptides of MEG 2.1 were tested: isoform 1;
isoform 1 + 3 together; isoform 1a; 1b; 1c; 1f; 1g; isoform 3; isoform 2a; isoform 2b; isoform
3 + 2a + 2b together in one sample.
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4 RESULTS

4.1 Bioinformatic analysis of MEG superfamily

With the rapid growth of genomic and proteomic data, bioinformatics has become an
essential component in the study of proteins, their structures, and their functions. In
particular, bioinformatics plays a critical role in the identification of gene and protein
sequences, the prediction of protein structures and the analysis of protein interactions.
By combining computational methods with experimental techniques, bioinformatics has
enabled us to gain new insights into the molecular mechanisms underlying protein
function and is facilitating the design of new drugs and therapeutics. Therefore,
bioinformatics has emerged as a key discipline in protein structure research, with
important implications for medicine, biotechnology, and other areas of science.
Despite the vast number of bioinformatic tools that can be used nowadays, it is still
necessary to interpret their results in a critical way and to support them with
experimental analyses. In the case of MEG proteins, the biggest obstacle to
bioinformatic structural studies is that these proteins have no homologous partners and
therefore any in silico homology modelling proves to be very difficult. At the same time,
these are mostly short unstructured proteins, therefore their structure is very difficult
to predict even in the case of homology. Moreover, the primary structure of MEG
proteins is often rich in cysteine and thus the correct formation of native disulfide bonds
can become very challenging for predicting the structure, both for homologous and ab
initio structural predictions software.

Before | discuss MEG 2.1, MEG 3.2, and MEG 6 proteins in more detail, | will introduce
MEG proteins as a group. As | have already mentioned (Methodology, 3.1.1
Phylogenetics and primary sequence analysis), there are 103 Schistosoma mansoni MEG
proteins and 108 Schistosoma genus proteins (also including S. japonicum, S.
haematobium) annotated in the UniProt database (last access date April 2023). There
are also 8 proteins annotated as ESP15/ESP15-family/egg secreted protein ESP15-like
proteins, within the MEG 2 family, 4 proteins annotated as MEG Grail family (within the
MEG 3 family) and 51 proteins annotated as “micro-exon genes” in the UniProt
database. Within the WormBase ParaSite database (Howe et al. 2017) there are 40
genes under the entry "MEG Schistosoma", 3 genes for "GRAIL", 2 genes for "ESP15" and
one gene for "antigen 10.3". All these names designate MEG proteins and/or meg genes
of the genus Schistosoma. In addition to the fact that one protein is often tagged as both
MEG and ESP15/Grail, one protein/gene is also submitted under different names and
sequence numbers, despite being the same protein or nucleotide sequence. For
example, MEG 2.2 is in the UniProt database twice: both entries refer to 83 aa sequence
that differs in two amino acids.
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Table 4.1 - List of duplicity and multiplicity of some S. mansoni MEG proteins sharing the same name in UniProt DB
but displaying different lengths and amino acid sequences (last access date April 2023). Within the parenthesis
there is the unique UniProt identifier.

Protein Amino acid length of sequences with the same acronym (UniProt identifier)
name
MEG 1 186 (AOA5K4F8B3) 179 (AOA5KAF8US8)
MEG-1 family 155 (AOA3QOKKC4) 154 (AOASK4EKN1)
MEG 2.2 83 (AOASK4FFX0) 83 (D7PD77)
MEG-10 56 (AOA3Q0KQ39) 55 (GALYDO)
MEG-13 130 (AOA3QOKLA7) 125 (AOA5K4ELO2)
MEG-14 86 (M1GUG5) 156 (Q8ITD5) 98 (Q8ITE1)
MEG-14 150 (AOA5K4EKOS) 141 (AOA1C9A1HS6)
isoform 3
MEG-2 (ESP15 | 69 (AOA3QOKR24) 81 (C4QG05) 73 (C4QPR6) 48 (C4QPR9) 44 (C4QPS0)
family)
MEG 27 55 (AOAOUS5KIV9 55 (AOA5K4F014)
MEG-3 (Grail) | 151 (AOA3QOKMS0) 151 (AOA3QOKMUS6)
family
MEG-7 116 (G4V7WS5) 145 (AOA5K4EUJ7)
MEG-8 family | 188 (G4AVCWS5) 140 (G4VLP3)

Since all proteins in Table 1 are annotated only as “inferred from nucleotide sequences”
in the UniProt database, we can assume that these duplicated/multiplied entries were
generated due to challenging sequencing of the alternatively spliced meg genes. As
already said, these genes have a unique sequential organization, which contains from
10 to 20 short exons that are interspersed with long introns, whose length is several
times longer (from 100 to 5000 bp). Micro-exons, on the other hand, are most often
multiples of three base pairs (bp) and range in size from 6 bp to 81 bp; the most common
exon length is 15 bp (Berriman et al. 2009; DeMarco et al. 2010; Howe et al. 2017).
Therefore, these multiplicity annotations and naming can lead to confusion, incorrect
sequence analyses and other misunderstandings.

4.1.1 Phylogenetics and primary sequence analysis

For the purpose of bioinformatic analyses in this work and terminology clarity, trimming
and elimination of duplicate inputs that had the same sequence and different names
were performed. Whenever there was any doubt in the sequences, only those verified
as proteins with a UniProt ID were considered as the decisive ones, for consistency with
cross-annotation with the WormBase ParaSite DB. The final version of the "cleaned"
sequences contains 35 meg genes encoding 87 confirmed MEG proteins in S. mansoni
(all the sequences in Annex B). The difference between the number of coding genes and
the number of proteins is caused by the number of isoforms generated from one pre-
mMRNA by alternative splicing. MEG proteins are annotated and divided into 26 families
and further into family members and then into individual isoforms: for example, MEG 2
family — family member MEG 2.1 — isoform 1). These families are grouped from MEG 1
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to MEG 16 families, then there is a gap in the numbering and the next family starts at
MEG 26 and goes to MEG 32.

To simplify and clarify the confusing nomenclature, we have proposed a modification of
their naming based on sequence similarity, conserved motifs, and their organization
within their placement on the genes. In fact, the 35 meg genes are located on 7
autosomes (from 1 - 7, Fig. 4.1) and one sexual chromosome (ZW, Fig. 4.1). All
chromosomes contain at least one meg gene, as it is the case of chromosomes 2, 4 and
the sex chromosome (Zwang and Olliaro 2017) (meg-8 in the second chromosome, meg-
15 in the fourth, and meg-6 in the ZW chromosome). MEG 6 on the sexual chromosome
is the only one of the entire MEG-family that does not contain cysteines and does not
have a predicted signal peptide, two traits that make it different from the rest of the
family.

At the other end of the spectrum, the most meg-occupied chromosome is the third one,
which contains 13 different ones. The third chromosome is occupied by representatives
of MEG 1, MEG 2, and MEG 3 families. Proteins encoded by those genes are abundantly
represented in egg secretions (Anderson et al. 2015; DeMarco et al. 2010; Lu et al.
2021). In addition, MEG 3 family and MEG 1 family are the families with the highest
number of confirmed isoforms produced by alternative splicing. The second most
populated chromosome is the first one, which contains 8 meg genes, one of which is
referred to as antigen 10.3 (Fig. 4.1).

1 2 7 ZW
MEG-1
MEG-11 EEaE
MEG MEG- MEG-3.2
ﬁ%&g MEG-3.1 Unchar./
MEG-3 MEG-15
MEG-31 ME%-%
%) MEG-1
vEG-7 WES? e
g MEG-6
Uncharacterized
1
MEE]
\ 4

Figure 4.1 - Schematic representation of S. mansoni haplotype. The approximate position of each MEG gene on
each chromosome (colored cylinder) is indicated by a black bar and its name on the WormBase ParaSite is noted on
the left. The chromosome number is on top of each cylinder.
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Together with the gene distribution on the individual eight chromosomes, a
phylogenetic tree was constructed (Fig. 4.2), which also contributed to a better
understanding of the character of the entire MEG superfamily. From this phylogenetic
tree it is distinguishable at first glance that these are not 26 completely distinct families.
From all verified sequences it is possible to define two principal subfamilies, which we
have arbitrarily decided to show here as red and blue clades (Fig. 4.2). The red clade
contains proteins of the MEG-29, MEG-28, MEG-31 family, one member of the MEG-2
family (named MEG 2), MEG-9, MEG 3 "Grail", MEG-1, and an uncharacterized protein
Smp 326790.2. It is also noticeable that the above-mentioned single member of the
MEG-2 family (named as MEG 2, with the UniProt ID C4QPSO, encoded by
Smp_180340.1) was separated together with MEG-29 from the rest of the red clade,
therefore they are also separated by color shade (darker red).

The second family, designated as the blue clade, is slightly more diverse and contains 5
sub-clades, the largest of which contains several members of the MEG 2 (ESP15) family,
along with MEG 11, MEG 15, MEG 6, and MEG 8 (encoded by Smp 172180.1) members
(royal blue). The second sub-clade of the blue clade is the lighter blue one containing
MEG 10.3, MEG 12, MEG 30, MEG 8 (encoded by Smp 171190.1), MEG 27 and MEG 26.
From this division also came another small sub-clade containing three MEG-10 proteins.
Next to this small sub-clade, there is a fourth blue one (light cyan) containing MEG 14
and MEG 13 proteins, which was separated from the previous ones. The last early
separated (parallel to the whole blue clade) sub-clade (sky blue) contains MEG 16, MEG
32, and MEG 7 proteins.
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Figure 4.2 - Phylogenetic tree colored by clustering of the clades by sequence similarity. The clades are colored in
red and blue. In the red clade an early event has separated MEG 29 and MEG 2 (ESP15, coded by Smp_183040.1) from
the rest and it was colored in dark red. Similarly, on the blue clade, MEG 7, MEG 32, and MEG 16 departed early from

the clade and are highlighted in light blue.

It is worth noticing that the strategies to achieve the largest diversity between the two
clades are different: in fact, the blue clade has achieved it by sub-branching, i.e., gene
duplication and sequence divergence; while the red clade has largely made use of
alternative splicing to create the largest possible protein variability. Both of these
strategies are one of the many successful tools of the parasites, which seek to maximize
protein variability in order to escape the attention of the host immune system (DeMarco

et al. 2010; Philippsen, Wilson, and DeMarco 2015; Fneich et al. 2016; Hull and Dlamini
2014).
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Following multiple sequence alignment of the 87 confirmed sequences of the MEG
super-family of proteins, we can state that there are very few consensus motifs
conserved, except the N-terminal signal peptide, which is needed for secretion (Fig. 4.3).
Apolar residues such as Pro, Phe, and Leu are regularly spaced and highly represented.
Charged residues, mostly basic Lys (K), are more conserved in the C-terminal part, while
glutamic acid (E) is interspersed at more or less regular intervals of 15-20 aa (without
taking into account the gaps). Soon after the signal peptide, all the MEGs present a
stretch of hydrophobic and aromatic residues ended by a basic one: FLffoFXsWp(K/H/R).
Where X is any residue, p is a polar amino acid and ¢ is a hydrophobic one.

signal peptide have been omitted for clarity. Even if the longest protein is 189 residues long, the number of gaps
lengthens the aligned sequences to 246 residues.

Independently of the clade, it is apparent that MEG proteins possess sticky sequences,
which we have verified by calculating the aliphatic index and the GRAVY index with
ProtParam (Duvaud et al. 2021), data that we have included in the Annex A. If we split
the two clades and align the sequences separately (35 proteins for the red clade and 52
for the blue clade), we can appreciate that the contribution of conserved Cys and Phe
to the overall alignment comes from the red clade (Fig. 4.4). On the other hand, the basic
residues at the C-termini are contributed by the isoforms of the blue clade. Proline
residues are conserved in both clades.

A hydrophobic motif at the N-terminus, soon after the signal peptide, is also present in
the red «clade (Fig. 4.4), but with a slightly different sequence
[FxxLFL(I/R)(V/D/E)Fxx(D/E)]. Moreover, we can appreciate that this first linear motif is
followed by other four conserved motifs: CGGLppG; (D/E)F(D/I/E)KCOH(R/K);
Cxs/7/9Hx3/5/7C; and CLYppDXsL(Y/F/D)V. In total, five short linear motifs characterize the
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red clade from the N- to the C-terminus, the first one being in common with the blue
clade. It would be interesting to experimentally check whether these peptides are
conserved because they are antigenic or because they confer some structural features
to the IDPs.

Figure 4.4 - Weblogo representation of the alignment of the red clade composed of 35 MEG proteins. TP::e bzkl‘a Zue is

composed of MEG-1, MEG-3, MEG-9, MEG-28, MEG-29, MEG-31 and C4QPSO0 of MEG-2 family. The sequence of the

signal peptide has been omitted for clarity.

4.1.2 Sequence analysis of MEG 3.2, MEG2.1 and MEG 6

In this thesis | have focused my attention to MEG 3.2 isoform 1, MEG 2.1 isoform 1 and
MEG 6 proteins (sequences in Methodology, 3.2 Recombinant protein expression, Fig.
3.1) because in Dr. Jan Dvorak’s laboratory it was previously found that their mRNAs
were particularly abundant in eggs excreted/secreted transcriptome analysis
(Introduction Fig. 1.6).

MEG 3.2 belongs to the red clade; it is one of the meg genes with the highest number of
splice variants (10 isoforms) and it is located on the highest occupied chromosome no.
3. Their alignment (Fig. 4.5) points to an alternative splicing process involving the central
exons, the N-terminal signal peptide being conserved in all isoforms. In the course of
cleaning and verification of relevant S. mansoni MEG proteins/isoforms for
bioinformatic analyses, six protein sequences were selected from all possible proteins
annotated as "MEG 3.2" in the UniProt database. Only the sequences confirmed both as
genes and complete proteins were retained; therefore, we eliminated isoforms 5, 7, 8
and 10 because of their partial sequences. At the same time isoform 4, which has a
complete nucleotide sequence, but it is not annotated in the WormBase ParaSite
database, was also trimmed. This trimming resulted in 5 isoforms of the MEG 3.2 family
and two "isoforms 1": one with UniProt ID D7PD52 (encoded by Smp_138070.1) and the
other with UniProt ID AOA5SK4EPC8 (encoded by Smp_138070.2), which we aligned in
Fig. 4.6. Their sequences differ in the N-terminus and C-terminus; however, the central
part is identical. Both these isoforms 1 were annotated based on transcriptomic data,
so we can ask whether they are really two different isoforms or just partial transcripts.
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AOASK4EPCS_SCHMA/1-156 1 RTTTHR LHSF \ V| GG V] cleieiLie C r L A F L 100
D7PDS2_SCHMA/1-145 lommmm- LHSF \ Y G % GGL C F i \ F L 01
D7PDS3_SCHMA/1-138 R LHSF { v c C : 4 L Al : 1 o
D7PDS4_SCHMA/1-138 R LHSF v G % C F A F 84
D7PDS7_SCHMA/1-136 R L v G v C C F A FDKCLPRCNG- -~ - - - - - 82

D7PD60_SCHMA/1-132 lovew-- -M AL L F | ! G V! GGL C F L Al F L 91

Consensus

AOASK4EPC8 SCHMA/1-156 101
D7PD52_SCHMA/1-145
D7PD53_SCHMA/1-138
D7PD54_SCHMA/1-138
D7PD57_SCHMA/1-136
D7PD60_SCHMA/1-132

....... \ FPL - -
NOCRVTTH EL[ul CGENV DSF L LYN DQ GNCSGNFDELKTKEYE“AGR

NDCCRVTTHPELCCIVCCCNVCDSFP LCLVNCDQMVCNCSCNFDECKTKCVEMACR
Figure 4.5 - MuscleWS alignment of retrieved sequences of trimmed and verified MEG 3.2 isoforms from the Uniprot
database. Alignment was performed with default MuscleWS settings and was coloured with the Clustal X color
scheme: hydrophobic residues are colored blue, positively charged are red, negatively charged magenta, polar are
green, cysteines coral, glycines orange, prolines dark yellow, aromatic cyan and unconserved white. Consensus was
calculated by Jalview 2.11.2.6 program and displayed as a weblogo.

Consensus

The alignment of all trimmed isoforms (Fig. 4.5) highlights the spliced exons across the
MEG 3.2 family. The remaining four isoforms of the MEG 3.2 protein were visibly derived
from isoform 1 (D7PD52, encoded by Smp_138070.1). In contrast to the second isoform
1 (AOA5K4EPC8, encoded by Smp_138070.2), all of them have conserved N-terminus
signal peptides and MAGR motif at the C-terminus. With the exception of isoform 2
(D7PD53), all other D7PD52-derived isoforms have a conserved 20 amino acids long C-
terminus.

AOASK4EPC8_SCHMA/1-156 1RTTTHRLVKML
D7PD52_SCHMA/1-145  le--e--oeno

FVALIL LHSF FTA] | C \ GGL P P Pi 100
1 LFVA F FTA Vi G \ GGL GP P P 91
HLFVA VFTARETQUECY VIRYCE Y CYLCCORASNQNDFDRCLPRCNGHPLT
Consensus ILFYA J \ ! \
RTTTHRLVKMLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEYVTRYCGGLCSGSTGPQTFYCYLGCSHNASNQNDFDKCLPKCNGSPQLTESSCQ
AOASK4EPCS_SCHMA/1-156 101 PH.NC EMLETHF, TAIREMVRETLTIK SATKWRDI ------------ 156
D7PD52_SCHMA/1-145 NVGDSEPLELY -~~~ ~=~-~~~ NEDECKTKCY EMAGR 145
T /(1 leer ccorrcr

NDCCR§4T4040404V§0§0¢0¢+¢+¢C¢QA IREMVRET LTN+4Q4ATK4$4C4 F+ECKTKCYEMAGR

Figure 4.6 - MuscleWsS alignment two MEG 3.2 isoforms 1 from the UniProt database. Alignment was performed
with default MuscleWsS settings and was coloured following the Clustal X color scheme. Consensus was calculated by
Jalview 2.11.2.6 program and displayed as a weblogo.

MEG 3.2 isoform 1 contains three potential N-glycosylation motifs, but none of them
were predicted to be positive. In contrast, S98 was identified as a very likely O-
glycosylation site (Fig. 4.7).
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A

Name: Sequence Length: 145

MLFVALILIISLHSFDCVFTARETQQECV VTR Q' YLGCSHNA! DKCLPKCN 80
GSPQL TTHPELCGIVC PLCLY 'DECKTKCYEMAGR
................................................................................ 80
................................................................. 160
(Threshold=0.5)

No sites predicted in this sequence.

##gff-version 2

##source-version NetOGlyc 4.0.0.13

##date 23-5-28

##Type Protein

#seqname source feature start end score strand frame comment

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 11 11 0.0303602

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 14 14 0.0310662

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 20 20 0.0517673

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 24 24 0.0534801

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 40 40 0.202861

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 48 48 0.0744034

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 50 50 0.152281

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 51 51 0.0788678

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 55 55 0.0319494

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 63 63 0.0831898

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 67 67 0.0652243

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 82 82 0.28052 .

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 86 86 0.418518

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 88 88 0.327339

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 89 89 0.247069 . .
TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 98 98 0.723246 . . #POSITIVE
TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 99 99 0.111447 .
TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 115 115 0.026183

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 129 129 0.0366456

TR_D7PD52_D7PD52_SCHMA netOGlyc-4.0.0.13 CARBOHYD 137 137 0.0303775

B
Figure 4.7 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 3.2 isoform 1 protein. Asn-Xaa-Ser/Thr

motif in the sequence output below are highlighted in blue.

MEG 2.1 (Fig. 4.8) belongs to the blue clade, it has only three isoforms, and it is also
located on the highest occupied chromosome 3. Their alignment indicates that
alternative splicing has occurred in the middle of the sequence, leaving the YPT motif at
the C-terminus intact in all three sequences; the N-terminal signal peptide is also
conserved. The third isoform is practically composed by a signal peptide and a conserved
C-terminal motif of three amino acids. MEG 2.1 isoform 1 is amphipatic (GRAVY -0.05),
while isoform 2 is definitely hydrophobic (GRAVY 0.51) and isoform 3 is strongly
hydrophobic (GRAVY 1.14), which is consistent with the fact that it is a signal peptide
sequence with the YTP conserved motif at the C-terminus. The aliphatic index indicates
increasing thermal stability with shortening sequence - i.e., isoform 3 is predicted to be
extremely thermostable (Al 146.15), while isoform 1 is predicted to be slightly less
thermally stable (Al 86.36) (Kristjansson and Kinsella 1991). Overall, all the sequences
of the MEG 2.1 family are considerably hydrophobic (see Annex A and below 4.3.1
Chemical synthesis of MEG 2.1 isoforms 1, 2, and 3 experimentally).

20 7 80
mpws_scnm/z-sau CLVVF LL LLVAF I . I VCCA- KGSLCCEKDGCP|PSTPDLLLGNYQRHQRMKNYLEEVC FIVTP
D7PD76_SCHMA/1A52M CLVVF LL LLVAFSHC VCCA |c ____________________________________ FIYTP
mrws_scnm/z-zsu CLVVF |_|. LLVALSH- - - - - o mm oo oo L llllllllollool. -
Consensus H DINDITCNKT SEDCK EN

MKLSGANCLVVFSLLQLLVAFSHCDINDITCNKTVCCASEDGK+GSLCCEKDGCP IPSTPDLLLGNYQRHQRMKNYLEEVCENFIYTP

Figure 4.8 - MuscleWS alignment of retrieved sequences of all three MEG 2.1 isoforms from the Uniprot database.
Alignment was performed with default MuscleWsS settings and was coloured following the Clustal X color scheme.
Consensus was calculated by Jalview 2.11.2.6 program and displayed as a weblogo.

MEG 2.1 isoform 1 contains two predicted glycosylation sites. N-glycosylation is
predicted at the N32 position, in the NXT motif (Fig. 4.9A), and O-glycosylation is
predicted for S58 (Fig. 4.9B).
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A

Name: Sequence Length: 88
MKLSGANCLVVFSLLQLLVAFSHCDINDITCNKTVCC ,CCEKDGCPIPSTPDLLLGNYQRHQRMKNYLEEV 80
CENFIYTP
............................... Weceeeeocscscsscasooasscscscscscsscscssssssssssannsnse 80
........ 160
(Threshold=0.5)
SegName Position Potential Jury N-Glyc
agreement result

Sequence 32 NKTV 0.6778 (8/9) +

##gf-version 2

##source-version NetOGlyc 4.0.0.13

##date 23-5-28

##Type Protein

#seqname source feature start end score strand frame comment

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 4 4 0.0211332

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 13 13 0.0226399

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 22 22 0.0194509

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 30 30 0.0645757

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 34 34 0.0154552

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 39 39 0.228991

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 46 46 0.0859516 . .

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 58 58 0.512257 . . #POSITIVE

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 59 59 0.185864

TR_D7PD78_D7PD78_SCHMA netOGlyc-4.0.0.13 CARBOHYD 87 87 0.00654129

Figure 4.9 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 2.1 isoform 1 protein. Asn-Xaa-Ser/Thr
motif in the sequence output below are highlighted in blue. Asparagines predicted to be N-glycosylated are
highlighted in red.

MEG 6 (Fig. 4.10) is a representative of the blue clade (the second subclade, together
with the MEG-2 family) and it is the only one located on the sexual ZW chromosome.
This protein is not spliced, it has not a predicted signal peptide and does not contain any
cysteines. All these features visibly distinguish it from other MEG proteins; however,
MEG 6 protein sequence is more similar to MEG-2 (ESP15) and MEG-8 proteins. This
protein is also very interesting for its predicted isoelectric point of 12.14, which is an
extreme value indicating that this protein will be always positively charged in
physiological conditions. This very basic pl value is indeed peculiar and found only in
nuclear proteins, such as histones (Schwartz, Ting, and King 2001). MEG 6 was originally
thought to be easier to express than MEG 2.1 and MEG 3.2 because it has only one
isoform and because of the absence of cysteine and the predicted signal peptide,
however its expression has never been achieved (see below 4.2.1.1.3 MEG 6 and 4.2.4
Yeast expression), possibly the above extreme pl value may be one of the explanations.

10 20 30 40 50 60
GavIXL_SCHMA/1-65 MVENP KINTIIK | NRT | RRISTITV | v | TORVAN | v LCHR L LHHR | P T | KRSKSHG | NENETVSNL Fp

Figure 4.10 - Sequence of MEG 6 protein coloured with the Clustal X color scheme.

Despite the fact that MEG 6 has no predicted signal peptide, the prediction of
glycosylation pointed to two possible sites for N-glycosylation: two asparagines (N12
and N57), again in the NXT motif (Fig. 4.11A). No potential O-glycosylation was predicted
(Fig. 4.11B).
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A

Name: Sequence Length: 65
MVONPRKNTKKINRTIRRSTKTVIVITDRVONIVLGHRLLHHRIPTIKRSKSHGINKNETVSNLFP
........... MeceeeeooesassccecoccscsscsscsccsssssccnccscsscMecccaans 80

(Threshold=0.5)

SegName Position Potential Jury N-Glyc
agreement result

Sequence 12 NRTI 0.7162 (9/9) ++
Sequence 57 NETV  0.5713 (1/9) +

Fwgrr-version £
##source-version NetOGlyc 4.0.0.13
##date 23-5-28

##Type Protein

#seqname source feature start end score strand frame comment
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4. 13 CARBOHYD 8
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4.0.0.13 CARBOHYD 14 14
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4 13 CARBOHYD 18 18
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4

0818101
0868976
10095 .

o

13 CARBOHYD 19 19
13 CARBOHYD 21 21

0543545
00894204

cooooococococoo
@
coococococccocoo

cooooocococoo

TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4. CARBOHYD 26 26 00970337
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4 13 CARBOHYD 45 45 164537
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4 13 CARBOHYD 49 49 220042
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4. 13 CARBOHYD 51 51 278169
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4 13 CARBOHYD 59 59 0314097
TR_G4VTX1_G4VTX1_SCHMA netOGlyc-4. 13 CARBOHYD 61 61 0352909

B

Figure 4.11 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 6 protein. Asn-Xaa-Ser/Thr motifs in
the sequence output below are highlighted in blue. Asparagines predicted to be N-glycosylated are highlighted in red.

4.1.3 Comparison of MEG 2.1 isoform 1, MEG 3.2 isoform 1, and MEG 6 with other
Schistosomal MEGs

According to blastp, MEG 2.1 isoform 1 is homologous only to S. mansoni, S. rodhaini, S.
margrebowiei, and S. japonicum hypothetical proteins or other MEG-family (most

frequently ESP15-family) proteins (Table 4.2).

Table 4.2 - 22 sequences producing significant alignments with MEG 2.1 isoform 1 from blastp analysis.

Protein Annotation [species] Max Total [Query [Evalue |% identity | Acc. Len
Score [Score |Cover

MEG 2.1 isoform 1 [S. mansoni] 182 182 100 % | 5E-58 100.00 88
unnamed protein product [S. rodhaini] 166 166 100 % | 9E-51 89.77 116
egg-secreted protein ESP15 [S. mansoni] 163 163 93 % 3E-50 95.12 84
MEG 2.2 [S. mansoni] 146 146 96 % 2E-43 84.71 83
unnamed protein product [S. margrebowiei] 102 102 96 % 4E-26 67.02 94
unnamed protein product [S. margrebowiei] 102 102 96 % 5E-26 66.32 95
MEG-2 (ESP15) family [S. mansoni] 93.6 93.6 97 % 3E-22 58.14 112
MEG 2.1 isoform 2 [S. mansoni] 89.4 89.4 51 % 2E-21 97.78 52
MEG-2 (ESP15) family [S. mansoni] 82.0 82.0 73 % 4E-18 60.61 73
hypotheticial protein [S. japonicum] 56.2 56.2 88 % 7E-08 43.04 85
hypotheticial protein [S. japonicum] 56.2 56.2 88 % 7E-08 43.04 85
hypothetical protein EWB00_009851 [S. japoni- 53.5 53.5 95 % 1E-06 36.47 88
cum]

hypotheticial protein [S. japonicum] 53.5 53.5 88 % 1E-06 39.24 104
hypothetical protein EWB00_009851 [S. japoni- 53.1 53.1 90 % 1E-06 38.27 79
cum]
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hypothetical protein EWB00_009849 [S. japoni- 52.8 52.8 85 % 2E-06 36.71 88
cum]

hypotheticial protein [S. japonicum] 52.0 52.0 85 % 3E-06 36.71 87
hypotheticial protein [S. japonicum] 49.3 49.3 85 % 4E-05 36.71 87
unnamed protein product [S. rodhaini] 49.3 49.3 89 % 4E-05 38.55 91
MEG 2.1 isoform 3 [S. mansoni] 451 451 26 % 6E-04 95.65 26
hypothetical protein EWB00_009849 [S. japoni- 45.1 451 85 % 0.002 34.67 83
cum]

unnamed protein product [S. margrebowiei] 44.7 44.7 90 % 0.002 39.29 87
hypotheticial protein [S. japonicum] 41.6 41.6 85 % 0.030 31.58 79
2::;?369;317‘ :)(YCIIYTLLKKD!lIHVTKQIKIKLIHX::L::::g:::::m::::g::::::::::g:: g:::g:::gg:z:: TPDLLLGNYLRHRQMK———————— NYLEEVCKYFIYTP

TPDLLLGNYQREQRMK—— NYLEEVCKNYI

c—res

LL
MSHNMQQODSLLROQKTVKKVRTEERW ——————————  LSNTPDLLLGNYQRHQRMK

ADH02223.1 (4 NKLSGANCLYYVEPSIIARIVAT I HIN D 17 CHRTVCCASEDOKT

XP_018644486.1 (s) MO A T EIRAIFAYLLCPTETVCCESEDGKA GSLCCEKNGCSVPSG THDLLSENYRREQRMK

CAX82979.1 (4 MKLPCVSCLTFLSZEAAA FAATAAINS ITCNETKCCENDT— DGNLCCEGNFCKYPIY SPEKLVIIYQRKGGM

CAXB2579.1 (s) MKLPCVSCLTFLSAIEAAL SAIIAAINS ITCNETNCCENDT— DGNLCCEGNFCKYPIY SPEKLVTIYQRKGGM

TNN1BBS21 (4 MKLPCVSCLTFLSANEAAA BRI IAAINS ITCNETNCCENDT—DGNLCCEGNSCSHQIN SPEETFKLYRRTRRMN

TNN188S3.1 (4 MKLPCVSCLTFLSEIIAAA FAAIAAINS ITCNETNCCENDT— DGNLCCEGNSCSHQIN SPEETFKLYRRTRRM— 2

CAX76159.1  (s) MKLPCVSCLTFLSAIEAAL HAIIAAINS ITCNETICCENDT—DGNLCCEGNSCSEQIN SPEETFKLYRRTRRMAKTLKLTAFYKIFVIIAKRLKDASQQLSSISS
TNN18B4B1 (4 KMKYP—FNCLAIPGANEEAL FAIIELIINS ITCHNETMCCENDT— T DKLCCQGNSCTFLSRASGSGNEISELYRRKVRMD———— NYLKSACAKIQT
CAX74869.1 (4 MKYP—FNCLAVPGANEEAL FAIILIINS ITCNETKCCENDT—TDKLCCQGNSCTFLSRASGSGNEISKLYRRKVRMD—— NYLKSACAKIQT
CAX74868.1 (s) xxrr— r-cnvrumnm WS ITCHETMCCENDT— T DKLCCQGNSCTFLSRASGSGNEISELYRRKVRMD—  NYLKLACAKIQT
CAHB546768.1 (4 MQLIGTSCLVIVCIENERAANAIILIINAIQCTGNECCDIDVRKSN: LrrTLC QESTLONYGRKQOMV——— NRLKEGVQKLGGY
ADH02222.1 (+) uxl.lnnlcl.vvrlm

TNN1BB4Z.1 (4 = rlcl.nxrumnlxrc-:ruccllnlir e
CAHBS53795.1 (4 HKSSGTICLAVFY AATASSIATIIVINI ITCHRTT CcCPEDG———D GNDCK LSGADDV A——————— HKLGELLKKLN

CAX74870.1 (+) )(xxr rlcl.nxrammwlxl'cl

Figure 4.12 - Graphical overview from Constraint-based Multiple Alignment Tool (COBALT) for 22 sequences
producing significant alignments with MEG 2.1 isoform 1. Positions where the majority of sequences match the MEG
2.1 isoform 1 sequence are colored in grey, while positions that contain a large proportion of mismatches are
represented as red lines. Red-filled boxes indicate highly conserved positions. Red-framed amino acids indicate highly
conserved positions and blue ones indicate lower conservation.

ENDT DD RLCCOGNSCTPITRASON-—LTEOPRRGLRIN—— uiraAcAKTeT

In light of the Blastp results (Table 4.3 and Fig. 4.12), | have also attempted to produce
3D models of the MEGs under study by using SWISS-MODEL and AlphaFold2, in parallel
to produce the proteins in yields sufficient for experimental 3D structure determination.
SWISS-MODEL found for MEG 2.1 isoform 1 a total of 34 templates which were filtered
down to three (Table 4.3 below): 19.44 % identity with zinc finger (CCCH-type domain-
containing protein 7A; 2d9m.1.A) and 21.43 % identity with methyl-CpG-binding domain
protein 2 (2121.1.B). AlphaFold2 predicted MEG 2.2 protein (86.75 % identity). None of
these templates has an experimentally resolved 3D structure.

Table 4.3 - Filtered 3 top templates matching MEG 2.1 isoform protein sequence from the SWISS-MODEL.

Seq Oligo- Found . Seq

Template Identity state QSQE by Method Resolution Similarity Coverage Description
AOASKAFFX0.1A 8675 monomer -  ArDB AlphaFold =\, 0.59 0.94 MEG 2.2
search v2
Zinc finger CCCH-
2d9m.1.A 19.44 monomer - HHblits NMR NA 0.29 0.41 type domain
containing protein 7A
2121.1.B 2143 monomer - HHblits NMR NA 0.29 032  Methyl-CpG-binding

domain protein 2

Based on homology modelling analyses of selected MEG proteins, it was found that the
MEG 3.2 protein isoform 1 exhibits partial homology within the MEG-3 family and
simultaneously with all isoforms of the MEG 3.2 family as could be presumed, since the
variability of this family is based on alternative splicing (Table 4.4 and Fig. 4.13). It also
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shows fewer homologies within other schistosomes and other avian blood flukes from
genus Trichobilharzia (Trichobilharzia regenti and T. szidati).

Table 4.4 - 89 sequences producing significant alignments with MEG 3.2 isoform 1 protein from blastp analysis.

Protein Annotation [species] Max [ Total | Query E value % identity Acc. Len
Score | Score | Cover
MEG 3.2 isoform 1 [S. mansoni] 297 297 100 % 2E-101 100.00 145
MEG 3.2 isoform 3 [S. mansoni] 278 278 100 % 5E-94 95.17 138
MEG 3.2 isoform 2 [S. mansoni] 271 271 100 % 3E-91 93.79 138
MEG 3.2 isoform 6 [S. mansoni] 266 266 100 % 4E-89 91.72 136
MEG 3.2 isoform 9 [S. mansoni] 262 262 100 % 9E-88 91.03 132
MEG 3.2 isoform 8 [S. mansoni] 233 233 77 % 6E-76 99.11 169
MEG 3.1 isoform 1 [S. mansoni] 222 222 100 % 1E-71 7417 151
MEG 3.1 isoform 3 [S. mansoni] 212 212 100 % 1E-67 72.97 147
MEG-3 (Grail) family [S. mansoni] 207 207 93 % 9E-66 74.65 146
MEG 3.2 isoform 5 [S. mansoni] 207 207 71 % 2E-65 94.17 168
MEG 3.2 isoform 10 [S. mansoni] 200 200 68 % 4E-63 96.97 155
MEG 3.1 isoform 2 [S. mansoni] 198 198 83 % 2E-62 78.23 131
MEG 3.3 isoform 1 [S. mansoni] 195 195 100 % 4E-61 64.29 151
unnamed protein product [S. haematobium] 189 189 100 % 1E-58 64.86 148
unnamed protein product [S. bovis] 189 189 100 % 1E-58 64.86 148
MEG 3.2 isoform 4 [S. mansoni] 184 184 61 % 1E-57 100.00 89
unnamed protein product [S. haematobium] 181 181 100 % 2E-55 64.19 142
MEG-3 (Grail) family [S. mansoni] 177 177 100 % 6E-54 60.39 143
MEG 3.3 isoform 2 [S. mansoni] 171 171 100 % 2E-51 58.44 147
MEG 3.3 isoform 3 [S. mansoni] 170 170 100 % 2E-51 58.44 143
unnamed protein product [S. bovis] 170 170 100 % 4E-51 60.81 141
hypotheticial protein [S. japonicum] 169 169 100 % 1E-50 52.70 152
hypotheticial protein [S. japonicum] 162 162 100 % 5E-48 52.41 148
hypotheticial protein [S. japonicum] 150 150 100 % 2E-43 47.97 152
hypothetical protein MS3_00000020 [S. hae- 146 146 83 % 6E-42 61.16 132
matobium]
unnamed protein product [S. margrebowiei] 140 140 100 % 9E-40 54.73 134
MEG 3.2 isoform 7 [S. mansoni] 139 139 46 % 8E-39 94.12 152
unnamed protein product [S. mattheei] 134 194 100 % 3E-35 59.82 302
unnamed protein product [S. bovis] 105 105 60 % 4E-26 62.22 101
unnamed protein product [T. regenti] 94.0 94.0 100 % 6E-21 32.52 161
unnamed protein product [T. regenti] 84.3 84.3 86 % 4E-17 37.01 167
unnamed protein product [T. szidati] 83.2 83.2 84 % 4E-15 35.71 549
unnamed protein product [T. szidati] 81.3 81.3 86 % 6E-16 34.92 168
unnamed protein product [T. szidati] 80.5 80.5 84 % 1E-15 34.13 170
unnamed protein product [T. szidati] 79.3 79.3 99 % 9E-14 34.01 542
unnamed protein product [S. intercalatum] 78.2 78.2 47 % 8E-16 57.97 74
unnamed protein product [T. regenti] 77.0 77.0 64 % 5E-15 39.36 106
unnamed protein product [T. szidati] 72.8 72.8 88 % 4E-13 34.38 125
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unnamed protein product [S. spindale] 72.0 72.0 97 % 2E-12 29.75 156
unnamed protein product [T. regenti] 70.5 70.5 86 % 7E-12 31.20 162
unnamed protein product [S. guineensis] 67.4 67.4 95 % 9E-11 31.41 156
unnamed protein product [S. intercalatum] 66.6 66.6 95 % 2E-10 31.41 156
unnamed protein product [S. curassoni] 65.9 65.9 44 % 6E-11 49.23 81

unnamed protein product [S. bovis] 64.7 64.7 97 % 1E-09 30.38 156
unnamed protein product [S. curassoni] 62.4 62.4 95 % 8E-09 30.13 156
hypotheticial protein [S. japonicum] 61.6 61.6 97 % 3E-08 28.22 211
MEG 3.4 isoform 1 [S. mansoni] 60.8 60.8 97 % 3E-08 26.58 156
unnamed protein product [S. margrebowiei] 60.8 60.8 95 % 3E-08 29.49 156
unnamed protein product [T. regenti] 60.8 60.8 84 % 7E-08 27.81 197
unnamed protein product [T. szidati] 60.5 60.5 97 % 5E-08 31.51 156
hypotheticial protein [S. japonicum] 60.5 60.5 82 % 1E-07 29.27 230
hypotheticial protein [S. japonicum] 60.5 60.5 82 % 1E-07 29.27 241
hypotheticial protein [S. japonicum] 60.5 60.5 82 % 2E-07 29.27 241
hypotheticial protein [S. japonicum] 60.1 60.1 82 % 2E-07 29.27 241
hypotheticial protein [S. japonicum] 60.1 60.1 82 % 2E-07 29.27 241
hypotheticial protein [S. japonicum] 60.1 60.1 82 % 2E-07 29.27 241
hypotheticial protein [S. japonicum] 60.1 60.1 82 % 2E-07 29.27 241
hypotheticial protein [S. japonicum] 60.1 60.1 82 % 2E-07 29.27 241
unnamed protein product [T. regenti] 59.7 59.7 86 % 5E-08 30.40 122
hypotheticial protein [S. japonicum] 59.7 59.7 82 % 2E-07 29.27 235
hypotheticial protein [S. japonicum] 59.7 59.7 82 % 3E-07 29.27 241
SJCHGCO02069 protein [S. japonicum] 59.7 59.7 82 % 3E-07 29.27 237
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 3E-07 29.27 233
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 3E-07 29.27 241
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 3E-07 29.27 233
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 4E-07 29.27 232
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 4E-07 29.27 241
hypotheticial protein [S. japonicum] 59.3 59.3 82 % 4E-07 29.27 241
unnamed protein product [S. rodhaini] 58.5 58.5 89 % 3E-07 27.08 156
hypotheticial protein [S. japonicum] 58.5 58.5 82 % 7E-07 28.46 233
hypotheticial protein [S. japonicum] 58.2 58.2 82 % 9E-07 29.27 241
unnamed protein product [S. rodhaini] 57.4 57.4 86 % 5E-07 27.86 147
hypotheticial protein [S. japonicum] 57.4 57.4 82 % 2E-06 28.46 241
hypotheticial protein [S. japonicum] 57.0 57.0 82 % 2E-06 27.64 241
hypotheticial protein [S. japonicum] 57.0 57.0 80 % 3E-06 29.17 241
unknown [S. japonicum] 56.2 56.2 82 % 1E-06 26.83 127
hypotheticial protein [S. japonicum] 56.2 56.2 82 % 5E-06 26.83 241
hypotheticial protein [S. japonicum] 55.8 55.8 82 % 7E-06 26.83 241
unnamed protein product [S. rodhaini] 54.7 54.7 57 % 3E-06 35.16 107
hypotheticial protein [S. japonicum] 53.9 53.9 80 % 4E-05 26.67 241
unnamed protein product [S. rodhaini] 52.8 52.8 48 % 1E-05 38.03 102
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unnamed protein product [T. regenti] 52.8 52.8 75 % 2E-05 28.83 130
hypotheticial protein [S. japonicum] 49.7 49.7 74 % 0.001 25.93 224
unnamed protein product [T. regenti] 48.1 48.1 71 % 0.002 28.97 154
MEG 3.2 [S. mansoni] 47.0 47.0 14 % 4E-04 100.00 21

unnamed protein product [T. szidati] 47.0 47.0 62 % 0.003 34.07 129
MEG 3.2 [S. mansoni] 46.6 46.6 14 % 6E-04 100.00 21

hypotheticial protein [S. japonicum] 46.6 46.6 74 % 0.012 24.07 231
SJCHGCO02070 protein [S. japonicum] 45.8 45.8 74 % 0.019 25.00 187

SWISS-MODEL (Waterhouse et al. 2018) identified in total 16 templates and this list was
filtered by a heuristic method down only to two with homology of 21.21 % with
neurotoxin Cn11 from Centruroides noxius (scorpion toxin acting on sodium channels;
1pe4.1.A) and AphaFold2 predicted model of MEG-3 (Grail) family. Again, none of these

models belongs to an experimentally resolved 3D structure.
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Figure 4.13 - Graphical overview from COBALT for 89 sequences producing significant alignments with MEG 3.2
isoform 1 protein. Positions where the majority of sequences match the MEG 3.2 isoform 1 sequence are colored in
grey, while positions that contain a large proportion of mismatches are represented as red lines.
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Table 4.5 - Filtered 2 top templates matching MEG 3.2 isoform protein sequence from the SWISS-MODEL.

Seq Oligo- . Seq .
Template Identity state QSQE Found by Method Resolution Similarity Coverage Description
AOA3QOKMUB.1.A 7847 monomer -  AFDB  Alphafold ., 0.57 099  MEG-S (Grai)
search v2 family
1pe4.1.A 2121 monomer -  HHblits  NMR NA 0.35 0.23 Negf‘]’ﬁ’x'”

MEG 6 is homologous to 11 unnamed proteins of Schistosoma genus according to blastp
(Table 4.6 and Fig. 4.14).

Table 4.6 - 12 sequences producing significant alignments with MEG 6 protein from the blastp.

Protein Annotation [species] Max Total | Query | Evalue | % identity | Acc. Len
Score | Score | Cover
unnamed protein product [S. rodhaini] 130 130 100 % 9E-37 100.0 % 147
MEG-6 [S. mansoni] 127 127 100 % 1E-36 100.00 % 65
unnamed protein product [S. rodhaini] 115 115 100 % 3E-28 89.39 % 430
unnamed protein product [S. spindale] 85.1 85.1 84 % 4E-19 80.00 % 126
unnamed protein product [S. mattheei] 71.6 71.6 69 % 5E-14 77.78 % 112
unnamed protein product [S. bovis] 77.8 77.8 90 % 1E-14 68.33 % 422
unnamed protein product [S. bovis] 71.2 71.2 92 % 4E-14 65.57 % 91
unnamed protein product [S. bovis] 70.9 70.9 92 % 1E-13 65.57 % 118
unnamed protein product [S. haematobium] 81.3 98 % 6E-16 64.62 % 415
81.3
unamed protein product [S. haematobium] 81.3 81.3 98 % 6E-16 64.62 % 419
unnamed protein product [S. margrebowiei] 43.1 58 % 0.004 64.10 % 74
431
unnamed protein product [S. turkestanicum] 65.5 65.5 98 % 1E-11 58.21 % 113
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Figure 4.14 - Graphical overview from COBALT for 12 sequences producing significant alignments with MEG 6.
Positions where the majority of sequences match the MEG 6 sequence are colored in grey, while positions that
contain a large proportion of mismatches are represented as red lines. Red-filled frames indicates highly conserved
positions.

The Swiss-Protein database found 22 possible templates for homology modelling from
which 18 were selected (Table 4.7).
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Table 4.7 - Filtered 18 top templates matching MEG 6 protein sequence.

Seq Oligo- Found . Seq .
Template Identity state QSQE by Method Resolution Similarity Coverage Description
GAVTX1.1.A 100.00 monomer AFDB = AlphaFold 0.61 1.00 MEG-6
search v2
3aon.1.B 2414 monomer -  HHblits  X-ray 2.00A 0.32 045  Vtype sodium ATPase
subunit G
_ . . V-type sodium ATPase
5knb.1.H 2414  monomer HHblits X-ray 3.25A 0.32 0.45 subunit NtpG (F)
3vrd1H 2414 monomer -  HHblits  X-ray 2.17A 0.32 045  V-type sodium ATPase
subunit G
7p481.F 1923 monomer -  HHblts  EM NA 0.29 0.40  ABC-Ftype ribosomal
protection protein
6r841.A 1071 monomer -  HHblts  EM NA 0.27 0.43  ABC transporter ATP-
binding protein ARB1
572xd.1.A  17.86 monomer -  HHblits  X-ray 2.20A 0.30 0.43  ATP-binding cassette
sub-family F member 1
572xd.2.A  17.86 monomer -  HHblits  X-ray 2.20A 0.30 0.43  ATP-binding cassette
sub-family F member 1
6r841.A  7.41 monomer -  HHblts  EM NA 0.29 0.42  ABC transporter ATP-
binding protein ARB1
ABC-F type ribosomal
7nhk.1.A 3.57 monomer - HHblits EM NA 0.26 0.43 protection protein
Lsa(A)
_ . -~ V-type sodium ATPase
5knd.1.H 2414  monomer HHblits  X-ray 2.89A 0.32 0.45 oot NG (F)
5zlu.1.u 13.79  monomer - HHblits EM 3.60A 0.29 0.45 Macrolide efflux protein
2d00.1.A 345 MO pibiits  Xeray  2.20A 027 0.45  Vtype ATP synthase
hexamer subunit F
2d001.B 345 MO | pupits  Xray  2.20A 0.27 045  Vtype ATP synthase
hexamer subunit F
2d00.1.F 845 "M diplits  Xeray  2.20A 027 045  Vtype ATP synthase
hexamer subunit F
2d00.1.E 345 "M% HHplits  Xeray  2.20A 027 045  Vtype ATP synthase
hexamer subunit F
2d00.1.D 345  MOMO _ Liiits  Xeray  2.20A 027 0.45  Vtype ATP synthase
hexamer subunit F
2d001.C 345  MOMO  _ hiits Xeray  2.20A 027 045  Vtype ATP synthase
hexamer subunit F

Only one of these homologous templates showed moderate identity (21.14 %) to the C-
terminus of MEG 6, and it was the central axis (NtpD-NtpG) of the catalytic portion of
Enterococcus hirae V-type sodium ATPase. The remaining templates showed homology
below 20%, primarily in the predicted a-helix part at the N-terminus.

From the above-described results, it can be concluded that MEG 2.1, MEG 3.2, and MEG
6 proteins (and their isoforms) show relevant, though low, homology only with other
MEG-family proteins and within the genus Schistosoma. This not only confirms the
uniqueness of these proteins (DeMarco et al. 2010), but also does not allow performing
meaningful homology modelling, as there is no X-ray, NMR, or cryo-EM structure on
which to build a reliable model. Despite this apparent lack of homology, several
comparative ab initio predictions of structures have been made. Unfortunately, the
results of these predictions vary not only within the chosen methods, date of the run
(given the fact that Al neural networks learn from available datasets that change and
expand every day), but also across the software used. Despite the imperfection of the
predicted models, it is possible to observe some consistent trends across all used
software.
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4.1.3.1 Ab Initio Protein Structure Prediction
In the last three years, there has been an extreme increase in the use of Artificial

Intelligence (Al) for ab initio prediction of 3D protein structures. Leaders in this field are
AlphaFold2, Robetta, and ESMFold (Baek et al. 2021; Lin et al. 2023; Jumper et al. 2021).
These software employ deep learning techniques and very large training data to infer
protein structures based on sequence information. While they have shown exceptional
accuracy in predicting the structures of folded proteins, their performance with non-
homologous Intrinsically Disordered Proteins (IDP) is relatively limited. IDPs are a unique
class of proteins that lack a stable 3D structure and exhibit dynamic conformational
behavior (Dunker et al. 2013; Lin et al. 2019). IDPs are linked to various diseases and
play important roles in many biological processes (Uversky, Oldfield, and Dunker 2008)
(Wright and Dyson 2015). Homology modeling, which compares the target protein
sequence with recognized structures of related proteins, is the foundation of
conventional approaches for predicting protein structures. Homology-based techniques
are inadequate for predicting the structures of IDPs because they frequently have little
to no substantial sequence similarity to proteins having empirically confirmed
structures. The conformational changes and the presence of regions with low sequence
homology further complicate the prediction of IDP structures (Wilson, Choy, and
Karttunen 2022). In order to supplement Al-based predictions and improve the precision
of IDP structure estimation, scientists are looking into additional approaches, such as
combining experimental data from methods like NMR, macromolecular crystallography
(MX) of complexes or cryo-electron microscopy (cryo-EM). While ab-initio software, like
AlphaFold 2, use deep learning algorithms and neural networks to learn from known
protein structures and predict novel ones, the challenge for non-homologous proteins
is that their performance may be constrained in situations where there is no suitable
template available for comparison. The structure of non-homologous proteins is often
predicted using a combination of experimental, computational, and expert analysis
techniques. Despite much effort devoted to advances in Al deep-learning techniques,
the prediction of IDP proteins remains a challenging task. For figuring out the precise
structures of these proteins, methods like MX, cryo-EM, and NMR spectroscopy remain
essential. All three investigated proteins of this manuscript, MEG 3.2 isoform 1, MEG 2.1
isoform 1 and MEG 6, were submitted to AlphaFold2, Robetta, and ESMFold to predict
their 3D structures.

To characterize the accuracy of each model, AlphaFold2 (AF2) gives a per-residue
confidence metric called the predicted local difference test (pLDDT) (Mariani et al.
2013). A score inferior to 50 indicates a low accuracy or a possible disorder prediction,
while a score superior to 70 indicates a plausible prediction of the secondary structure.
The best 5-ranked structures are presented below. Robetta also gives multiple models
with confidence metric presented as plots, showing corresponding error estimations (in
A) per amino acid position in the sequence. ESMFold is the youngest of the deep learning
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Al and uses a color coding based on pLDDT as confidence scoring (blue color represents
pLDDT values above 0.9, while red indicates low confidence with pLDDT lower than 0.5).

4.1.3.1.1 MEG 3.2 isoform 1
MEG 3.2 isoform 1 achieves high pLDDT scores for some amino acids, which may seem

like a plausible prediction, but there are significant dropouts in these values throughout
the length of the sequence. These value drops are mainly in parts of the sequence that
do not show any ordered secondary structure. At the same time, the downward trend
of pLDDT in the first 20 aa (from the N-terminus) of the AF2 prediction sequence is
interesting (Fig. 4.15), because it is the predicted signal peptide that is the most
conserved part of the MEG proteins. The motif of the signal peptide is present across
almost all of the 89 sequences (Fig. 4.13). Furthermore, it is possible to observe
significant differences in the helix length prediction by AF2 of the signal peptide (Fig.
4.15). AF2 predictions indicate the formation of a more compact protein than Robetta’s
predictions with 7 to 9 helices in the structure.
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Figure 4.15 - The 5 best-ranked structures of MEG 3.2 isoform 1 protein structure predictions from the AlphaFold2
ColabFold v1.5.2 with default settings (left) with its per-residue confidence scores (pLDDT, right). The order of the
model structures corresponds to the order of the plot (A=1, B =2, ... E=5). Models are colored with rainbow scheme
- N-terminus (blue) to C-terminus (red).

Robetta also shows spikes in prediction accuracy, which almost replicate the trend of
AF2’s decreases in the pLDDT values (Fig. 4.16). The N-terminal part of the sequence
with the predicted signal peptide and the parts of the protein that show the random coil
structure again show the highest error rate. At the same time Robetta predicts fewer
helices (4 short helices consisting of 0.5-3 turns), which leads to a less compact structure
with a larger part of non-structural elements (Fig. 4.16). Compared to AF2, Robetta does
not predict large differences in signal peptide length.
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Figure 4.16 - The 5 best-ranked structures of MEG 3.2 isoform 1 protein structure predictions from the Robetta
prediction software with RoseTTAFold default settings (left) with their respective plots showing corresponding error
estimations in A per amino acid position (right). Models are colored with rainbow scheme - N-terminus (blue) to C-
terminus (red).

ESMFold also predicts a compact structure composed of 9 helices and random coil parts
(Fig. 4.17). Again, it points to the lower reliability of the model for the signal peptide
region and the non-structural parts. A few turns of some helices are shown to be highly

reliable, consistent with previous results of the two Als mentioned above.

> &
Figure 4.17 - MEG 3.2 isoform 1 protein structure prediction via ESMFold. The predicted structure is colored by local

prediction confidence (pLDDT) per amino acid location. Blue indicates confident predictions (pLDDT > 0.9), while red
indicates low confidence (pLDDT < 0.5). The amino acid marked in grey is the first from the N-terminus.

4.1.3.1.2 MEG 2.1isoform 1
MEG 2.1 isoform 1 is the protein for which all three predictive Als most closely agreed

on the resulting structure. All models point to the presence of two helices at the N-
terminus and C-terminus, which are connected by a random coil (Fig. 4.18, 4.19, and
4.20). The error rate of AF2 and Robetta is again similar: it increases in the helix regions,
while it decreases in the non-structural parts of the protein and at the N-terminus and
C-terminus extremities (Fig. 4.18 and 4.19). AF2 in one of the models (Fig. 4.18E) predicts
a short region of antiparallel B-sheet inserted in a random coil part linking two helices
(lle29 - Cys31 and Thr34 - Cys36). In this part, Robetta predicts a partial helical turn in
four models. Those partial helices, shown in Fig. 4.19, are: model A, from Cys31 to Cys33,
model B, from lle26 to Ile29, models D and E, from Cys48 to Glu50. Model C is the model
that is most consistent between Robetta’s and the ESMFold predictions, having two long
parallel helices and a non-structural part in between.
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Figure 4.18 - The 5 best-ranked structures of MEG 2.1 isoform 1 protein structure predictions from the AlphaFold2
ColabFold v1.5.2 (left) with default settings with its per-residue confidence scores (pLDDT, right). The order of the
model structures corresponds to the rank of the plot (A=1, B =2, ... E=5). Models are colored with rainbow scheme
from N-terminus (blue) to C-terminus (red).

Robetta predicts shorter sections of the helix at the N- and C-terminus and the non-
structural part in between (Fig. 4.19). However, in this part of the prediction, Robetta
again shows the highest error rate of the whole sequence. In the part where AF2 predicts
the antiparallel B-sheet, Robetta predicts the partial tours of the helix in four models.
Those partial helixes are displayed in Fig. 4.19: model A, from Cys31 to Cys33; model B
from lle 26 to lle29; model D and E, from Cys48 to GIu50. Model C presents the shortest
helix at the C-terminus and thus the largest proportion of the non-structural part of the
protein.
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Figure 4.19 - The 5 best-ranked structures of MEG 2.1 isoform 1 protein structure predictions from the Robetta
prediction software with RoseTTAFold default settings with its their plots showing corresponding angstrom error
estimations per amino acid position. Models are colored with rainbow scheme - N-terminus (blue) to C-terminus (red).
EMSFold predictions of MEG 2.1 protein isoform 1 are relatively consistent with both of
the above software but indicate low confidences (pIDDT below 0.5) all throughout the
sequence (Fig. 4.20). All models predict the beginning of the hairpin of the non-
structural part around Cys31 region, but they differ considerably in their predictions of
its shape and orientation in space. ESMFold and one AF2 model (Fig. 4.18C) predict both
helices to be parallel, while the other models present them at an acute angle. Of the
three MEG proteins tested, MEG 2.1 isoform 1 is the one whose ab initio prediction using
the three Als converges the most.
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Figure 4.20 - MEG 2.1 isoform 1 protein structure prediction via ESMFold. The predicted structure is colored by local
prediction confidence (pLDDT) per amino acid location.
4.1.3.1.3 MEG6
At the other extreme of the spectrum there is MEG 6 protein, whose predictions do not
even marginally agree among the three software. MEG 6 is the only MEG protein studied
that does not have a predicted signal peptide nor contains cysteines. AF2 predicts a
continuous helix from the N-terminus that continues with a random coil. In the region
of the predicted helix, the confidence increases, while in the region of the random coil,
it is again reduced (Fig. 4.21). In the Arg48 and Ser49 region, one model (Fig. 4.21C)
predicts a hairpin. The final part of the other four models is totally unstructured.
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Figure 4.21 - The 5 best-ranked structures of MEG 6 protein structure predictions from the AlphaFold2 ColabFold
v1.5.2 (left) with its per-residue confidence scores (pLDDT, right). The order of the model structures corresponds to
the order of the plot (A =1, B=2, ... E = 5). Models are colored with the rainbow scheme - N-terminus (blue) to C-
terminus (red).

Robetta presents its models as a mixture of helices, B-sheets, and random coils. Two
models contain antiparallel B-sheets (Fig. 4.22): model B (Val24 - Thr26 and Val29 -
Asn31) and model C (Val22 - Val24 and lle32 - Leu34). All models predict a discontinuous
helix at the N-terminus, shorter than the one predicted by AF2, and at the same time
another two or three shorter helices spread over the sequence, most of which contain
only two turns. The error is significantly high throughout the sequence.
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Figure 4.22 - The 5 best-ranked structures of MEG 6 protein structure predictions from the Robetta prediction
software with RoseTTAFold default settings (left) with its their plots showing corresponding error estimations A/aa
(left). Models are colored with rainbow scheme - N-terminus (blue) to C-terminus (red).

MEG 6 predicted by ESMFold (Fig. 4.23) has as well a very low confidence (pLDDT below
0.5) along the entire sequence. The whole structure is predicted as a random coil with
two sections of very short helices (one turn on the N-terminus and one turn on the C-

terminus). The structure is however presented as more compact as compared to the
linear AF2 predictions.

k—-
Figure 4.23 - MEG 6 protein structure prediction via ESMFold.

Ab inito prediction of the three MEG proteins confirmed the challenges that predictive
deep-learning Als face today. Shorter non-structural proteins with possible disulfide
bonds, without high homology, show significantly low confidence values. In spite of
these shortcomings, after experimental measurements (see below), partial agreements
were found.

4.2 Recombinant protein expression

In order to resolve the 3D structure of the MEG proteins under study, a large number of
essays were performed in many different variations (see also the method section). Not
only different expression systems were tested, but also a large scale of tests was
performed for each expression system. The expression systems tested were: bacteria [E.
coli (BL21(DE3), Rosetta(DE3), BL21(DE3)pLysS and Rosetta(DE3)plLysS strains],
methanotrophic yeast (Komagataella phaffii), insect cells [S2 (Drosophila)] and in vitro
cell-free expression system. Among these expression systems, only two were suitable
for subsequent isotopic labeling for structure determination by NMR: bacterial and cell-
free expression. Expression in S2 cells is a very expensive method and subsequent
labeling would increase the resulting price many times more; at the same time, this
method was performed in the Czech Republic in cooperation with BIOCEV Prague, so
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the subsequent transport and handling of the sample implied a complex solution.
Moreover, the expression in S2 cells is a very demanding method for sterility and time
(minimum 6 weeks of growth of the stable cell line). For these reasons, | could not
proceed further. The yeast expression was also performed in Prague, in the I0CB
laboratories and the methodology of isotopic labeling was not established in any of the
partner laboratories. Thus, it would have been necessary to develop a functional
protocol of yeast isotopic labeling first, which was not in the time possibilities of this
work and therefore | did not proceed with this expression system after the pilot assays.
At the same time, the results of those pilot expressions were not convincing, and it
would be necessary to perform several optimizations just for the expression of
unlabeled proteins. Cell-free expression was carried out in collaboration with
laboratories at the Institute of Structural Biology in Grenoble and isotopic labeling could
be performed within the framework of this method, if the method yielded positive
results, despite being relatively expensive. The most straightforward, least expensive,
and easily accessible expression system for me was the bacterial expression system. |
have worked intensively with this system, both in Prague and in Lyon and tried a range
of different conditions to express 3 different proteins and their isoforms (see below and
also Tables 3.1 - 3.7 in the Methodology).

4.2.1 Bacterial expression

Two plasmids were selected for bacterial expression: the commonly used pET 22b(+)
plasmid for periplasmic protein production under the T7 promoter and pET SUMO
Champion plasmid, which is meant to produce the highest levels of soluble protein in E.
coli. Constructs with the 6xHis tag and TEV cleavage site were cloned into the construct
within the pET 22b(+) plasmid. All MEG 2.1 isoform 1, MEG 3.2 isoform 1 (“long” and
“short” versions) and MEG 6 proteins were cloned into this plasmid. MEG 2.1 isoform 1
and MEG 3.2 isoform 1 proteins were inserted into the pET SUMO Champion plasmid
for production of difficult proteins. All detailed information on conditions, plasmids,
sequences and expressions have already been given (Methodology, 3.2 Recombinant
protein expression, Tables 3.1, 3.2, and 3.3).

4.2.1.1 MEG 2.1 isoform 1
MEG 2.1 isoform 1 (MW = 11.96 kDa, pl = 6.01) in the pET 22b (+) plasmid was not

expressed in either the soluble (Fig. 4.24) or insoluble fraction (Fig. 4.25). The tested
conditions for BL21(DE3), Rosetta(DE3) and BL21(DE3)pLysS expression strains were:
induction temperature (37 °C, 30 °C overnight expression, 18 °C overnight expression),
IPTG concentration (0.1 mM, 0.5 mM, and 1 mM at fixed temperature). MEG 2.1 isoform
1 protein did not express even under a special expression protocol for potential toxic
proteins in the Rosetta(DE3)pLysS strain (details in Methodology, 3.2.2 Expression in
bacteria, Table 3.4, 3.5, 3.6, and 3.7).
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Figure 4.24 - SDS-PAGE gels of MEG 2.1 protein in BL21(DE3) strain — soluble fraction purification with Ni-NTA
gravity column. A) in pET-22b(+) plasmid; B) in pET SUMO Champion plasmid. M - protein molecular weight marker,
S - supernatant after cell lysis and centrifugation, P - pellet after centrifugation, FT - flow-through after Ni-NTA loading,
W - wash of the column (5 column volume with loading buffer), E - elution with 100% of elution buffer. The expected
MEG 2.1 isoform 1 molecular weight is 11.96 kDa for the pET-22b(+) plasmid and 21.04 kDa for pET SUMO Champion
plasmid.

MEG 2.1 isoform 1 in the pET SUMO Champion plasmid did not express in either the
soluble (Fig. 4.24) or insoluble (Fig. 4.25) fraction. The tested conditions for BL21(DE3),
Rosetta(DE3) and BL21(DE3)pLysS expression strains were the same as above.
Additionally, it was observed that BL21(DE3) cells transformed with pET SUMO
Champion plasmid displayed a slower growth rate than when transformed with pET
22b(+) plasmid. For this plasmid in the Rosetta(DE3) strain, it was almost impossible to
reach an ODego of 0.6 even after 12 hours of media inoculation starting from a single
bacterial colony.
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Figure 4.25 - SDS-PAGE gel of MEG 2.1 isoform 1 BL21(DE3) strain — insoluble fraction purification with Ni-NTA
gravity column. W1-S; W2-S; W3-S; U-S — expression from pET SUMO Champion, expected MW= 21.04 kDa; W1-P;
W2-P; W3-P; U-P — expression from pET 22b(+), expected Mw = 11.96 kDa. M - protein molecular weight marker; W1
- wash and sonication 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole, 2% Triton X-100; W2 - wash and
sonication in 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole; W3 - wash and sonication in 20 mM
Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole; U - overnight dissolution in 8 M urea.
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The above-mentioned tested conditions did not show any relevant change in protein
expression, only a slower/faster growth of bacteria was observed. All the pilot
expressions were performed in several repetitions, by gradually changing the protocol.
The best modification was the addition of 20 mM glucose (final concentration) to the
growth medium, which helped to grow the bacterial transformed with pET 22b(+)
plasmid, however this had no improvement on MEG expression. In the case of
expression according to the rifampicin protocol, glucose was added in generous
amounts (10 g/L media, 55.6 mM). However, expression of MEG 2.1 isoform 1 was not
detected either.

Furthermore, without the addition of glucose, a trend for a decrease in the ODego of the
culture after induction was observed, when induced between ODgypo = 0.6 - 0.8. In the
absence of glucose in the medium, the addition of any concentration of IPTG resulted in
a decrease in ODsgo in the following hours, which started to go back to growth after 2-3
hours (depending on the bacterial strain, plasmid and IPTG concentration, see Table 3.4
in the 3.2.2 Expression in bacteria in Methodology). This decrease was quite radical, in
fact, the turbidity decreased from 0.8 to 0.4 one hour after induction. This fact, which
was also observed for the MEG 3.2 isoform 1 protein, together with other reasons
described below, led to the hypothesis that these two proteins could be toxic to
bacteria.

This was the reason for using the BL21(DE3)pLysS, since it permits better control of the
pre-induction leakage via the suppression of T7 RNA polymerase. The growth of bacteria
with both pET plasmids in BL21(DE3)pLysS bacteria was significantly smoother (standard
rapid growth, no reduction of ODsgo after the IPTG induction), but the protein was still
not expressed. After all conditions were tested, MEG 2.1 isoform 1 could not be
expressed in any of the plasmids in any of the indicated bacterial strains. Given the
relatively short sequence of this protein, in order to get experimental structural
information by NMR, we decided to chemically synthesize it (see below, 4.3.1 Chemical
synthesis of MEG 2.1 isoform 1, 2, and 3).

4.2.1.2 MEG 3.2 isoform 1
MEG 3.2 isoform 1 was also cloned into the above-mentioned two plasmids, pET 22b(+)

and pET SUMO Champion. Two versions were cloned into the pET 22b(+) plasmid: a
"long" (with the signal peptide for a total of 162 aa) and a "short" (without the predicted
signal peptide, for a total of 125 aa). In the case of the MEG 3.2 short version, the
transformation into expression strains never occurred, even though the transformation
did occur in Stellar bacteria, which are a cloning strain. BL21(DE3) (Fig. 4.26),
BL21(DE3)pLysS and Rosetta(DE3)pLysS were unsuccessfully tested for the
transformation. This trend of non-transformation of the signal peptide-free protein
construct was also observed for the MEG 2.1 construct used in the cell-free expression
system (described later). For this reason, | continued expressions of MEG 3.2 isoform 1
protein only with the full-length construct (with signal peptide). From this point on, all

74



references to MEG 3.2 isoform 1 are only to the complete signal peptide-containing
sequence.

Figure 4.26 MEG 3.2 isoform 1 in pET 22b(+) plasmid after theyfrahsoation into BL21(DE3) expression strain
(from left to right): "long"- M3.2L (with the signal peptide; 162 aa), "short" M3.2S (without the predicted signal
peptide - 125 aa) and MEG 6 MEG 6 (M6).

MEG 3.2 isoform 1 (“long” version with the signal peptide) cloned in pET 22b(+) plasmid
was not expressed in either the soluble (Fig. 4.27) or insoluble fraction (Fig. 4.28),
despite using 3 expression strains, 3 different temperatures of expression and 3
different IPTG concentrations (see 3.2.2 Expression in bacteria, Table 3.5 in
Methodology).

Figure 4.27 - SDS-PAGE gels after Ni-NTA gravity-flow purification of the soluble fraction of MEG 3.2 in the pET
22b(+) plasmid (A) and pET SUMO Champion plasmid (B) BL21(DE3) strain. M - marker, S - supernatant, P - pellet,
FT - flow through, E - elution. The expected MEG 3.2 isoform 1 molecular weight is 18 kDa for the pET-22b(+) plasmid
and 27 kDa for the pET SUMO Champion plasmid. The unlabeled bands in gel A belong to the MEG 2.1 protein in pET-
22b(+) plasmid (next to the marker - supernatant, pellet, flow through, wash, elution); the unlabeled bands in the gel
B belong to the MEG 2.1 protein in pET SUMO Champion plasmid (left from the marker - supernatant, right from the
marker - pellet, flow through, wash, elution).

MEG 3.2 isoform 1 in the pET SUMO Champion plasmid did not express (Fig. 4.27)
despite all the tentatives (see above or methods - 3.2.2 Expression in bacteria, Table 3.5
and 3.6). Even in this case, BL21(DE3) transformed with MEG 3.2 cloned into pET SUMO
Champion plasmid grew slower than those transformed with pET 22b(+) plasmid. For
this plasmid transformed in the Rosetta(DE3) strain, it was almost impossible to reach
an ODeoo of 0.6 after 11 hours of growth.
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Figure 4.28 - SDS-PAGE gel after Ni-NTA gravity-flow purification of the insoluble fraction of MEG 3.2 in the pET
22b(+) transformed BL21(DE3) strain. W1 - wash and sonication 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM
imidazole, 2% Triton X-100; W2 - wash and sonication in 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole;
W3 - wash and sonication in 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole, M - marker, O/N 8M - overnight
incubation in 8M urea buffer, FT - flow through, W25 - wash after overnight incubation, E - elution. Expected MEG
3.2 isoform 1 molecular weight is 18 kDa for pET 22b(+) plasmid.

The addition of glucose to the medium helped the growth, as in the case of MEG 2.1
isoform 1. The bacterial growth was faster for the transformed strain BL21(DE3)pLysS.
Unfortunately, even the addition of 20 mM glucose to the media did not help to express
this isoform. The only functional protocol for the expression of MEG 3.2 isoform 1 was
the special expression protocol for potential toxic proteins, in the Rosetta(DE3)pLysS
strain. In fact the addition of rifampicin, which is the most effective antibiotic inhibiting
the transcription of bacterial RNA polymerase (Lama and Carrasco 1992; Du et al. 2021),
blocks the translation of all the bacteria proteins except the protein of interest. Addition
of rifampicin after IPTG induction also simplifies protein labeling for subsequent NMR
structural studies. The addition of rifampicin results in selective labeling of only the
target heterologous protein (Almeida et al. 2001). After successful growth of the
bacteria expressing MEG 3.2 iso 1, purification using nickel affinity chromatography on
FLPC was performed (Fig. 4.29A). Here, fractions that might contain MEG 3.2 isoform 1
protein were observed on the gel for the first time. Since we used a buffer at pH 8 and
given that the theoretical MEG 3.2 isoform 1 pl is 5.8 (Annex A), ion exchange
chromatography was tested (Fig. 4.29B). This method of purification did not prove to be
suitable because all fractions containing the MEG 3.2 protein were found in the column
flow-through. Therefore, purification was followed by size exclusion chromatography
(Fig. 4.29C), which successfully separated the fractions. The concentration of pilot
expression and purification of this protein was 0.3 mg/mL and the final volume was 2
mL.
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Figure 4.29 - SDS-PAGE gels of after FPLC purification of the soluble fractions of the MEG 3.2 protein the pET 22b(+)
and Rosetta/plLysS strain after the addition of rifampicin (see Methodology, 3.2.2 Expression in bacteria). A - Ni-
NTA FPLC purification, M - marker, FT - flow through, 7 - 11 - fractions with the protein deposited on the gel; B - lon
Exchange purification of the dialyzed fractions from the fist Ni-NTA purification (A), M - marker, AD - after dialysis, FT
- flow through, 8 - 25 - fractions deposited on the gel; C - Size Exclusion purification of the previously purified protein
via Ni-NTA and IEX FPLC (A, B), M - marker, IEX - sample loaded to the IEX, C - sample after IEX and concentration, 20
- 44 - fractions deposed on the gel. The expected MEG 3.2 isoform 1 molecular weight is 18 kDa for pET 22b(+) plasmid.

After this pilot expression and purification, a series of optimization expressions were
performed to obtain the highest yield of pure protein. The whole process was repeated
in 2 liters of LB medium and two different strains of E. coli were tested, BL21(DE3) (Fig.
4.30A) and Rosetta(DE3)pLysS (Fig. 4.30B). In the original protocol, Rosetta(DE3)pLysS
expression bacteria were used and the test result showed that the growth is almost
identical to the growth in the standard BL21(DE3) bacteria (Fig. 4.30A and 4.30B). After
performing this test, partially purified protein from both bacterial strains was pooled
into a common fraction after initial Ni-NTA purification (Fig. 4.30C), which was then
loaded onto size exclusion chromatography (Fig. 4.30D and 4.30E).

71



kDA ‘M BI

’ D

) 12 g 55 & <
A A b |
kDA BI W FT10 12 13 14 16 18 24 30 42 100 % 25 W .-~
B 100 5 W
10 &
kDA M 50 5153 54 55 57 58 59 60 36 37 39 40 41_
1
70 "L"'i'_ﬁ
2 o e M
25
- -
B TG .
10 e, S e e e e s v ‘...J

Figure 4.30 - SDS-PAGE gels of after FPLC purification of the soluble fractions of the MEG 3.2 protein expressed
under rifampicin (see the methodology) in E. coli BL21(DE3) and Rosetta/pLysS strains. A. proteins expressed in E.
coli BL21(DE3) after FPLC Ni-NTA purification; M - marker, Bl - sample before induction, | - injection, W - wash, FT -
flow through, 10 - 42 - fractions deposed on the gel, 100 % - elution with 0.5 M imidazole buffer; B. proteins expressed
in E. coli Rosetta/pLysS after FPLC Ni-NTA purification; M - marker, Bl - sample before induction, | - injection, W -
wash, FT - flow through, 10 - 42 selected fractions deposed on the gel, 100 % - elution with 0.5 M imidazole buffer; C.
fractions around 25-31 of gel (A) and 16-18 of gel (B) to decide which fractions to pool for subsequent purificaiton; D.
SEC purification of pooled protein fractions (A, B and C) from both BL21(DE3) and Rosetta/pLysS strains after FPLC Ni-
NTA; M - marker, | - injected sample, FT-c - flow through after concentration of the pooled fractions from previous
affinity chromatography purifications (A and B), D - dialysis buffer, 22 - 60 - selected fractions deposed on the gel, 100
% - last fraction from the SEC purification; E. pooled protein fractions (A, B and C) from both BL21(DE3) and
Rosetta/pLysS strains (FPLC Ni-NTA purified) after SEC purification; M - marker, 50 - 41 - selected fractions deposed
on the gel. Expected MEG 3.2 isoform 1 molecular weight is 18 kDa.

After concentration of all the purest fractions from the purifications described above
(lanes 50, 51 and 52 Fig. 4.30), the resulting concentration of non-labeled MEG 3.2
isoform 1 from 4 liters of media was 193 uM (Fig. 4.31 - fraction 2) in a volume of 250
uL. Therefore the final yield was 0.2 mg/L. This was also the highest concentration of
MEG 3.2 isoform 1 protein expression achieved. At the same time, less pure fractions
containing at least two other smaller proteins were concentrated (Fig. 4.31 - fraction 8),
which, however, were very close in molecular weight to MEG 3.2 isoform 1 and were
therefore practically impossible to remove from the sample; in addition, each SEC
purification resulted in protein loss. A fraction with a presumed dimer (Fig. 4.32 -
fraction 5) was also deposited on the gel, which however was ubiquitous in the

purification of both MEG 3.2 protein and MEG 2.1 isoform 1 protein expressed in S2 cells
(see below).

78



12 3 4 5 6 7 8 9

15, W
!
10 a it : |
Figure 4.31 - SDS-PAGE gel of after FPLC Ni-NTA and SEC purifications of the soluble fractions of the MEG 3.2 protein
after the final concentration of the purest fractions. M - marker, 1 - MEG 3.2 protein all fractions pooled from
previous SEC purification (Fig. 4.30D and E) before concentration, 2 - MEG 3.2 protein all fractions pooled from
previous SEC purification (Fig. 4.30D and E) after concentration, 3 - flow through from the concentration of MEG 3.2
fractions, 4 - MEG 3.2 hypothetical dimer before concentration, 5 - MEG 3.2 hypothetical dimer after concentration,
6 - flow through from the concentration of MEG 3.2 hypothetical dimer fractions, 7 - fractions 53 - 59 before
concentration, fractions 53 - 59 after concentration, 9 - flow through from the concentration of fractions 53 - 59.
Expected MEG 3.2 isoform 1 molecular weight is 18 kDa.

Afterwards, the stability of the protein in different buffers was tested. MEG 3.2 isoform
1 does not survive dialysis in MES buffer pH 8 (Fig. 4.32 - fraction 1), regardless of buffer
concentration. Already during the pilot expression and first dialyses of this protein it was
shown that it is stable only in high salt buffers; in fact, whenever NaCl concentration
dropped below 0.5 M, a visible precipitation of the protein occurred. Since most SEC
columns operate with a maximum NaCl concentration of 0.5 M, it was necessary to
reduce the NaCl concentration in the SEC buffer twice (the buffer for Ni-NTA purification
contained 1 M NaCl). This was another reason for the loss of the final protein
concentration. Moreover, MEG 3.2 isoform 1 did not resist to one month storage at -20
°C (Fig. 4.32 - fraction 3). Even less pure fractions stored for a month in -20 °C did
degrade (Fig. 4.32 - fraction 4). The hypothetical MEG 3.2 isoform 1 dimer had a longer
lifetime, even though its concentration dropped after -20 °C storage (Fig. 4.32 - fractions
5and 6). This dimer formation is only a hypothetical working hypothesis because all lysis
and elution buffers that have been worked with contained 5 mM BME and at the same
time all gels were run under reducing conditions. It is therefore excluded that the
protein dimerized by forming disulfide bonds. On the other hand, this "dimer" formation
was observed in both expressed proteins: MEG 3.2 isoform 1 in E. coli and MEG 2.1
isoform 1 in the S2 expression system. A progressive band formation of twice the size of
the MEG 3.2 and 2.1 proteins was observed on the gels. MEG 2.1 protein even
underwent almost complete aggregation after storage at -80 °C, as it is visible on the
gels as a decrease in the concentration of the MEG 2.1 protein at the expected MW and
an increase in the band at twice its size (described below).
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Figure 4.32 - SDS-PAGE gel of protein stability tests of purified MEG 3.2 and MEG 2.1 proteins. M - marker, 1 - MEG
3.2 in 10 mM MES buffer at pH 8, 2 - dialysis buffer after overnight dialysis, 3 - the purest fraction of MEG 3.2 after
FPCL Ni-NTA purification — thawed after one month at -20 °C, 4 — partially purified fractions of MEG 3.2 thawed after
one month at -20 °C, 5 - hypothetical dimer of MEG 3.2 thawed after two weeks at -20 °C, 6 - hypothetical dimer of
MEG 3.2 —thawed after one month at -20 °C, 7 - MEG 2.1 protein from the S2 Drosophila expression system in 10 mM
MES buffer 40 days after the dialysis (stored at -20 °C). Expected MEG 3.2 isoform 1 molecular weight is 18 kDa for
pET-22b(+) plasmid and 15 kDa for MEG 2.1 protein isoform 1 without signal peptide in the pMT/BiP/SLIN plasmid.
Despite the low concentrations obtained with the rifampicin protocol, | tried to label
MEG 3.2 with a ¥°N isotope. Bacterial growth in minimal medium and nickel affinity
chromatography were similar to the unlabeled protein expression. Unfortunately, the
SEC purification again resulted in a large loss of protein on the column and its
subsequent measured 1D 'H spectrum was indistinguishable from the background
signal. In a second attempt, taking advantage of the fact that rifampicin would allow >N
labeling only of MEG 3.2, | performed only the partial purification with Ni-NTA,
concentrated only the fractions containing the band at 18 kDa and measured 1D H
spectra. In this case, it was possible to distinguish the protein signals from the
background, but the concentration was still not sufficient for 3D structure determination
(Fig. 4.33 and 4.34). It is worth noticing that in order to maximize the concentration and
to minimize the loss, we decided to use a high salt buffer, which is suboptimal for
cryoprobe measurements.
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Figure 4.33 - Proton NMR spectra of MEG 3.2 isoform 1. First raw of 2D 1H-15N HSQC recorded for the dimer (cyan)
and the monomer (black) MEG 3.2 isoform 1 expressed in E. coli expression system at a H frequency of 600 MHz with
a Varian spectrometer equipped with a triple HCN cryoprobe.
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Figure 4.34 - Proton NMR spectra of MEG 3.2 isoform 1. 1D spectra with 128 scans recorded for the monomer
(magenta) and dimer (blue) of MEG 3.2 isoform 1 expressed in E. coli expression system at a *H frequency of 600 MHz
with a Varian spectrometer equipped with a triple HCN cryoprobe.
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4.2.1.3 MEG®6
In my last year of research, MEG 6 protein, which does not contain any cysteine and has

no predicted signal peptide, was cloned only into pET 22b(+) plasmid; however, the
protein was not expressed in either the soluble or insoluble fractions (Fig. 4.35), despite
all the tested conditions and strains, neither in 3 liters of medium nor by using rifampicin
and the Rosetta(DE3)pLysS. Even low protein detection by western blot with anti-His-
tag antibody confirmed the absence of MEG 6 expression.
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Figure 4.35 - SDS-PAGE gels after Ni-NTA gravity-flow purification of the soluble (A) and insoluble (B) fractions of
the MEG 6 protein in the pET 22b(+) and BL21(DE3) strain. (A) M - marker, S - supernatant, FT - flow through, W1,
W2, W3 - washes 1 - 3 with 20 mM Tris/HCI pH 8, 500 mM NaCl, 10 mM imidazole, E1, E2 - elutions 1 and 2. (B) M -
marker, GUHCI - overnight incubation and sonication in 6 M guanidine hydrochloride, 20 mM Tris/HCl pH 8, FT Gu HCI
8 M urea - wash with 20 mM Tris/HCl pH8, 8 M urea, 0.5 M NaCl, 10 mM imidazole, E1 8M urea - elution with 20 mM
Tris/HCl pH 8, 8 M urea, 0.5 M NaCl and 0.5 M imidazole. The expected MEG 6 molecular weight in the pET 22b(+)
plasmid is 9.5 kDa.

4.2.2 Cell-free expression

Another procedure chosen to express MEG 2.1 isoform 1 and MEG 3.2 isoform 1 proteins
was an E. coli-based cell-free expression system. This pilot expression was possible
thanks to a grant application to use The Cell Free expression platform of the Institut de
Biologie Structurale (Grenoble). The cell-free expression system was chosen because of
previous repeated unsuccessful expressions in bacteria and yeast and because of the
presumed bacterial toxicity of these proteins. Cell-free is a fast and efficient way of
expression, even of challenging proteins such as toxic or membrane proteins, which at
the same time allows relatively economical isotopic labeling for subsequent NMR
structural analysis. Expression is carried out in bacterial extracts of E. coli BL21(DE3) with
the addition of the mixture of amino acids, ribonucleotides, cofactors, inhibitors,
detergents, and lipids. One advantage to work with cellular extracts is that the
transcription and translation machineries are dedicated to the one and only plasmid
(pIVEX in our case) inserted in the test tube. Given that the extract is from E. coli, the
T7 promoter in the vector is essential for expression. Four constructs have been
synthesized in the plasmid pIVEX2.4d, for gene fusion to the N-terminal 6xHistag. Two
variants of MEG 2.1 isoform 1 and two variants of MEG 3.2 isoform 1 were synthesized
(see Methodology chapter 3.2 Recombinant protein expression, Tables 3.1 and 3.2 for
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details). Both proteins had a "short" variant (without the signal peptide) and a "long"
variant (full length sequence). During transformation of synthetic plasmids into E. coli
BL21(DE3) expressing bacteria, it was found that pIVEX2.4d-MEG 2.1 isoform 1 with the
signal peptide (“M2.1L" - Fig. 4.36A and 4.36E) could not be inserted into the bacteria.
This transformation was repeated in three experiments and re-tested with a newly
synthesized plasmid. None of these experiments produced transformed colonies.
Therefore, only three plasmids, pIVEX2.4-MEG 2.1S (without signal peptide) and both
pIVEX4.2-M3.2is01-S and plVEX4.2-M3.2is02-L, were sent to Grenoble for pilot
expression. We later verified that the non-transforming pIVEX4.2-M2.1L with the signal
peptide can be transfected into Stellar Competent cells, a cloning strain of bacteria.
Therefore, this construct is probably so toxic that even minor leakage during the
transformation of the plasmid into bacteria causes their death. At the same time, it was
evident from all the transformations that even pIVEX4.2-M2.1S was much more difficult
to transform because there were significantly fewer colonies on the plates, compared
to the plVEX4.2-M3.2 isoform 1 constructs. This trend was already noticed during
bacterial expressions, where MEG 2.1 isoform 1 grew relatively slower than MEG 3.2
isoform 1, regardless of bacterial strain or tested expression conditions (see above and
in the Methodology 3.2.2 Expression in bacteria, Table 3.4, 3.5, and 3.6).

Figure 4.36 - E. coli BL21(DE3) transformed with cell-free expression pIVEX2.4d plasmids with MEG 2.1 isoform 1
and MEG 3.2 isoform 1 inserts (design detail in the supplementary data). A) construct pIVEX2.4d-TEV-PS-MEG2.1
(MEG 2.1 with signal peptide); B) construct pIVEX2.4d-TEV-PS-MEG3.2 (MEG 3.2 with signal peptide); C) construct
pIVEX2.4d-TEV-MEG2.1 (MEG 2.1 without signal peptide); D) construct pIVEX2.4d-TEV-MEG3.2 (MEG 3.2 without
signal peptide), E) repeated transformation of MEG 2.1 with signal peptide (construct pIVEX2.4d-TEV-PS-MEG2.1).
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Pilot expression in the cell-free expression system did not yield positive results. None of
the submitted constructs yielded proteins. Expressions were tested simultaneously with
the control GFP protein, whose correct expression was confirmed on both gel and
western blot (Fig. 4.37).

Chemiluminiscence detection Colorimetric detection

i1

Cell-free expression in 50 uL scale

|

==® Western Blot anti-His Tag - loaded 3 pL

of expressed protein

Expression of all the 3 constructs - MEG 2.1 without SP and MEG 3.2 with/without SP
(plasmid concentration for expression - 1ug/mL)

Figure 4.37 - Western Blot gels after cell-free expression of three constructs - MEG 2.1. isoform 1 without signal
peptide and MEG 3.2 isoform 1 (with and without signal peptide)

4.2.3 S2 expression

S2 Drosophila expression system is an efficient system for large quantities of protein and
at the same time it is one of the strategies to produce challenging target proteins,
especially eukaryotic ones. Even in this system, there is the possibility to secrete the
heterologous proteins into the media during expression, which is another benefit. For
expression in S2 cells, three constructs were cloned into the pMT/BiP/SLIN plasmid
(Barinka’s lab, BIOCEV, Vestec), which contains an insect signal peptide for protein
secretion into the medium (BiP) and a SLIN tag (Strepll - FLAG - TEV site - Strepll - TEV
site). Three constructs were cloned: MEG 2.1 isoform 1 “short” (without signal peptide),
MEG 3.2 isoform 1 with deletion of 16 amino acids (from N-terminus, V1) and deletion
of 20 amino acids (from N-terminus, V2). These two different deletions corresponded to
two versions of the predicted signal peptide for this isoform 1. Pilot and large volume
expressions showed that neither of the short versions of MEG 3.2 isoform 1 protein can
be expressed in S2 cells (Fig. 4.38B and 4.38C); however, MEG 2.1 isoform 1 without the
signal peptide was indeed expressed (Fig. 4.38A), although at lower concentrations (Fig.
4.38A).
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Figure 4.38 - SDS-PAGE gels after the gravity-flow column purification of MEG 2.1 isoform 1 (A), MEG 3.2 V1 (B)
and MEG 3.2 V2 (C) proteins expressed in S2 cells. P - pellet, INJ - injected sample, FT - flow-through, W1, W2, W3 -
column washes 1 - 3, E1, E2, E3, E4, E5, E6 - elutions 1 - 6, NaOH - wash with NaOH, P2 - 5x concentrated pellet. The
expected size of the MEG 2.1 protein without signal peptide (A) in the pMT/BiP/SLIN plasmid is 15 kDa, the expected
size of the first version of MEG 3.2 protein without signal peptide (B) 21 kDa and of the second version of MEG 3.2
protein isoform without signal peptide (C) is 21 kDa.

After gravity flow affinity chromatography, MEG 2.1 isoform 1 was further purified by
size exclusion chromatography (Fig. 4.39), transferred/dialyzed to phosphate buffer and
frozen to -80 °C.

1

Figure 4.39 - SDS-PAGE gels after triple SEC purification of the MEG 2.1 isoform 1 protein without signal peptide.
The purest fractions right after triple SEC purification.

After thawing and loading of all the fractions from the triple SEC purification on the gel,
it was found that most of the fractions had aggregated into several forms (Fig. 4.40), the
most abundant being a dimeric one. We tried to revert to the monomeric one by adding
either DTT or 1 M NaCl (Fig. 4.40A), but degradation of both samples was evident (first
two lanes in Fig. 4.40A).
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Figure 4.40 - SDS-PAGE gels after triple SEC purification of the MEG 2.1 isoform 1 protein without signal peptide -
after -80 °C storage. A - MEG 2.1S with DTT, MEG 2.1S with 1 M NaCl and selected potent fractions after SEC

purification applied to the gel. The expected size of the MEG 2.1 protein without signal peptide in the pMT/BiP/SLIN
plasmid is 15 kDa.

After subsequent concentration of the purest fractions and their loading on the gel, it
was evident that all the MEG 2.1 isoform 1 protein had aggregated from its monomeric
form (size) to a fraction that was twice the original protein size (Fig. 4.41). Moreover,
protein was lost upon concentration, confirming its intrinsic instability.

Figure 4.41 - SDS-PAGE gels after triple SEC purification of the purest concentrated fractions with MEG 2.1 isoform
1 protein without signal peptide - after -80 °C storage. The expected size of the MEG 2.1 protein without signal

peptide in the pMT/BiP/SLIN plasmid is 15 kDa.

We confirmed that both bands were indeed MEG 2.1 isoform 1 protein expressed in
insect cells by mass spectrometry (ULC-MS/MS). After the final pooling of all the
samples, we obtained 1250 ul at 72 uM. This concentration was not sufficient for NMR
structural analyses, but at least secondary structure measurements were made using
circular dichroism (see below Fig. 4.44). Part of the sample was dialyzed from 50 mM
sodium phosphate buffer at pH 8 to 10 mM MES buffer at pH 6 to perform CD
measurements (Fig. 4.44). As can be seen from Fig. 4.32 (fraction 7), prolonged storage
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of this protein in this buffer at -20 °C is not possible; complete aggregation occurred
(band at about 3 times the expected MW).

Therefore the low yield, the instability of the product and the high cost of this expression
system were the reasons for abandoning this strategy.

4.2.4 Yeast expression

MEG 2.1 isoform 1, MEG 3.2 isoform 1 and MEG 6 were cloned into Komagataella phaffii
pPICZaB cloning vector for secretory methanol induced expression (EasySelect™ Pichia
Pastoris Expression Kit For Expression of Recombinant Proteins Using pPICZ and pPICZa
in Pichia pastoris). Pilot expressions did not yield a single positive result for any of the
three proteins. Besides the negative results, yeast expression system also did not have
an existing protocol for further isotopic labeling, and therefore there was no
optimization and continuation with this express system.

4.3 Biophysical analysis

4.3.1 Chemical synthesis of MEG 2.1 isoforms 1, 2 and 3

Due to the above-described complications with obtaining a sufficient concentration of
sufficiently pure and isotopically labeled proteins, we chose the strategy of synthesizing
shorter peptides that would help in assembling the resulting structure of at least one
component of the MEG 2 family. For the production of synthetic peptides by
Genosphere Biotechnologies, the MEG 2.1 family was chosen because all its three
isoforms have a complete and validated sequence, unlike the proteins of the MEG 3.2
family, and there is also a clear alternative splicing, unlike MEG 6, which has only one
isoform. Moreover, the longest MEG 2.1 isoform 1 has a sequence of 88 amino acids,
whereas the longest isoform of MEG 3.2 isoform 1 has a sequence almost twice as long,
containing 156 aa (AOASK4EPCS8) or 145 aa (D7PD52), which would be considerably more
challenging to synthesize.

The primary chosen strategy was the production of three complete synthetic isoforms,
i.e., isoforms 1, 2 and 3 of the MEG 2.1 protein (Fig. 4.42). Due to the length of the first
isoform with the signal peptide (88 aa), which would be difficult to synthesize, we
decided to go for a version without the signal peptide (66 aa in length, hereafter named
iso 1). Despite the sequences of MEG 2.1 iso 1 (64 aa), isoform 2 (34 aa) and isoform 3
(26 aa) were sent to be chemically synthesized at the same time, only iso 1 and isoform
3 were successfully synthesized. Synthesis of isoform 2 was repeatedly unsuccessful and
after several months of attempts was terminated by Genosphere. For this reason, we
decided to split it into two peptides (iso 2a - 18 aa and iso 2b - 16 aa).

After initial NMR analyses of iso 1, it was obvious that it would not be possible to
perform a complete assignment of all 66 amino acids. For this reason, it was divided into
three peptides: iso 1a (19 aa), iso 1b (17 aa) and iso 1c (31 aa).
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Finally, isoform 1c was divided, because it turned out that even 31 amino acids (with
significant repeats in the sequence) could not be completely assigned. This isoform was
therefore split into two further peptides, namely iso 1f (15 aa) and iso 1g (16 aa).
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Figure 4.42 - Design of nine synthesized peptides for structural analysis of the MEG 2.1 family (isoforms 1, 2 and 3)
using NMR. Individual peptides are designed named as follows: isoform 1 (iso 1, 66 aa sequence without signal
peptide - magenta), isoform 1a (iso 1a, 19 aa sequence - orange), isoform 1b (iso 1b, 17 aa sequence - lime green),
isoform 1c (iso 1c, 31 aa sequence - violet), isoform 1f (iso 1f, 15 aa sequence - bubble gum pink), isoform 1g (iso 1g,
16 aa sequence - royal blue), isoform 2a (iso 2a, 18 aa sequence - red), isoform 2b (iso 2b, 16 aa sequence - dark
green), isoform 3 (iso 3, 26 aa sequence - dark cyan).

4.3.2  Sample solubility

A major challenge that had to be overcome in the process of biophysical analysis of the
synthetic peptides was their very poor solubility in practically all commonly used
solvents. In the first place, the buffer used for the preparation was the one used for the
purification of recombinant proteins: 20 mM Tris/HCI, pH 8.5 with 500 mM NaCl. To 400
pL of this buffer was added 1 mg of the synthetic iso 1 and 100 uL of D20. The peptide
was quite visibly insoluble in this buffer and after measuring the first 1D *H spectrum it
was obvious that this buffer would not be suitable for solubilization. Next, a sample with
400 plL of the same buffer was tested with the progressive addition of DMSO-d6 (from
100 to 400 uL). The addition of DMSO-d6 partially helped solubility, but even a 1:1 ratio
of Tris/HCI and DMSO-d6 did not result in complete solubility of the peptide. The last
test was the dissolution of the synthetic peptide in 100 % DMSO-d6, which led to its
complete solubilization. All synthetic peptides were further dissolved in DMSO-d6 to
maintain identical conditions of analysis.

Unfortunately, DMSO-d6 is completely unsuitable as a solvent for circular dichroism
measurements. For this reason, a variety of solvents were tested that would be suitable
for CD analysis and at the same time would keep the synthetic peptides in solution.
Solvents that were tested for compatibility with CD analyses were: chloroform, acetone,
methanol, ethanol, isopropanol, acetic acid, trifluoroethanol (TFE) and acetonitrile.
Acetonitrile, methanol, isopropanol, chloroform, and acetic acid are solvents
recommended for the solubilization of poorly soluble peptides. The only solvent that did
not interfere with the CD measurement, by not absorbing between 180 and 250 nm,
and at the same time that was able to partially solubilize the synthetic peptides was
acetonitrile. However, even in acetonitrile, the peptides were not completely soluble
(even after stirring overnight), therefore the samples were prepared by leaving them for
several hours, then centrifuged and the supernatant was collected for CD analysis. The
samples prepared in this way had a concentration between 1 - 10 uM. The addition of
1:1 TFE to acetonitrile increased their solubility.
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4.3.3 Circular dichroism

Despite all the above-described challenges with the solubility of the peptides and the
search for a suitable solvent, it was possible to record CD spectra of all peptides of all
three isoforms of the MEG 2.1 family (Fig. 4.43). The first peptide measurement was
performed in 100% acetonitrile and the second measurement was performed in 1:1
acetonitrile and TFE. TFE was chosen because it’s known to increase the helicity of the
protein/peptide (Myers, Nick Pace, and Martin Scholtz 1998) and we wanted to verify
the stability of the secondary structure (or its changes) in both solvents. MEG 2.1 iso 1
in acetonitrile (first graph in Fig. 4.43A) showed a positive ellipticity value at 190 nm,
while between 208 and 222 nm it had a slightly negative ellipticity value, indicating the
presence of helical regions. The addition of 50% TFE to the sample enhanced this helicity
trend (first graph in Fig. 4.43B). The presence of helix in the structure was also observed
for isoform 3 dissolved in 100 % acetonitrile (the last graph in Fig. 4.43A). Indeed isoform
3 is a predicted signal peptide of MEG 2.1 isoforms 1 and 2, and simultaneously is
strongly hydrophobic (highest GRAVY index of all compared MEG proteins - Annex A.
The measured spectra of both peptides of MEG 2.1 isoform 2 (two middle graphs in the
Fig. 4.43A) were relatively noisy and both in 100 % acetonitrile showed only a slight
trend of one negative peak in the 220 nm region, indicating the nature of the disordered
protein. This single negative peak around 220 nm was enhanced by the addition of 50 %
TFE (two middle graphs in Fig. 4.43B), which did not push the structure towards the
helix, but only enhanced the solubility of these peptides. Thus, there is no doubt that
the two derived peptides of MEG 2.1 isoform 2 possess a disordered structure.
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Figure 4.43 - CD spectra of MEG 2.1 iso 1, 2a, iso 2b, and iso 3 recorded at 25 °C in 100 % acetonitrile (A) and 50 %

acetonitrile + 50 % TFE (B). Samples were prepared from the chemically synthesized peptides resuspended in

acetonitrile and/or acetonitrile/TFE; spectra were recorded for the supernatant after centrifugation. The initial

peptide concentration was set to 10 - 20 uM.
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As previously mentioned, the expression of isoforms in S2 and E. coli with rifampicin did
not give a sufficient yield for NMR analysis, but CD spectra could be recorded. Indeed,
the CD spectrum of MEG 2.1 isoform 1 protein (without signal peptide but with SLIN tag)
expressed in S2 cells shows the presence of alpha helix in the structure (Fig. 44), even
though the helix is less obvious than in the case of the CD spectrum for isoform 1 without
the signal peptide with 50 % TFE:50% acetonitrile (Fig. 4.43, panel B for iso 1).

Ellipticity, mdeg

0,025

A,nm

Figure 4.44 - CD spectra of MEG 2.1 isoform 1 protein without signal peptide expressed in S2 cells, purified, and
dialyzed in 10 mM MES buffer at pH 6. The protein concentration was 24 pM.
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From the spectra measured for MEG 3.2 isoform 1 protein in 50 mM Tris/HCI buffer at
pH 8 (Fig. 4.45A) and 10 mM MES buffer at pH 6 (Fig. 4.45B) it was not possible to
determine the secondary structure. This could be caused either by a low concentration
of the protein or by its instability in buffers without NaCl. In the Tris/HCI buffer, the
oversaturation of the signal in the region between 210 - 205 nm is visible and in the MES
buffer, there is a noticeable degradation of the sample. Measurement in MES buffer
resulted in slightly negative values in the whole spectral range, so it is possible to assume
that the concentration of the sample was too low or the protein without the presence
of NaCl precipitated and sedimented to the bottom of the CD cuvette.
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Figure 4.45 - CD spectra of MEG 3.2 recombinant protein in 50 mM Tris/HCI buffer pH 8 (A) 1 uM and 10 mM MES
buffer pH 6 (B) 5 uM.

4.3.4 Dynamic Light Scattering (DLS)

We tried to understand the quaternary assembly of MEG 3.2 isoform 1 purified from
rifampicin-blocked bacterial cells, by means of DLS. The size distribution profile is
presented in Fig. 4.46. These measurements indicated the presence of two populations
of particles in the sample. The larger particles with a hydrodynamic diameter of 470.6
nm were significantly more abundant (92.4 % of the volume) and a small fraction of the
sample volume was made up of particles with a diameter of 93.74 nm. The polydispersity
index (Pdi) has a value of 0.521, indicating that this sample is polydisperse, but still
measurable by DLS (Danaei et al. 2018). Before DLS measurement, MEG 3.2 isoform 1
had to be dialyzed from 1 M NaCl buffer to 200 mM NaCl buffer, as previously
mentioned, lowering the ionic strength led to almost immediate visible precipitation.
Therefore, the result is not surprising: the more abundant population of larger particles
is likely to be the precipitated form of an aggregated protein, despite the presence of a
reducing agent and of glycerol in the buffer. In fact, the expected MW of this isoform is
21 kDa, which should correspond to a hydrodynamic diameter below 10 nm.
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Results Results

Size (d.n... % Intensity  Width (d.n... Size (d.n... % Volume  Width (d.n...

Z-Average (d.nm): 6251 Peak1: 4621 93,0 49,49 Z-Average (d.nm): 625,1 Peak1: 4706 924 69,89
Pdl: 0,521 Peak 2: 94,04 7.0 6,114 Pdl: 0,521 Peak 2: 93,74 76 11,29
Intercept: 0,925 Peak 3: 0,000 0,0 0,000 Intercept: 0,925 Peak 3: 0,000 0,0 0,000
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Figure 4.46 - DLS distribution of MEG 3.2 protein expressed in E. coli, purified in 50 mM Tris/HCI pH 8, 200 mM NaCl,
10 % glycerol, 5 mM BME buffer. Protein concentration was 0.32 mg/ml.

4.3.5 Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique used in the
determination of molecular structures. It provides information about the 3D
arrangement of atoms within molecules, the arrangement of molecules in space,
molecular dynamic, molecular interactions, etc. NMR spectroscopy exploits the
magnetic properties of atomic nuclei containing an odd number of protons and/or
neutrons. Proteins are mainly composed of hydrogen, carbon, and nitrogen atoms. To
fulfill the NMR rules, isotopic labelling is mandatory for carbon (*3C) and nitrogen (*°N)
since *2C has no spin value (I = 0) and **N is a quadrupolar nucleus (I = 1) that complexify
the NMR data analysis. When placed in a strong magnetic field, these nuclei absorb and
emit energy at characteristic frequencies, revealing information about their chemical
environment. The same type of nuclei in different electron environment will behave
differently because of the shielding effect of electrons and this difference in their
environment is defined as the chemical shift.

The chemical shifts observed in an NMR spectrum provide insights into the local
electronic environment of each nucleus. In proteins and peptides, these shifts are
sensitive to factors such as the amino acid type, secondary structure, hydrogen bonding,
and solvent interactions. By analyzing the chemical shifts, it is possible to determine the
types of atoms present and gain initial information about the molecular structure. After
the transformation of the obtained signals from NMR analyses, it is possible to proceed
to the assignment of specific resonances to individual atoms within the molecule. Based
on these assignments and on the known geometrical constrains of each individual amino
acid, the 3D structure of the molecule is then built; in the case of peptides and proteins,
the structure can be reconstructed using automatic structural calculation software
(Barron 2015; Jacobsen 2007; Balci 2005).

For the structural analysis of all the synthetic peptides a combination of homonuclear
(ZTOCSY, NOESY) and heteronuclear (*H-°N HSQC, *H-13C HSQC, *H-13C HSQC-TOCSY)
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experiments was used. Bidimensional (2D) NMR experiments were interleaved with
monodimensional (1D) H experiments to check the stability of the peptide. Verification
of stability (and possible detection of peptide degradation) was important because of
the duration of the measurements. To increase the signal to noise ratio (SNR), of our
samples, in which 3C (1.1%) and >N (0.4%) abundance was the natural one, the
measurements could last up to 7 full days. All the synthetic peptides were measured at
a concentration of 2 mM in DMSO-d6, at a temperature of 27 °C with the use of Varian
Inova spectrometer operated at a 'H frequency of 600 MHz (14.1 T) equipped with a
triple HCN cryoprobe enhanced in *H and 3C. Isoform 1 (iso 1, without signal peptide)
and isoform 3 (iso 3) were simultaneously measured on the Bruker Neo spectrometer
operated at a *H frequency of 1.2 GHz (28.2 T) equipped with a triple HCN cryoprobe.
Another challenge that had to be overcome after the solubilization of the synthetic
peptides was the significant signal intensity of DMSO-d6 (2.54 ppm) (Babij et al. 2016)
and H0 in DMSO-d6 (3.33 ppm). A 'H 1D spectrum was recorded for each peptide and
the peaks of DMSO-d6 and H.O in DMSO-d6 were determined. The peaks thus
determined were then presaturated with 6 dB intensity for homonuclear experiments
and 12 dB for *H-13C HSQC and *H-13C HSQC-TOCSY experiments. For some isoforms the
signals of DMSO-d6 and H,O in DMSO-d6 were very intense and made it difficult to
assign peaks in the region around 2.7 ppm and 3.3 ppm. This was the case of amino acids
with beta protons (HBs) lying in these regions, such as Asn, Asp and Cys. Despite the fact
that the spectra were measured in the natural abundance of *3C and *°N, we obtained
almost complete assignments for the H, >N and 3C chemical shifts for all peptides
except foriso 1 (MEG 2.1 isoform 1 without signal peptide, Fig. 4.47) and isoform 1c (iso
1c, Fig. 4.60). The *H-N HSQC spectrum of iso 1 showed only 30 assignable peaks out
of 64 aa (Fig. 4.47) and the *H-°N HSQC spectrum of iso 1c showed only 13 peaks out of
31 aa (Fig. 4.60). For this reason, these two isoforms were divided into several smaller
peptides: iso 1 was divided into iso 1a, iso 1b and iso 1c; iso 1c was further divided into
iso 1fandiso 1g (Fig. 4.47). Peak lists of all the peptides described below are in the tables
in Annex C.
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Figure 4.47 - 2D 'H-15N HSQC experiment of MEG 2.1 isoform 1 without SP (64 aa, D25-P88), iso 1a (residues D25-
K43, sequence cyan), iso 1b (17 aa, residues G42-558, sequence red), iso 1f (15 aa, residues $58-R72, sequence green)
and iso 1g (16 aa, residues M73-P88, sequence violet) peptides in DMSO-d6 at a concentration of 2 mM. All the
experiments have been recorded at 27 °C with a Bruker Neo spectrometer operating at a 'H frequency of 1.2 GHz for
the isoform 1 (25-88) and with Varian Inova spectrometer operating at a H frequency of 600 MHz for iso 13, iso 1b,
iso 1f, and iso 1g. The two spectrometers are equipped with a triple HCN cryoprobe. The residues numbering is

displayed in each spectrum. The sequences are displayed at the bottom of the figure.
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As can be seen from Fig. 4.47, the splitting of the uncut isoform 1 into shorter peptides
allowed the complete assignment of NH correlations. Thus, for the 'H-1>N HSQC
assignment, 19 out of 19 aa of iso 1a (Fig. 4.47), 15/17 aa (2 Pro) of iso 1b (Fig. 4.47),
14/15 aa (1 Pro) of iso 1f (Fig. 4.47) and 15/16 aa (1 Pro) of iso 1g (Fig. 4.47) were
identified. Indeed proline residues cannot be detected in this experiment. At the same
time, it should be noted that all the synthetic peptides resonances are located in a very
narrow spectral range from 7.6 to 8.3 ppm, which not only makes their assignment more
challenging but also points to their intrinsically disordered protein (IDP) character
(Dyson and Wright 2021).

As already mentioned, efforts of the Genosphere company to synthesize isoform 2 in its
complete sequence range (without the signal peptide, 52 aa) were terminated after
three unsuccessful attempts. This resulted in the division of this isoform into two
peptides (iso 2a and iso 2b, Fig. 4.48). The H-°N HSQC experiment allowed the
complete N assignment of 18/18 aa of iso 2a (Fig. 4.48) and 15/16 aa of iso 2b (Fig.
4.48), since here the last amino acid is a proline, that cannot be detected in this
experiment. Even these two peptides have resonances in a very narrow spectral range
from 7.6 to 8.2 ppm; however, the peaks were less clustered in only one part of the
spectrum, as it was the case for all the studied peptides.
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Figure 4.48 - 2D H-15N HSQC experiment of MEG 2.1 isoform 2a (18aa, residues V19-C36, sequence blue) and iso 2b
(16aa residues C37-P52, sequence pink) peptides in DMSO-d6 at a concentration of 2mM. All the experiments have
been recorded at 27 °C with a Varian Inova spectrometer operating at a 1H frequency of 600 MHz and equipped with
a triple HCN cryoprobe. The residues numbering is displayed in each spectrum. The sequences are displayed at the
bottom of the figure.
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Isoform 3, which is composed of 26 amino acids, is predicted as a signal peptide and is
common to all the MEG 2.1 isoforms. It contains a high number (7) of leucine residues
in the sequence, which increases its hydrophobicity (Annex A). The H-°N HSQC
spectrum assignment was successfully performed for 25/26 aa since the last amino acid
is a proline (Fig. 4.49).
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Figure 4.49 - 2D H-15N HSQC experiment of MEG 2.1 isoform 3 peptide (26 aa, residues M1-P26) in DMSO-d6 at a
concentration of 2mM. The experiment has been recorded at 27 °C with a Varian Inova spectrometer operating at a
1H frequency of 600 MHz and equipped with a triple HCN cryoprobe. The residues numbering is displayed in the
spectrum. The sequences are displayed at the bottom of the figure.

The assignment of MEG 2.1 iso 1 (64 aa) was quite challenging. As already mentioned,
only 30 amino acids could be identified in the NMR spectra. In order to obtain higher
resolution and sensitivity to achieve the most complete possible assignment, NMR
experiments were performed not only on Varian Inova spectrometer operating at a H
frequency of 600 MHz (14.1 T), but also in a magnetic field twice as strong on the Bruker
Neo spectrometer operated at a *H frequency of 1.2 GHz (28.2 T) and equipped with a
triple HCN cryoprobe (Fig. 4.50 and 4.51). From these spectra, overlay is obvious that
the measured resonances overlap well, but unfortunately, the increase in the strength
of the magnetic field did not lead to the acquisition of a larger number of resonances.
All measured spectra contained only half of the theoretical resonances, regardless of
the instrument.
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Figure 4.50 - Overlay of H-'5N HSQC spectra recorded at a 1H frequency of 1.2 GHz (red) and 600 MHz (blue) for
the isoform 1 at 2 mM dissolved in DMSO-d6. Experiments have been recorded at 27 °C with Bruker Neo
spectrometer operated at a H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe and with
Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe
enhanced in 'H and 3C.

At the same time, all resonances were grouped within 0.6 ppm, which makes not only
the aforementioned *H->N HSQC assignment difficult nor the *H-13C HSQC (Fig. 4.51),
but also the *H-'H NOESY assignment (Fig. 4.52), which is crucial for determining the 3D
structure.

In this narrow region of the spectrum, it was difficult to distinguish individual resonances
in the *H-H TOCSY spectrum, so it was even more difficult to distinguish resonances and
noises in the 'H-'H NOESY spectrum. Therefore, it was decided to proceed with the
assignment of the 4 peptides issued from this longer one.
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Figure 4.51 - Assignments of 2D 1H-13C HSQC of MEG 2.1 isoform 1 peptide without SP (64 aa, residues D25-P88)
peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Bruker Neo
spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe.
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Figure 4.52 - Assignments of 2D *H-'H NOESY (mixing time 120 ms) of MEG 2.1 isoform 1 peptide without SP (64 aa,

residues D25-P88) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with
Bruker Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe.
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Given the high proportion of cysteine in the sequence, it is reasonable to ask if disulfide
bonds are formed. We wanted to test this theory by reducing these putative bonds. For
this purpose, we added tris(2-carboxyethyl)phosphine (TCEP) to the sample of isoform
1in DMSO-d6. Unfortunately, in the course of this experiment, the sample degraded, so
this hypothesis could not be confirmed or refuted. At the same time, due to the high
concentration of the sample, the formation of disulfide bonds between the individual
peptides could not be excluded.

The 1.2 GHz spectrometer was also used to test the hypothesis of stabilization of the
structure of isoform 1 by Zn?* ions (zinc finger) in the region from C36, C37 to C48, C49.
This sequential arrangement of cysteine could resemble the Cys-Cys-Xi0-Cys-Cys
structure of a putative zinc finger motif. Therefore, 3 mM ZnCl; was added to the 2 mM
iso 1 peptide in DMSO-d6 sample and 'H->N HSQC and 'H-13C HSQC spectra were
recorded. These spectra were then overlayed with spectra without the addition of ZnCl,
and both spectra were found to be completely superimposed (Fig. 4.53). From this
result, it can be concluded that the formation of the zinc finger in isoform 1 does not
occur. Other possible structural elements of isoform 1 are described below (in the
structure refinement section).
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Figure 4.53 - Overlay of 2D 1H-1*N HSQC and 2D *H-'3C HSQC of MEG 2.1 isoform 1 peptide without SP (64 aa,
residues D25-P88) peptide in DMSO-d6 at a concentration of 2 mM with the addition of 3 mM ZnCl;. A - 2D 1H-15N
HSQC of isoform 1 without 3 mM ZnCl; (red) and with 3 mM ZnCl; (blue); B - 2D 1H-13C HSQC of isoform 1 without 3
mM ZnCl, (red/green) and with 3 mM ZnCl, (blue/cyan); experiments have been recorded at 27 °C with Bruker Neo
spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe.

The first peptide derived from isoform 1 is iso 1a. Its length is 19 aa, and it contains 3
cysteines, 3 aspartic acids and the DINDITCNKTVC motif, which is also present in isoform
23, due to the nature of the MEG 2.1 alternatively spliced isoforms. The repetitive DINDI

motif was one of the challenges of the assignment of this peptide. For this peptide, an
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assignment of 75 % 'H, 13C and *N chemical shifts was achieved (132 assigned
resonances out of 176 theoretical ones), as can be seen in Fig. 4.47, 4.54, 4.55, and 4.56.
The distribution of resonances in the narrow spectral range again made the assignment
of the *H-'H NOESY (Fig. 4.55) spectrum more time consuming. At the same time, the
1H-13C HSQC-TOCSY experiment was not as helpful as in the case of the other peptides
(Fig. 4.56B).
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Figure 4.54 - Assignments of 2D 1H-13C HSQC MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H
frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-19).
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Figure 4.55 - Assignments of 2D 'H-'H NOESY of MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H

frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-19).
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Figure 4.56 - Complementary unassigned spectra of 1H-'H TOCSY (A) and 1H-13C HSQC-TOCSY (B), which were also
used for the assignment of MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at a concentration of 2 m.
Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz

(14.1T) and equipped with a triple HCN cryoprobe enhanced in *H and 13C.

Isoform 1b contains 17 aa of which three lysines, three cysteines, three glycines and two

prolines. The motif of this sequence is unique to this isoform. The resonances of the 'H-
15N HSQC spectrum were slightly better separated than for iso 1a, which helped in the
assignments. For iso 1b, 83 % of the assignment was achieved for all of the *H, 3C and
15N chemical shifts: 142 assigned resonances out of 172 theoretical ones (Fig. 4.47, 4.57,
4.58 and 4.59). The more complex parts of assignments in this sequence were the GKKG

repetitive motive and the final PIPS part.
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Figure 4.57 - Assignments of 2D H-13C HSQC MEG 2.1 isoform 1b (17 aa, G42 - S58) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H
frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in 1H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-17).
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Figure 4.58 - Assignments of 2D 1H-'H NOESY (mixing time 400 ms) of MEG 2.1 isoform 1b (17 aa, G42 - $58) peptide
in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer
operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in *H and 3C.

Assignments of amino acids are numbered within the analyzed peptide (1-17).
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Figure 4.59 - Complementary unassigned spectra of 1H-'H TOCSY (A) and 1H-13C HSQC-TOCSY (B), which were also
used for the assignment of MEG 2.1 isoform 1b (17 aa, G42 - S58) peptide in DMSO-d6 at a concentration of 2 mM.
Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz
(14.1T) and equipped with a triple HCN cryoprobe enhanced in *H and 13C.

Isoform 1c is composed of 31 aa and covers the entire C-terminus of MEG 2.1 isoform 1.
As already mentioned, and as can be seen from Fig. 4.60A, the *H-N HSQC spectrum
does not cover even half of the amino acids. Without a good quality *H-1°>N HSQC
spectrum the assignment is very difficult and in the case of iso 1c, all resonances were
again in a very narrow spectral range (Fig. 4.60C, 4.60D). At the same time, the *H-13C
HSQC-TOCSY (Fig. 4.60E) experiment also brought very few resonances that could help
in the assignment. Therefore, we decided to split the 1c isoform into two peptides to
achieve a complete assignment of this sequence.
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Figure 4.60 - MEG 2.1 isoform 1c - long version of the peptide (31 aa, S58 - P88) in DMSO-d6 at a concentration of
2mM. A - 2D 'H-15N HSQC; B - 2D H-13C HSQC; C - 2D H-1H TOCSY (mixing time 80 ms); D - 2D *H-1H NOESY (mixing
time 400 ms); E - H-13C HSQC-TOCSY; experiments have been recorded at 27 °C with Varian Inova spectrometer
operated at a 'H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in *H and 13C.
Dividing iso 1c into two shorter peptides allowed us to significantly increase the number
of visible resonances in all spectra, not only in the *H->N HSQC (Fig. 4.47). Isoform 1f is
composed of 15 aa and contains a significant number of repeats; it also contains three
consecutive leucines, two arginines and two glutamines (in the QRHQR motif). Despite
these sequence composition rich in repetitions and three clustered leucines, it was
possible to identify 14/15 amino acids in the *H-°N spectrum (15™ aa was proline) and
89 % of the H, 13C and >N chemical shifts (148 assigned resonances out of 166
theoretical ones). H-13C HSQC-TOCSY spectrum was only used for checking the
assignment because all the necessary information was obtained from *H-N HSQC, H-
13C HSQC (Fig. 4.61), *H-H TOCSY (Fig. 4.63) and *H-'H NOESY (Fig. 4.62) spectra. Indeed,
the peaks of iso 1f were well separated even for 'H-'H TOCSY and 'H-'H NOESY
experiments.
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Figure 4.61 - Assignments of 2D 1H-13C HSQC MEG 2.1 isoform 1f (15 aa, S58 - R72) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H

frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-15).

108



'H (ppm)

P
6- e . - ey - - “«s - r__ a 8. 8 .6
B -
. ; .
3 ! = e
3 o - R -
] ° 38 e o = §8Bo <= L
8 .? o9 oo o g- ?‘?‘.’;;g Lot 8
T T T T T T T T T T T T T i
8 6 4 2
'H (ppm)

Figure 4.62 - Assignments of 2D 1H-1H NOESY (mixing time 400 ms) of MEG 2.1 isoform 1f (15 aa, S58 - R72) peptide
in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer
operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in 'H and 13C.
Assignments of amino acids are numbered within the analyzed peptide (1-15).
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Figure 4.63 - Complementary unassigned spectra of 1H-'H TOCSY which was also used for the assignment of MEG
2.1 isoform 1f (15 aa, S58 - R72) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded
at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple
HCN cryoprobe enhanced in 1H and 13C.

Isoform 1g contains 16 aa and is the C-terminal part of isoform 1; it contains a terminal
FIYTP motif common to isoform 2 and a YTP motif common to isoform 3. The sequence
contains three glutamic acids (two of which are consecutive), two tyrosines and two
asparagines. Of the four peptides synthesized from MEG 2.1 isoform 1, this one gave the
best assighment result (91 %) for all of the *H, 3C and >N chemical shifts, 160 assigned
resonances out of 177 theoretical ones (Fig. 4.64, 4.65 and 4.66). In the *H->N HSQC
spectrum, all peaks were assigned, as shown in Fig. 4.47.
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Figure 4.64 - Assignments of 2D *H-*3C HSQC MEG 2.1 isoform 1g (16 aa, M73-P88) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H
frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-16).
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Figure 4.65 - Assignments of 2D 1H-1H NOESY (mixing time 400 ms) MEG 2.1 isoform 1g (16 aa, M73-P88) peptide
in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer

operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in 'H and 13C.
Assignments of amino acids are numbered within the analyzed peptide (1-16).
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Figure 4.66 - Complementary unassigned spectra of 1H-'H TOCSY (A) and 1H-13C HSQC-TOCSY (B), which were also
used for the assignment of 1g (16 aa, M73-P88) peptide in DMSO-d6 at a concentration of 2 mM.. Experiments have
been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped
with a triple HCN cryoprobe enhanced in 1H and 13C.

For a better demonstration of how many resonances were obtained by splitting isoform
1c into two peptides (1f and 1g), the *H-N HSQC and *H-*3C HSQC (Fig. 4.67B) spectra
of these three peptides were superimposed (Fig. 4.67). In the *H->N HSQC spectrum
(Fig. 4.67A) not only is the complete superposition of all peaks of isoform 1c with the
shorter peptides 1f and 1g is visible, but at the same time it is apparent at first glance
that this division of 31 aa into 16 aa and 15 aa resulted in a doubling of the number of
assignable resonances. The !H-13C HSQC spectrum suggests the same conclusion,
although it must be noted that the *H-'3C HSQC spectrum of isoform 1c gave us more
resonances than the H->N HSQC spectrum; with the shorter peptides strategy we
obtained primary carbon peaks in the C-H and aromatic chemical shift regions (Fig.
4.608B).
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Figure 4.67 - Overlay of three 2D *H-*>N HSQC (A) and 2D 1H-13C HSQC (B) spectra - of the isoform 1c (31 aa) and
two isoforms formed by the splitting of this long isoform into two peptides: 1f (15 aa) and isoform 1g (16 aa). A -
the long version of isoform 1c (31 aa) - red; peptide 1f (15 aa) - green, peptide 1g (16 aa) - blue. B - the long version
of isoform 1c (31 aa) - red/green; peptide 1f (15 aa) - blue/yellow, peptide 1g (16 aa) - crimson/cyan. All the
experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 'H frequency of 600 MHz
(14.1T) and equipped with a triple HCN cryoprobe enhanced in H and 13C.

Finally, the measured *H->N HSQC spectra of all four peptides formed from isoform 1
(iso 1a, iso 1b, iso 1f, iso 1g) were superposed with isoform 1 (Fig. 4.68). Even in this
spectrum, the peaks of isoforms 1f and 1g are overlapping relatively well with the peaks
of isoform 1. On the contrary, iso 1a and iso 1b do not overlap with the resonances of
isoform 1 nearly at all. Indeed, resonances of L64-Q68, Q71, K74-L77 and 185 are closely
superimposed and resonances of T59, C81, and Y86 show a slight variation of their
chemical shifts in the uncut isoform 1 (25-88) compared to the two peptides iso 1f and
iso 1g. We also observed that the division into shorter peptides had only a slight effect
on the chemical shifts of the residues S58 to T87, which does not imply any drastic
change in the electronic environment, such as secondary structural change.
Unfortunately, the N-terminal part of MEG 2.1 isoform 1 is part of the peptide, whose
resonances are missing in the *H->N HSQC spectra measured at both 600 MHz and 1.2
GHz (Fig. 4.47 and 4.52), so it was not possible to perform their assignment. For this
reason, no conclusion can be drawn about the N-terminal structure of this MEG 2.1

isoform 1.
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Figure 4.68 - Detailed overlay of all individual peptides of MEG 2.1 isoform 1 (iso 1a - blue, 1b - green, 1f - magenta,
and 1g - yellow) with the complete isoform 1 (without SP, red in all the spectra). Peptides in DMSO-d6 at a
concentration of 2 mM and all the experiments have been recorded at 27 °C with Varian Inova spectrometer operated
at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C.

Isoform 2a (Fig. 4.48) was assigned at 83 %, with 142 assigned peaks out of 172
theoretical ones (Fig. 4.70, 4.71, and 4.72). Thanks to the well-separated resonances of
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the 'H->N HSQC spectrum it was possible to assign all amino acids despite the fact that
the chemical shifts gathered again in the narrow spectral range. Isoform 2a is 18 aa long,
and contains three cysteines, two aspartic acids, two asparagines, two isoleucines and
two valines. This isoform is the second most hydrophobic of all synthetic peptides. At
the same time, a large part of this isoform corresponds to isoforms 1 and 1a because
they share the DINDITCNKTVC motif. This isoform proved to be highly unstable
compared to other peptides and its degradation occurred within one week (Fig. 4.69).
As part of the degradation, it was possible to observe the loss of some assigned peaks
and the appearance of new ones.

86 84 82 80 78 76 74

M
e
1 1
110 o
0
(€] o o 2 G
E 115 115 = °
. - °® @ ‘
£ L S H
. 3 93
3 ] $-
® 9 9 3
° .
©y !
120 ) g @ '@' 120 B L ; .
@ )
5 @ 5
8.6 84 8.2 8.0 78 76 7.4 85 80 75

;- "H (ppm) @,- "H (ppm)

Figure 4.69 - Overlay of three 2D 1H-1>N HSQC spectra and 2D ‘H-'H TOCSY spectra of isoform 2a collected at
different times. Superimposed are the results of the samples prepared on 08/08/22 (lime), 11/10/22 (blue) and
10/11/22 (crimson). All these samples were measured on three consecutive days to determine the rate of
degradation. The first sample (lime) was by then 3 months old, the second (blue) was 1 month old and the last sample
(crimson) was measured as a freshly prepared "reference".
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Figure 4.70 - Assignments of 2D 1H-13C HSQC MEG 2.1 isoform 2a (18 aa, V19 - C36) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H
frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assignments of
amino acids are numbered within the analyzed peptide (1-18).
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Figure 4.71 - Assignments of 2D ‘H-'H NOESY (mixing time 400 ms) MEG 2.1 isoform 2a (18 aa, V19 - C36) peptide
in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer
operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in 'H and 13C.
Assignments of amino acids are numbered within the analyzed peptide (1-18).
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Figure 4.72 - Complementary unassigned spectra of 1H-'H TOCSY (A) and 1H-13C HSQC-TOCSY (B), which were also
used for the assignment of 2a (18 aa, V19 - C36) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have
been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped
with a triple HCN cryoprobe enhanced in *H and 13C.

Isoform 2b is part of MEG 2.1 isoform 2, which was subjected to alternative splicing. It
contains a part of the motif identical to isoforms 1 and 1a - CASEDGK - and at the same
time the terminal part of FIYTP identical to isoforms 1 and 1g (of which the YTP motif is
also identical to isoform 3). It was possible to assign 15/16 amino acids in the *H-1°N
HSQC spectrum (16th aa is again proline). The overall assignment of all of the *H, 3C and
15N chemical shifts of the 2b isoform was 96 %, with 151 assigned resonances out of 157
theoretical ones (Fig. 4.48, 4.73, 4.74, and 4.75).
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Figure 4.73 - Assignments of 2D H-13C HSQC MEG 2.1 isoform 2b (16 aa, C37 - P52) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H
frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and 13C. Assighments of
amino acids are numbered within the analyzed peptide (1-16).
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Figure 4.74 - Assignments of 2D *H-'H NOESY (mixing time 400 ms) MEG 2.1 isoform 2b (16 aa, C37 - P52) peptide
in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer
operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in *H and 13C.
Assignments of amino acids are numbered within the analyzed peptide (1-16).
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Figure 4.75 - Complementary unassigned spectra of 1H-1H TOCSY (A) and 1H-13C HSQC-TOCSY (B), which were also
used for the assignment of 2b (16 aa, C37 - P52) peptide in DMSO-d6 at a concentration of 2 mM. Experiments
have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and
equipped with a triple HCN cryoprobe enhanced in *H and 13C.

Moreover, we can notice that *H->N HSQC spectra of iso 1a and iso 2a, as well as spectra
of iso 1a, iso 1d and iso 2b show several chemical shift superpositions (for example

26INDI?° and 8*FIYT®’) indicating a conserved similar structural organization (Fig. 4.76).
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Figure 4.76 - Overlay of 2D H-1>N HSQC spectra - of the MEG 2.1 isoform 1 and MEG2.1 isoform 2 peptide. A -
overlay of isoform 1a, 1g and 2b; B - overlay of isoform 1a and 2a. Experiments have been recorded at 27 °C with
Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe
enhanced in 1H and 13C.

Isoform 3 is the most dramatically spliced isoform of the MEG 2.1 protein, consisting of
26 aa, which contains, among others, 7 leucines, and 3 valines (both of the residues are
often in the sequence immediately after each other). The fact that more than 1/3 of the
sequence consists of hydrophobic residues makes it the most hydrophobic isoform of
those studied here. Isoform 3 is a predicted signal peptide of the MEG 2.1 family; thus,
such high hydrophobicity is not surprising. From CD data analysis, we showed that
isoform 3 exhibits the features of a helix, which confirmed the ab initio prediction by Al
tools. Assignment of isoform 3 was highly challenging not only because of the repetitions
of hydrophobic amino acids and motifs such as LLQLLV, but also because all resonances
were concentrated within 1 ppm of spectral range. This was a major problem for the
assignment of *H-'H TOCSY and especially *H-'H NOESY spectra. Despite all the described
complications, it was possible to achieve the overall assignment of 88 % of all of the H,
13C and >N chemical shifts of this isoform (236 assighed resonances out of 269
theoretical ones) - Fig. 4.49, 4.77, 4.78, and 4.79. We have also tested different
conditions of the NMR experiments, in order to promote a shift/expansion of the
spectral width at which the peaks were observed. For this purpose, the higher
temperature of the analyses (32 °C) and the addition of europium in the form of EuUFOD
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to the sample were tested. Neither of these experiments produced a change

distribution of resonances in the spectral range.
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Figure 4.78 - Assignments of 2D *H-*H NOESY (mixing time 400 ms) MEG 2.1 isoform 3 (26 aa, M1 - P26) peptide in
DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C Bruker Neo spectrometer operated
at a H frequency of 1.2 GHz (28.2 T) equipped with a triple HCN cryoprobe.
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Figure 4.79 - Complementary unassigned spectra of 1H-1I-7 ';FggSY (mixing time 60 ms) which was also used for the
assignment of 3 (26 aa, M1 - P26) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded
at 27 °C Bruker Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) equipped with a triple HCN
cryoprobe.

4.3.6  Structure refinement and molecular docking

After the assignment of all the above-described isoforms and their spectra, we
proceeded to the structural refinement of these peptides with the CYANA software. The
dataset CYANA works with contains *H->N HSQC, *H-*3C HSQC, *H-'H TOCSY chemical
shift assignments and integration of signals measured in *H-'H NOESY. The number of
assigned NOEs, together with the number of ambiguities in their assignment, relative to
the other assigned spectra and the standard values of distance constraints, is crucial for
the quality of the structural refinement.

None of the isoform 1 peptides (iso 1a, 1b, 1f, and 1g) contain any violated distance
constraints after seven cycles of refinement because their Ramachandran plots (Annex
D) indicate 0 % in both disallowed and generously allowed regions. Nevertheless, we
observed a lower degree of structuration for iso 1a, iso 1b, and iso 1f peptides. Indeed,
there are no or very few long-range distances (Fig. 4.80). Consequently, the 10-lowest
energy structures don’t overlay well, except for a short part of the sequence involving
barely 3-4 residues. Those residues exhibit the highest number of NMR constraints,
uniquely i/i+1 correlations, without creating any secondary structure. Iso 1a and 1b have
the highest proportion of the most favored region NOEs of all peptides (71% for iso 1a
and 72% for iso 1b; Table 4.8). On the other hand, we can notice that residues E78 to
F84 of iso 1g peptide are well-stacked for the 10-lowest energy structures and we
measured a few long-range constraints (Fig. 4.80). Indeed, among 253 measured NOEs,
181 have been used by CYANA to derive the structure (Table 4.8).
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Table 4.8 - Total and unambiguous numbers of NOE as well as Ramachandran statistics for MEG 2.1 iso 1a, iso 1b,
iso 1c, iso 1d, iso 2a, and iso 2b peptides.

NOE numbers Ramachandran plots statistics

Peptide | #aa Total Unambiguous Most favored Additionally allowed region

region

iso 1a 19 143 80 71.2% 28.8%
iso 1b 17 154 83 71.8% 28.2%
iso 1f 15 153 81 56.4 % 43.6 %
iso 1g 16 253 181 53.6 % 46.4 %
iso 2a 18 212 138 52.5% 47.5%
iso 2b 16 230 141 59.2 % 40.8 %

This is the highest value of NOEs used for structure calculation among the 6 peptides of
MEG 2.1 isoform 1 and 2; for this reason, it is also evident that the 10-lowest energy
models overlap noticeably better than the other three peptides of isoform 1 (Fig. 4.81).
As a result, all four peptides of isoform 1 were determined to be disordered.
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Figure 4.80 - Number of NMR constraints distributed according to the distance range (left panel) and to the residue
number in the sequence (right panel) for: MEG 2.1 iso 1a, MEG 2.1 iso 1b, MEG 2.1 iso 1f and MEG 2.1 iso 1g. In the
right panel, short distances are displayed in white, medium distances in light grey and long distances in dark grey.

In each model of the 10-lowest energy structures, the section in which the peptide
showed the most NMR constraints was highlighted (Fig. 4.81). In these most confident
regions, we can observe signs of hairpins, but this structural element is most evident in

iso 1a, 1f and especially 1g.
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Figure 4.81 - The 10 lowest-energy structures derived by NMR using CYANA for isoform 1. A - MEG 2.1 isoform 1a
(D25 - K43); B - MEG 2.1 isoform 1b (G42 - S58); C - MEG 2.1 iso 1f (S58 - R72); D - MEG 2.1 isoform 1g (M73-P88). For
each peptide, the side chains of residues exhibiting the highest number of NMR constraints are displayed in lines
(namely residues K33 - C36 for isoform 1a, E50 - D52 for isoform 1b, N66 - R69 for isoform 1f and E78 - T87 for isoform

1g).

Peptides of MEG 2.1 isoform 2 contain more i/i+1 and i/i+2 correlations, which leads to
a higher number of intermediate and long-range constraints (Fig. 4.82) than for MEG 2.1
isoform 1 peptides. The structural refinement of iso 2a and iso 2b resulted in 10-lowest
energy structures that overlap better and contain longer stretches of highlighted
residues for which the highest numbers of NMR constraints were found (Fig. 4.82 and
4.83). As for the four peptides of isoform 1, the peptides of isoform 2 do not show any
violated distance constraints after structure calculation using CYANA and their
Ramachandran plots do not indicate any residues in the disallowed and generously
allowed regions.
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Figure 4.82 - Number of NMR constraints distributed according to the distance range (left panel) and to the residue
number in the sequence (right panel) for: MEG 2.1 iso 2a, MEG 2.1 iso 2b. In the right panel, short distances are
displayed in white, medium distances in light grey and long distances in dark grey.
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MEG 2.1 iso 2a contains 18 residues; among 212 measured NOEs, the structure of the
peptide was derived based on the collection of 138 unambiguous NOEs out of 212 NOEs
in total (Table 4.8). The statistical distribution in the Ramachandran plot indicates 52.5
% in most favored regions and 47.5 % in additionally allowed regions. Isoform 2a
contains the highest number of constraints including short, medium, and long-range
constraints for the residues from 126 to K33; in this part of the peptide all 10 lowest
energy models overlay very well. At the other end of the peptide (V19-D25) the results
are more varied (Fig. 4.83).

Iso 2b peptide consists of 16 residues. For this isoform 230 NOEs have been assigned,
and unambiguous 141 NOEs have been used to derive its structure (Table 4.8). There
are again no violated distance constraints, and the Ramachandran plot displays 0 % in
disallowed and generously allowed regions. For isoform 2b the statistical distribution
reveals 59.2 % residues in most favored regions and 40.8 % in additionally allowed
regions. Of all the peptides, isoform 2b is the one whose calculated structures based on
NMR analyses overlap best over the entire length of its sequence (Fig. 4.83B).
Nevertheless, there is no secondary structure such as a-helix or 3-sheet, only a turn
involving residues G42-F48 is present.

Figure 4.83 - The 10 lowest-energy structures derived by NMR using CYANA for isoform 2. E - MEG 2.1 isoform 2a
(V19 -C36); and F - MEG 2.1 isoform 2b (C37 - P52). For each peptide, the side chains of residues exhibiting the highest
number of NMR constraints are displayed in lines (namely residues C24-T30 for isoform 2a and 144 - Y50 for iso 2b).
The structure of MEG 2.1 isoform 3 could not be calculated, because its *H-'H NOESY
spectrum was completely overcrowded with Hy chemical shifts of 26 amino acids
gathered in an extremely narrow spectral width of 1 ppm. This problem could not be
circumvented by increasing the temperature of the NMR experiments, by adding EUFOD
to the sample, nor by doubling the magnetic field strength from 14.1 T to 28.2 T.

4.3.7 Test of toxicity

In the previous subsections | described the potential antibacterial toxicity of MEG 2.1
isoform 1 and MEG 3.2 isoform 1 proteins when expressed in bacterial strains with their
signal peptide. This toxicity was hypothesized due to repeated failure of transformation
of some plasmids as well as a decrease in the optical density of the transformed strains
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after induction of expression. Therefore, we wanted to test whether the MEG isoforms
supplemented in the growth medium were as toxic as when produced by the bacteria.
The tests were performed with synthetic peptides of the MEG 2.1 family (isoforms 1, 2
and 3), due to the yield and stability problem described above.

Even when chemically synthesized, MEG2.1 isoforms are particularly recalcitrant to
solubilization in buffers different from DMSO. Therefore, we performed 2 controls in
parallel with our tests: one without any addition to the LB medium, and one with the
addition of the same quantity of DMSO used to solubilize the proteins.

In the toxicity tests we used 10 nM, 100 nM isoforms in DMSO and approx. 1 mg of
lyophilized peptide powder to 10 mL of the LB medium containing the BL21(DE3) culture
at logarithmic phase (ODsoo = 0.6). In the case of the addition of lyophilized powder to
the medium, its weak solubility in aqueous solutions and the differences in the
molecular weight of individual peptides should be considered. For the longest isoform 1
without signal peptide (7.2 kDa) the final concentration was 14 uM, for the shortest
peptide (1.8 kDa) the final concentration was 56 uM.

Three tests were performed (Fig. 4.84), which differed in the preparation of the peptide
sample, which was then added to the medium during the growth (ODeoo at 0.6). It is
worth noticing that the chemically synthesized isoforms were not the full length. In
order to facilitate their synthesis, we had to split the sequence into several short peptide
constructs (see Fig. 4.42), therefore we performed these tests also using a combination
of the peptides to mimic a “reconstruction” (see Methodology, 3.4.5 Toxicity test of
extracellular MEG on bacterial cells).

However, this method has been unable to demonstrate what happens to a protein when
it is expressed at the level of cellular structures. Given the fact that MEG 2.1 families are
secreted proteins, it will be very challenging to obtain information about their
interactions with the membrane during the secretion process. To prove the actual
toxicity of MEG 2.1 family proteins it would be necessary to perform tests with
expressed and purified proteins and at the level of cellular structures. Without such tests
it is not possible to declare with certainty that MEG 2.1 family proteins are toxic for E.
coli despite the obvious manifestations of toxicity described above.
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Figure 4.84 - Peptide toxicity test on E. coli BL21(DE3) expression bacteria with different conditions of peptide
addition. All measurements included optical density measurements at the displayed time points and all peptide
additions were performed at ODggo = 0.6.
A) Peptide toxicity test measured with samples prepared for NMR - 450 puL DMSO-d6 and peptide to 2 mM
concentration to the final concentration 10 nM). Negative control - LB medium without the addition of peptide
(dashed black), LB medium with addition of DMSO-d6 (orange), LB medium with the addition of isoform 3 in DMSO-
dé6 (grey), LB medium with the addition of isoform 2d in DMSO-d6, LB medium with addition of isoform 2e in DMSO-
dé (purple) and LB medium with addition of isoforms 3 and 2a and 2b in DMSO-d6 (green).
B) Peptide toxicity test measured with peptides in 100 % DMSO-d6 which were added in the culture up to 1 % volume
of DMSO-d6 in the final volume of the culture. Negative control - LB medium without addition of peptide (dashed
grey), LB medium with addition of 1 % DMSO-d6 (dashed black), LB medium with addition of isoform 1 (without signal
peptide) in DMSO-d6 (violet), LB medium with addition of isoforms 1 and 3 in DMSO-d6 (yellow), LB medium with
addition of isoform 1A in DMSO-d6 (light blue) and LB medium with addition of isoform 1b in DMSO-d6 (green), LB
medium with addition of isoform 1c in DMSO-d6 (dark blue), LB medium with addition of isoform 1f in DMSO-d6
(lime), LB medium with addition of isoform 1g in DMSO-d6 (cyan), LB medium with addition of isoform 2a in DMSO-
dé6 (red), LB medium with addition of isoform 2e in DMSO-d6 (pink), LB medium with addition of isoforms 2 and 3 in
DMSO-d6 (brown), LB medium with addition of isoform 3 in DMSO-d6 (magenta).
C) Peptide toxicity test measured with samples prepared by partial dissolution of lyophilized peptides in in the culture.
Negative control - LB medium without addition of peptide (dashed black), LB medium with addition of isoform 1
without signal peptide (orange), LB medium with addition of isoforms 1 + 3 (cyan), LB medium with addition of isoform
1a (dark yellow), LB medium with addition of isoform 1b (light blue), LB medium with addition of isoform 1c (dark
green), LB medium with addition of isoform 1f (lime), LB medium with addition of isoform 1g (violet), LB medium with
addition of isoform 2a (red), LB medium with addition of isoform 2e (brown), LB medium with addition of isoforms 2
and 3 (dark blue), LB medium with addition of isoform 3 (magenta).
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4.3.8 Insilico reconstruction of full-length MEG 2.1 isoform 1 and isoform 2

After the structure of the six individual peptides was calculated, they were assembled
to reconstruct the entire MEG 2.1 isoform 1 protein structure. To build this model we
made use of the best-estimated structures (lowest-energy) for each of the four peptides
(Fig. 4.85), and we added at the N-terminus the predicted model of AlphaFold2 signal
peptide, whose pIDDT was convincingly high. We resorted to the prediction because of
the absence of calculated structure of MEG 2.1 isoform 3, which is the predicted signal
peptide of all three MEG 2.1 isoforms. In addition, the a-helix present in the structure
of isoform 1 was confirmed by CD analysis (Fig. 4.43). At the same time, the last 6 amino
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acids (V21 - P26) were removed from this predicted sequence and the -FSHC-
tetrapeptide was added, followed by isoforms 1a, 1b, 1f and 1g. Due to the lack of
resonances in the N-terminus region of the long peptide of isoform 1 (64 aa) described
above, the structure in this region cannot be confirmed nor refuted. On the other hand,
at the N-terminal part, the signals of isoforms 1f and 1g overlapped very well with the
peaks of the long isoform 1 and at the same time these are the peptides for which the
highest number of NMR constraints was measured. For these reasons, | am inclined to
conclude that the MEG 2.1 structure of isoform 1 will not differ too much from reality
at its C-terminus.

The resulting model of MEG 2.1 isoform 1 (Fig. 4.85) contains structural elements of an
a-helix in the region of the predicted signal peptide at the N-terminus (S4-A20) and a
random coil throughout the rest of the sequence (F12-P88). This structural arrangement
places it in the intrinsically disordered proteins (IDP) family (Duvaud et al.).

Figure 4.85 - MEG 2.1 isoform 1 complete structure built up from the measured peptides (isoform 1a - green, 1b -
violet, 1f - cyan and 1g - red) and AlphaFold2 predicted signal peptide (MEG 2.1 isoform 3 - crimson). The 4 amino
acids inserted (FSHC) are marked in blue.

Due to the high content of cysteine in the sequence, it is likely that disulfide bonds could
be formed. In the PDB database, the cut off for creation of the disulfide bonds is set to
be 3.0 A (Sun et al. 2017). All possible combinations of distances of the four cysteines
potentially involved in the stabilization of the structure by formation of disulfide bonds,
Zn%*ions or [2Fe2S] clusters were measured (Fig. 4.86). Despite the fact that this protein
contains the majority of the secondary structure in the form of a random coil, we can
observe certain regions whose conformation resembles the structural arrangement of a
zinc finger type Cysz-X10-Cysz (T34-K51, with Zn?* ions anchored by C36, C37, C48, and
C49) or an almost closed loop (Y75-P88). However, the presence of stabilization of the
structure by Zn?* was invalidated on the basis of NMR analyses performed on MEG 2.1
isoform 1 (64 aa), thus together with this hypothesis it is possible to consider the
presence of another structural motive of [2Fe2S] cluster, anchored by the same four
cysteines - C36, C37, C48, C49.
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However, in the case of Ferredoxin-1 structure of Thermosynechococcus vestitus
(UniProt ID - POA3C9, PDB - 5AUl) solved by X-ray crystallography at a resolution of 1.5
A, the distance of both cysteine (S-S bonds) in this [2Fe2S] cluster is 3.68 A (C40-C45)
and 3.69 A (C48-C78). Given that the measured distances between the four potentially
stabilizing cysteines are several folds higher than those of ferredoxin-1, it can be
concluded that this hypothesis is highly unlikely. Nevertheless, such a hairpin within an
IDP is an intriguing hub/platform for putative interactions with partners.

On the other hand, the C-terminal loop is a clear candidate for a potential binding and
interaction site of this protein.
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Figure 4.86 - All possible distances measured between six neighboring cysteines (C31, C36, C37, C48, C49, and C54)
in the MEG 2.1 isoform 1 protein.

MEG 2.1 isoform 2 was constructed using the same principle as isoform 1, except that
the protein structure was created by removing the last 8 amino acids (V19-P26) from
the predicted model of isoform 3, and isoform 2a was directly linked to this model,
followed by isoform 2b (Fig. 4.87). The structure again contains an a-helix at the N-
terminus (predicted signal peptide) and the rest of the protein is again formed by a
random coil. However, the structural similarity with MEG 2.1 isoform 1 ends here. The
structure of MEG 2.1 of isoform 2 has lost the above-mentioned structural elements and
the only apparent motif is the double turn formed by the connection of isoform 2a to
the alpha helix and the already described turn of isoform 2b (144 - Y50).
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Figure 4.87 - MEG 2.1 isoform 2 complete structure built up from the measured peptides (isoform 2a - blue and
2b - green) and AlphaFold 2 predicted signal peptide (MEG 2.1 isoform 3 - crimson).

In order to verify the relevance of the re-constructed MEG 2.1 isoforms 1 and 2 and also
for subsequent molecular docking, energy minimization of both structures was
performed (Fig. 4.88). MEG 2.1 isoform 1 (Fig. 4.88A) before energy minimization
contained 129 clashes in the model, which were reduced to 16 by minimization, while
its total Van der Waals (VdW) repulsion energy was reduced from the initial 247.04
kcal/mol to final 10.43 kcal/mol. For the shorter MEG 2.1 isoform 2 (Fig. 4.88B), the total
number of clashes in the model before energy minimization was 9, which was reduced
to 8 by the process. Its initial total VdW repulsion energy was 6.73 kcal/mol which was
reduced to the final value of 5.14 kcal/mol.

A

Figure 4.88 - MEG 2.1 isoform 1 (A) and MEG 2.1 isoform 2 (B) proteins. Structures are combined with the structure
obtained after energy minimization (A - original structure - magenta, minimized structure - blue; B - original structure
- crimson, minimized structure - green).

All subsequent binding site screens and subsequent molecular docking were performed
with the minimized structure. Since the synthesis of the whole isoform 2 was not
successful and we could not compare the NMR spectra and resonances of the whole
isoform with those of the two peptides, further binding and docking screens were
continued only with MEG 2.1 isoform 1.

Predictions of the binding pockets of MEG 2.1 isoform 1 were made (Fig. 4.89) for the
subsequent molecular docking blind screen. Two possible binding sites were identified
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from these predictions. One pocket (Fig. 4.89B) was found at the site described above
as a potential [2Fe2S] cluster site (T34-K51); however, due to the absence of resonances
in this region, the molecular docking screen was continued with only the first predicted
site at the verified C-terminus of this isoform (Fig. 4.89A).
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Figure 4.89 - Two predicted ligand binding pockets of MEG 2.1 isoform 1 protein. The spherical interpretation of the
protein is complemented by a red ball that marks the predicted binding pocket.

Ligand n. ZINC95543764 was best docked with MEG 2.1 isoform 1 with binding energy
of —11.7 kcal/mol. It was followed by a ligand n. ZINC33353312 with binding energy of
-10.8 kcal/mol and ligand n. ZINC102407863 with a binding energy of -10.4 kcal/mol (Fig.
4.90). Here | only present results with binding energy of at least -10 kcal/mol.
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Figure 4.90 - Three molecules (and their conformers) with the best docking scores for the C-terminus binding pocket
(image A in Fig. 4.89). A - ligand n. ZINC95543764 (-11.7 kcal/mol); B - ligand n. ZINC33353312 (-10.8 kcal/mol) and
C - ligand n. ZINC102407863 (-10.4 kcal/mol).

It is noticeable from the results that the best docking scores are achieved by relatively
large ligands with a large number of aromatic rings (Fig. 4.90, 4.91 and Table 4.9). All
well docked ligands have molecular weights above 500 g/mol and logP above 5. The
lowest number of aromatic rings was 3, the highest was 10, while the ligand with the
best docking score contains 9 rings. The most rotatable bonds contained ligand n.
ZINC98023120, which simultaneously contains only 4 aromatic rings. The lowest tPSA
value was 92 A? (ligand n. ZINC13575825) and the highest was 213 A? (for the best
docked ligand n. ZINC95543764).
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Figure 4.91 - Nine molecules with the best docking scores from the ZINC20 database for the C-terminus binding
pocket (image A in Fig. 4.89). Ligand n. ZINC98023120 (magenta), ligand n. ZINC150340706 (dark cyan), ligand n.
ZINC102408663 (light green), ligand n. ZINC13575825 (orange), ligand n. ZINC150411294 (red), ligand n. ZINC4418231
(blue), ligand n. ZINC102970415 (brown), ligand n. ZINC2468952 (lime), ligand n. ZINC3143000 (yellow).

In general, it is apparent that all molecules have hydrogen bond donor less than 2,
hydrogen bond acceptor less than 12 and no more than 12 heteroatoms (oxygen,
nitrogen, and sulphur) (Table 4.9).

Table 4.9 - Overview of the structure properties of ligands with the best docking score. The individual column labels
are as follows: Ligand ZINC ID, Molecular Formula (Mol. Formula), docking score (Dock. Sc.), Number of rings (nR),
nHtA (number of hetero atoms), MW (molecular weight), HbD (H-bond donors), HbA (H-bond acceptors), nRB
(number of rotatable bonds), tPSA (topological polar surface area), logP.

ZINC95543764 C44H26012 -11.7 9 12 746.68 0 12 6 213 7.295

ZINC33353312 C42H30N2010 -10.8 10 12 7226.70 0 10 8 189 = 5.529
573.56

ZINC102407863 C33H23N307 -10.4 7 10 1 0 10 6 146  5.292
666.77

ZINC98023120 C39H42N208 -10.2 4 10 1 2 8 16 156  7.736

ZINC150340706 C43H28CI2N603S2 -10.2 9 13 8116'77 1 9 9 118 11‘;’24
630.69

ZINC102408663 C39H3408 -10.2 7 8 3 0 8 8 125 8.126

ZINC13575825 C31H32N403 -10.2 5 7 502;'62 1 5 5 92 5.996
664.71

ZINC150411294 C40H32N406 -10.1 7 10 3 0 8 10 130  7.699

ZINC4418231 C30H3409 -10.0 3 9 5383'59 0 9 10 134 5.123
524.55

ZINC102970415 C28H20N405S -10.0 6 10 8 0 8 6 140 5.271
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ZINC2468952 C24H18CI2N206S3 -10.0 4 13 3 0 6 8 130 5.428
576.51
ZINC3143000 C32H20N209 -10.0 6 11 7 0 9 6 164  5.093

The best docked ligand n. ZINC95543764 is a hydroxycoumarin derivative containing 9
aromatic rings, 12 oxygen heteroatoms, does not contain any H-bond donors, but
provides 12 H-bond acceptors. It has 6 rotatable bonds in its structure, it is the second
largest ligand listed here with a molecular weight of 746.7 g/mol, its logP is 7.3 and tPSA
is the highest (213 A?) of all presented ligands. From the surface view of the ligand
docked in the C-terminal pocket of MEG 2.1 isoform 1, it is evident that it fills this pocket
relatively well. In the "lower" region of this pocket (E79-185) the ligand fills the pocket
better than in the Y67-L77 region, where the nearly closed loop is formed by T87 and
P88 (Fig. 4.92).

Figure 4.92 - Stick, ball stick and spheric visualization of the ligand ZINC95543764 docked (-11.7 kcal/mol, magenta
with colored heteroatoms) in detail of the C-terminus binding pocket (D61 - P88) of MEG 2.1 isoform 1 protein.

Structurally quite distinct, the second-best docked ligand n. ZINC33353312 is a benzoic
acid derivative, which contains the highest number of aromatic rings (10) of all the
docked molecules listed here and includes an interesting highly symmetrical structure
of adamantane (fusion of three cyclohexane rings) in the center of the molecule (Fig.
4.93). This ligand contains 12 oxygen and nitrogen heteroatoms, does not contain any
H-bond donors, but provides 10 H-bond acceptors. It has 8 rotatable bonds in its
structure, it is the second largest ligand listed here with a molecular weight of 722.7
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g/mol, its logP is 5.5, and tPSA is the highest (189 A2). Compared to the previous
described ligand, this one fills better the space formed by the side chains V80 and E78
and also the one formed by F84 and E82. On the other hand, there are some gaps in the
"upper" (E78-P88) and "lower" (185-V80) parts of the pocket (Fig. 4.93).

Figure 4.93 - Stick, ball stick and spheric visualization of the ligand ZINC33353312 docked (-10.8 kcal/mol, green
with colored heteroatoms) in detail of the C-terminus binding pocket (D61 - P88) of MEG 2.1 isoform 1 protein.
The third best docked ligand n. ZINC102407863 is structurally more similar to ligand n.
ZINC95543764. It is a derivative of 4-hydroxy-2H-chromen-2-one, which contains 7
aromatic rings, and 10 nitrogen and oxygen heteroatoms, does not contain any H-bond
donors but provides 10 H-bond acceptors. It has 6 rotatable bonds in its structure, it is
the second largest ligand listed here with molecular weight of 573.6 g/mol, its logP is 5.3
and tPSA is 146 A2. This ligand targets, like the first one described, the region around
Y67 - N83 and K74 - N75. In contrast to the first ligand, it lacks two aromatic cycles and
does not fill in the space from E82 - E78 and M73 - T87 (Fig. 4.94).
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Figure 4.94 - Stick, ball stick and spheric visualization of the ligand ZINC102407863 docked (-10.4 kcal/mol, yellow
with colored heteroatoms) in detail of the C-terminus binding pocket (D61 - P88) of MEG 2.1 isoform 1 protein.

4.3.9 Molecular dynamics

Molecular dynamics is a powerful tool to study conformational changes of protein
structure, protein folding/unfolding, ligand binding, and behavior in a predefined time
(Hollingsworth and Dror 2018). It offers insightful information that can support
experimental methods and advance knowledge of the fundamental ideas about protein
environment and activity in biological systems.

The structure of MEG 2.1 isoform 1 without the signal peptide (D25-P88) built up from
four NMR-analyzed peptides was first minimized and equilibrated during 10 ns using
High-Throughput Molecular Dynamics (HTMD) software. Then, a production run of 4 us
was performed on the system and secondary structure evolution was deduced (Fig.
4.95). At the beginning of the simulation, the structure is mainly disordered with some
turns (Fig. 4.96, top) and during the MD simulation, we can observe some striking
conformational changes. We can observe a formation of multiple small helices involving
residues H23 to K33, S39 to L47 and E50 to G53 between 100 and 200 ns of the run.
Interestingly, those three helices fold into one long stable helix (H23-G53, Fig. 4.96,
bottom) after 1 us and no conformational change occurs later (Fig. 4.95).
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Figure 4.95 - Graphical representation of secondary structure and its changes during 4 us of molecular dynamics of
MEG 2.1 isoform 1 protein.

Also interesting is the C-terminal part, which remains mainly disordered along the MD
simulation with the presence of some small helices, bends or turns. It is also possible to
observe three parts (C54-P60, H70-V79, and N85-P88) in the sequence that remain
random coil/turn/bend throughout the 4 ps run. We can notice that the highest number
of NMR constraints were observed for residues N66 to R69 for iso 1f and V80 to T87 for
iso 1g and those two regions are part of the two small new helices L64-R69 and V80-N84
along the MD trajectory. The NMR experimental data of the two short peptides, namely
iso 1f and iso 1g and the MD simulation converge to similar structural features for the
C-terminal part of isoform 1, thus reinforcing our choice of using this part for the virtual
screening described above.

N-ter

C31 C24

c81 C-ter

Figure 4.96 - Initial (green) and final (cyan) structure of MEG 2.1 isoform 1 subjected to molecular dynamics
simulations. Both models have labelled all cysteines in the sequence.
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The distance between the cysteines in the structure was also measured during the 4 us
run to verify the possibility of disulfide bond formation (Fig. 4.97). During the whole
simulation no combination of cysteines was found that could form S-S bonds, because
the distances were too large (due to the aforementioned 3 A cut off for disulfide bonds).
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Figure 4.97 - Results of distance measurements of individual cysteines (C31, C36, C37, C48, C49, C54, C81) in the

structure of MEG 2.1 isoform 1. Results are shown for all combinations of possible cysteine interactions in the

molecule.
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Figure 4.6 - MuscleWS alignment two MEG 3.2 isoforms 1 from the Uniprot database. Alignment was
performed with default MuscleWs settings and was coloured following the Clustal X color scheme: hydrophobic
residues are colored blue, positively charged are red, negatively charged magenta, polar are green, cysteines
coral, glycines orange, prolines dark yellow, aromatic cyan and unconserved white. Consensus was calculated

by Jalview 2.11.2.6 program and displayed as @ WebIOZO........cc.covvvrvieiiiiieiieeieees ettt 54
Figure 4.7 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 3.2 isoform 1 protein. Asn-Xaa-
Ser/Thr motif in the sequence output below are highlighted in blue...........ccceevveieeiieiieeeeeeeee e 55

Figure 4.8 - MuscleWS alignment of retrieved sequences of all three MEG 2.1 isoforms from the Uniprot
database. Alignment was performed with default MuscleWsS settings and was coloured following the Clustal X
color scheme. Consensus was calculated by Jalview 2.11.2.6 program and displayed as a weblogo.................. 55
Figure 4.9 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 2.1 isoform 1 protein. Asn-Xaa-
Ser/Thr motif in the sequence output below are highlighted in blue. Asparagines predicted to be N-glycosylated
E T a1 F=d a1 T4 g =Te T T Yo USRS 56
Figure 4.10 - Sequence of MEG 6 protein coloured with the Clustal X color scheme......................c.cccccccuc........ 56
Figure 4.11 - Prediction of N-glycosylation (A) and O-glycosylation (B) for MEG 6 protein. Asn-Xaa-Ser/Thr
motifs in the sequence output below are highlighted in blue. Asparagines predicted to be N-glycosylated are
o174 o] L= g =Yoo I =T PSSR 57
Figure 4.12 - Graphical overview from Constraint-based Multiple Alignment Tool (COBALT) for 22 sequences
producing significant alignments with MEG 2.1 isoform 1. Positions where the majority of sequences match the
MEG 2.1 isoform 1 sequence are colored in grey, while positions that contain a large proportion of mismatches
are represented as red lines. Red-filled boxes indicate highly conserved positions. Red framed amino acids
indicate highly conserved positions and blue ones indicates lower conservation..........ccccceevveevivesveescieessieennne 58
Figure 4.13 - Graphical overview from COBALT for 89 sequences producing significant alignments with MEG
3.2 isoform 1 protein. Positions where the majority of sequences match the MEG 3.2 isoform 1 sequence are
colored in grey, while positions that contain a large proportion of mismatches are represented as red lines...62
Figure 4.14 - Graphical overview from COBALT for 12 sequences producing significant alignments with MEG 6.
Positions where the majority of sequences match the MEG 6 sequence are colored in grey, while positions that
contain a large proportion of mismatches are represented as red lines. Red-filled frames indicates highly
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Figure 4.15 - The 5 best-ranked structures of MEG 3.2 isoform 1 protein structure predictions from the
AlphaFold2 ColabFold v1.5.2 with default settings (left) with its per-residue confidence scores (pLDDT, right).
The order of the model structures corresponds to the order of the plot (A=1,B=2, ... E=5). Models are colored
with rainbow scheme - N-terminus (blue) to C-terminus (red)..........coeeeueeieeieieeeeeeeeeeeee e 66
Figure 4.16 - The 5 best-ranked structures of MEG 3.2 isoform 1 protein structure predictions from the Robetta
prediction software with RoseTTAFold default settings (left) with their respective plots showing corresponding
error estimations in A per amino acid position (right). Models are colored with rainbow scheme - N-terminus
(D1UE) 1O C-TEIMINUS (FEA)...eeeeieie ettt ettt e ettt e e et e e e et e e e e eate e s eetasaaeeaasssaaesssssaeesssaesaasssaeasssssaaaaes 67
Figure 4.17 - MEG 3.2 isoform 1 protein structure prediction via ESMFold. The predicted structure is colored by
local prediction confidence (pLDDT) per amino acid location. Blue indicates confident predictions (pLDDT > 0.9),
while red indicates low confidence (pLDDT < 0.5). The amino acid marked in grey is the first from the N-terminus.

Figure 4.18 - The 5 best-ranked structures of MEG 2.1 isoform 1 protein structure predictions from the
AlphaFold2 ColabFold v1.5.2 (left) with default settings with its per-residue confidence scores (pLDDT, right).
The order of the model structures corresponds to the rank of the plot (A=1,B =2, ... E=5). Models are colored
with rainbow scheme from N-terminus (blue) to C-terminus (red). ..........ccoeeiieeeeiiieeeeiee e 68
Figure 4.19 - The 5 best-ranked structures of MEG 2.1 isoform 1 protein structure predictions from the Robetta
prediction software with RoseTTAFold default settings with its their plots showing corresponding angstrom
error estimations per amino acid position. Models are colored with rainbow scheme - N-terminus (blue) to C-

FOIIMUNUS (TEU). ...ttt e e ettt e e et e e e et e e e et e e e e ttaaaeastseaeeasssaaeaaassaaeaasssaaeasssssenssssaaeasssaann 68
Figure 4.20 - MEG 2.1 isoform 1 protein structure prediction via ESMFold. The predicted structure is colored by
local prediction confidence (pLDDT) per amino acid I0CALION. ..........cceecueeeceeeiieesisesiiesieesieescieessivessiessssaessees 69

Figure 4.21 - The 5 best-ranked structures of MEG 6 protein structure predictions from the AlphaFold2
ColabFold v1.5.2 (left) with its per-residue confidence scores (pLDDT, right). The order of the model structures
corresponds to the order of the plot (A=1,B =2, ... E=5). Models are colored with rainbow scheme - N-terminus
(D1UE) 1O CTEIMINUS (FEA)...eeiiieie ettt ettt e ettt e e et e e e et aeeette e s eetasaaseaasssaaesssssaeesssaesassssaeassssseaaaes 69
Figure 4.22 - The 5 best-ranked structures of MEG 6 protein structure predictions from the Robetta prediction
software with RoseTTAFold default settings (left) with its their plots showing corresponding error estimations

A/aa (left). Models are colored with rainbow scheme - N-terminus (blue) to C-terminus (red)............cccvu...... 70
Figure 4.23 - MEG 6 protein structure prediction via ESMFOI. .....................cccoevvuieivuvesiiesiiesieesiiieeiesssieessenas 70

Figure 4.24 - SDS-PAGE gels of MEG 2.1 protein in BL21(DE3) strain — soluble fraction purification with Ni-NTA
gravity column. A) in pET-22b(+) plasmid; B) in pET SUMO Champion plasmid. M - protein molecular weight
marker, S - supernatant after cell lysis and centrifugation, P - pellet after centrifugation, FT - flow-through after
Ni-NTA loading, W - wash of the column (5 column volume with loading buffer), E - elution with 100% of elution
buffer. Expected MEG 2.1 isoform 1 molecular weight is 11.96 kDa for pET-22b(+) plasmid and 21.04 kDa for pET
SUMO Champion Plasmif.......ccceeecuieeeiieiiiesiiesiie et estte ettt e ste e sttt e s te e s taesteesstaaesstaeastaesssaesateassssessseassesssssesssnsen 72
Figure 4.25 - SDS-PAGE gel of MEG 2.1 isoform 1 BL21(DE3) strain — insoluble fraction purification with Ni-NTA
gravity column. W1-S; W2-S; W3-S; U-S — expression from pET SUMO Champion, expected MW= 21.04 kDa; W1-
P; W2-P; W3-P; U-P — expression from pET 22b(+), expected Mw = 11.96 kDa. M - protein molecular weight
marker; W1 - wash and sonication 2 M urea, 20 mM Tris/HC| pH 8, 0.5 M NaCl, 10 mM imidazole, 2% Triton X-
100; W2 - wash and sonication in 2 M urea, 20 mM Tris/HCI pH 8, 0.5 M NaCl, 10 mM imidazole; W3 - wash and
sonication in 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole; U - overnight dissolution in 8 M urea......... 72
Figure 4.26 - MEG 3.2 isoform 1 in pET 22b(+) plasmid after the transformation into BL21(DE3) expression
strain (from left to right): "long"- M3.2L (with the signal peptide; 162 aa), "short" M3.2S (without the predicted
signal peptide - 125 aa) and MEG 6 MEG 6 (IMIB). ....cccuvveruiieriieeiieeiieesiitesiieesteesteesiaesstaestaessseasssasssssesssessaseanas 74
Figure 4.27 - SDS-PAGE gels after Ni-NTA gravity-flow purification of the soluble fraction of MEG 3.2 in the pET
22b(+) plasmid (A) and pET SUMO Champion plasmid (B) BL21(DE3) strain. M - marker, S - supernatant, P -
pellet, FT - flow through, E - elution. Expected MEG 3.2 isoform 1 molecular weight is 18 kDa for pET-22b(+)
plasmid and 27 kDa for pET SUMO Champion plasmid. The unlabeled bands in the gel A belong to the MEG 2.1
protein in pET-22b(+) plasmid (next to the marker - supernatant, pellet, flow though, wash, elution); the
unlabeled bands in the gel B belong to the MEG 2.1 protein in pET SUMO Champion plasmid (left from the marker
- supernatant, right from the marker - pellet, flow though, wash, elution)..........ccccecvvevivevivescieeieeces e 74
Figure 4.28 - SDS-PAGE gel after Ni-NTA gravity-flow purification of the insoluble fraction of MEG 3.2 in the
PET 22b(+) transformed BL21(DE3) strain. W1 - wash and sonication 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M NaCl,
10 mM imidazole, 2% Triton X-100; W2 - wash and sonication in 2 M urea, 20 mM Tris/HCl pH 8, 0.5 M Nacl, 10
mM imidazole; W3 - wash and sonication in 20 mM Tris/HCl pH 8, 0.5 M NaCl, 10 mM imidazole, M - marker,
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O/N 8M - overnight incubation in 8M urea buffer, FT - flow through, W25 - wash after overnight incubation, E -
elution. Expected MEG 3.2 isoform 1 molecular weight is 18 kDa for pET 22b(+) plasmid. ........cccceevvvevvvernnnns 75
Figure 4.29 - SDS-PAGE gels of after FPLC purification of the soluble fractions of the MEG 3.2 protein the pET
22b(+) and Rosetta/plysS strain after addition of rifampicin (see the methodology). A - Ni-NTA FPLC
purification, M - marker, FT - flow through, 7 - 11 - fractions with the protein deposited on the gel; B - lon
Exchange purification of the dialyzed fractions from the fist Ni-NTA purification (A), M - marker, AD - after
dialysis, FT - flow through, 8 - 25 - fractions deposited on the gel; C - Size Exclusion purification of the previously
purified protein via Ni-NTA and IEX FPLC (A, B), M - marker, IEX - sample loaded to the IEX, C - sample after IEX
and concentration, 20 - 44 - fractions deposed on the gel. Expected MEG 3.2 isoform 1 molecular weight is 18
(DI o] o] 2 B o1 I o1 = 1] ' L RS UR 76
Figure 4.30 - SDS-PAGE gels of after FPLC purification of the soluble fractions of the MEG 3.2 protein expressed
under rifampicin (see the methodology) in E. coli BL21(DE3) and Rosetta/pLysS strains. A. proteins expressed
in E. coli BL21(DE3) after FPLC Ni-NTA purification; M - marker, Bl - sample before induction, | - injection, W -
wash, FT - flow through, 10 - 42 - fractions deposed on the gel, 100 % - elution with 0.5 M imidazole buffer; B.
proteins expressed in E. coli Rosetta/pLysS after FPLC Ni-NTA purification; M - marker, Bl - sample before
induction, | - injection, W - wash, FT - flow through, 10 - 42 selected fractions deposed on the gel, 100 % - elution
with 0.5 M imidazole buffer; C. fractions around 25-31 of gel (A) and 16-18 of gel (B) to decide which fractions
to pool for subsequent purificaiton; D. SEC purification of pooled protein fractions (A, B and C) from both
BL21(DE3) and Rosetta/pLysS strains after FPLC Ni-NTA; M - marker, | - injected sample, FT-c - flow through after
concentration of the pooled fractions from previous affinity chromatography purifications (A and B), D - dialysis
buffer, 22 - 60 - selected fractions deposed on the gel, 100 % - last fraction from the SEC purification; E. pooled
protein fractions (A, B and C) from both BL21(DE3) and Rosetta/pLysS strains (FPLC Ni-NTA purified) after SEC
purification; M - marker, 50 - 41 - selected fractions deposed on the gel. Expected MEG 3.2 isoform 1 molecular
WEIGIT S LB KDA. ........cneiiieieeee ettt ettt sttt ettt et e et e et e e et e eat e satesbeenae e te e e enseeseeateeaes 77
Figure 4.31 - SDS-PAGE gel of after FPLC Ni-NTA and SEC purifications of the soluble fractions of the MEG 3.2
protein after final concentration of the purest fractions. M - marker, 1 - MEG 3.2 protein all fractions pooled
from previous SEC purification (Fig. 4.30D and E) before concentration, 2 - MEG 3.2 protein all fractions pooled
from previous SEC purification (Fig. 4.30D and E) after concentration, 3 - flow through from the concentration
of MEG 3.2 fractions, 4 - MEG 3.2 hypothetical dimer before concentration, 5 - MEG 3.2 hypothetical dimer after
concentration, 6 - flow through from the concentration of MEG 3.2 hypothetical dimer fractions, 7 - fractions
53 - 59 before concentration, fractions 53 - 59 after concentration, 9 - flow through from the concentration of
fractions 53 - 59. Expected MEG 3.2 isoform 1 molecular weight is 18 KDa. ........ccccecvvvevivevivesiiresiieesies e 78
Figure 4.32 - SDS-PAGE gel of protein stability tests of purified MEG 3.2 and MEG 2.1 proteins. M - marker, 1 -
MEG 3.2 in 10 mM MES buffer at pH 8, 2 - dialysis buffer after overnight dialysis, 3 - the purest fraction of MEG
3.2 after FPCL Ni-NTA purification — thawed after one month at -20 °C, 4 — partially purified fractions of MEG
3.2 thawed after one month at -20 °C, 5 - hypothetical dimer of MEG 3.2 thawed after two weeks at -20 °C, 6 -
hypothetical dimer of MEG 3.2 —thawed after one month at -20 °C, 7 - MEG 2.1 protein from the S2 Drosophila
expression system in 10 mM MES buffer 40 days after the dialysis (stored at -20 °C). Expected MEG 3.2 isoform
1 molecular weight is 18 kDa for pET-22b(+) plasmid and 15 kDa for MEG 2.1 protein isoform 1 without signal
peptide in the pMT/BIP/SLIN Plasmid. .......ccceieieeiieiieiieiee ettt e ettt te e ts e ssesaeseesaeasaessaesseaseas 79
Figure 4.33 - Proton NMR spectra of MEG 3.2 isoform 1. First raw of 2D H-*N HSQC recorded for the dimer
(cyan) and the monomer (black) MEG 3.2 isoform 1 expressed in E. coli expression system at a H frequency of
600 MHz with a Varian spectrometer equipped with a triple HCN cryoprobe.........cccoevveeviveevvesciiiesieesiveciees 80
Figure 4.34 - Proton NMR spectra of MEG 3.2 isoform 1. 1D spectra with 128 scans recorded for the monomer
(magenta) and dimer (blue) of MEG 3.2 isoform 1 expressed in E. coli expression system at a H frequency of 600
MHz with a Varian spectrometer equipped with a triple HCN cryoprobe. .........cccecvvvvviveeciiecieeciiecieeciee e 80
Figure 4.35 - SDS-PAGE gels after Ni-NTA gravity-flow purification of the soluble (A) and insoluble (B) fractions
of the MEG 6 protein in the pET 22b(+) and BL21(DE3) strain.(A) M - marker, S - supernatant, FT - flow through,
W1, W2, W3 - washes 1 - 3 with 20 mM Tris/HC| pH 8, 500 mM NaCl, 10 mM imidazole, E1, E2 - elutions 1 and
2. (B) M - marker, GUHCI - overnight incubation and sonication in 6 M guanidine hydrochloride, 20 mM Tris/HCI
pH 8, FT Gu HCl 8 M urea - wash with 20 mM Tris/HCl pH8, 8 M urea, 0.5 M NaCl, 10 mM imidazole, E1 8M urea
- elution with 20 mM Tris/HCl pH 8, 8 M urea, 0.5 M NaCl and 0.5 M imidazole. Expected MEG 6 molecular weight
inthe PET 22b(+) Plasmid is 9.5 KDa. ..cc.ueeviieririeiiieesiitesiie ettt stte et e st s e et e s stteetaaeattaesatsesstaesstessssaasssessnseesases 81
Figure 4.36 - E. coli BL21(DE3) transformed with cell-free expression pIVEX2.4d plasmids with MEG 2.1 isoform
1 and MEG 3.2 isoform 1 inserts (design detail in the supplementary data). A) construct plVEX2.4d-TEV-PS-
MEG2.1 (MEG 2.1 with signal peptide); B) construct pIVEX2.4d-TEV-PS-MEG3.2 (MEG 3.2 with signal peptide);
C) construct plVEX2.4d-TEV-MEG2.1 (MEG 2.1 without signal peptide); D) construct plVEX2.4d-TEV-MEG3.2
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(MEG 3.2 without signal peptide), E) repeated transformation of MEG 2.1 with signal peptide (construct

PIVEX2.AG-TEV-PS-IMEG2.1)...cteetteuieiieieie sttt ettt ettt sttt et e et et e e aeeat et et et e et e saeeasetenseabesseeseensansensens 82
Figure 4.37 - Western Blot gels after cell-free expression of three constructs - MEG 2.1. isoform 1 without signal
peptide and MEG 3.2 isoform 1 (with and without signal peptide)....................ccccccuevvvevciveesieriiresiieesiiresirnens 83

Figure 4.38 - SDS-PAGE gels after the gravity-flow column purification of MEG 2.1 isoform 1 (A), MEG 3.2 V1
(B) and MEG 3.2 V2 (C) proteins expressed in S2 cells. P - pellet, INJ - injected sample, FT - flow-through, W1,
W2, W3 - column washes 1 -3, E1, E2, E3, E4, E5, E6 - elutions 1 - 6, NaOH - wash with NaOH, P2 - 5x concentrated
pellet. The expected size of the MEG 2.1 protein without signal peptide (A) in the pMT/BiP/SLIN plasmid is 15
kDa, the expected size of the first version of MEG 3.2 protein without signal peptide (B) 21 kDa and of the second

version of MEG 3.2 protein isoform without signal peptide (C) iS 21 KDQ. .........cccceevuresveesiuiesiiresiiresiieesiieessiennns 84
Figure 4.39 - SDS-PAGE gels after triple SEC purification of the MEG 2.1 isoform 1 protein without signal
peptide. The purest fractions right after triple SEC purification. ...........cccceeriirieniinieniee e 84

Figure 4.40 - SDS-PAGE gels dafter triple SEC purification of the MEG 2.1 isoform 1 protein without signal peptide
- after -80 °C storage. A - MEG 2.1S with DTT, MEG 2.1S with 1 M NaCl and selected potent fractions after SEC
purification applied to the gel. The expected size of the MEG 2.1 protein without signal peptide in the
PMT/BiP/SLIN PIasmid iS 15 KD@. .....ccveeueeieieirieiieeetiesiieteete et e teete et e eteeaeaeteaeteesteestsesteesssessensseassessessasssasssesses 85
Figure 4.41 - SDS-PAGE gels after triple SEC purification of the purest concentrated fractions with MEG 2.1
isoform 1 protein without signal peptide - after -80 °C storage. The expected size of the MEG 2.1 protein without
signal peptide in the pMT/BiP/SLIN plasmid iS 15 KDQ. ........c..ccvecveevueeeeseeieeseeseesieesteestessseesaesassaesessssasseesseens 85
Figure 4.42 - Design of nine synthesized peptides for structural analysis of the MEG 2.1 family (isoforms 1, 2
and 3) using NMR. Individual peptides are designed named as follows: isoform 1 (iso 1, 66 aa sequence without
signal peptide - magenta), isoform 1a (iso 1a, 19 aa sequence - orange), isoform 1b (iso 1b, 17 aa sequence -
lime green), isoform 1c (iso 1c, 31 aa sequence - violet), isoform 1f (iso 1f, 15 aa sequence - bubble gum pink),
isoform 1g (iso 1g, 16 aa sequence - royal blue), isoform 2a (iso 2a, 18 aa sequence - red), isoform 2b (iso 2b, 16
aa sequence - dark green), isoform 3 (iso 3, 26 aa sequence - dark CYan)........ceccveeviverieescieeesiecsieesieesiee e 87
Figure 4.43 - CD spectra of MEG 2.1 iso 1, 2a, iso 2b, and iso 3 recorded at 25 °C in 100 % acetonitrile (A) and
50 % acetonitrile + 50 % TFE (B). Samples were prepared from the chemically synthesized peptides resuspended
in acetonitrile and/or acetonitrile/TFE; spectra were recorded for the supernatant after centrifugation. The

initial peptide concentration Was SEt t0 10 - 20 M. ..ccoueeeiiieseiieeiiieeieesieeetee et e e see et e ettt e s e e steesteesateesseeeanes 89
Figure 4.44 - CD spectra of MEG 2.1 isoform 1 protein without signal peptide expressed in S2 cells, purified,
and dialyzed in 10 mM MES buffer at pH 6. Protein concentration was 24 UM. .........cceeveevieneeneeseenieenieee e 89
Figure 4.45 - CD spectra of MEG 3.2 protein in 50 mM Tris/HCI buffer pH 8 (A) - 10 uM and 10 mM MES buffer
PH 6 (B) 5 M. ...t ettt e e st e et e et e e sttt e e ata e e st e e e st e e ate e e st e e bt e e at e ettt e e beaeateeete e et e e nttaearteenaraeans 90
Figure 4.46 - DLS distribution of MEG 3.2 protein expressed in E. coli, purified in 50 mM Tris/HCI pH 8, 200 mM
NaCl, 10 % glycerol, 5 mM BMIE buffer. Protein concentration was 0.32 mg/Ml.........cccoeverervienenenenceeeeen 91

Figure 4.47 - 2D *H->N HSQC experiment of MEG 2.1 isoform 1 without SP (64 aa, D25-P88), iso 1a (residues
D25-K43, sequence cyan), iso 1b (17 aa, residues G42-558, sequence red), iso 1f (15 aa, residues S58-R72,
sequence green) and iso 1g (16 aa, residues M73-P88, sequence violet) peptides in DMSO-d6 at a concentration
of 2 mM. All the experiments have been recorded at 27 °C with a Bruker Neo spectrometer operating at a *H
frequency of 1.2 GHz for the isoform 1 (25-88) and with Varian Inova spectrometer operating at a 'H frequency
of 600 MHz for iso 1a, iso 1b, iso 1f, and iso 1g. The two spectrometers are equipped with a triple HCN cryoprobe.
The residues numbering is displayed in each spectrum. The sequences are displayed at the bottom of the figure.

Figure 4.48 - 2D *H->N HSQC experiment of MEG 2.1 isoform 2a (18aa, residues V19-C36, sequence blue) and
iso 2b (16aa residues C37-P52, sequence pink) peptides in DMSO-d6 at a concentration of 2mM. All the
experiments have been recorded at 27 °C with a Varian Inova spectrometer operating at a 1H frequency of 600
MHz and equipped with a triple HCN cryoprobe. The residues numbering is displayed in each spectrum. The
sequences are displayed at the bottom of the fIGUIe. .......cocvieeiiieeee e 94
Figure 4.49 - 2D 'H->N HSQC experiment of MEG 2.1 isoform 3 peptide (26 aa, residues M1-P26) in DMSO-d6
at a concentration of 2mM. The experiment has been recorded at 27 °C with a Varian Inova spectrometer
operating at a H frequency of 600 MHz and equipped with a triple HCN cryoprobe. The residues numbering is
displayed in the spectrum. The sequences are displayed at the bottom of the figure.........ccccovevevvevvvevivennnns 95
Figure 4.50 - Overlay of *H-'>N HSQC spectra recorded at a 1H frequency of 1.2 GHz (red) and 600 MHz (blue)
for the isoform 1 at 2 mM dissolved in DMSO-d6. Experiments have been recorded at 27 °C with Bruker Neo
spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe and with
Varian Inova spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN
cryoprobe enhanced iN TH aNd 3C. ....uvouieeeeeeeeeeeete ettt ettt ettt e et e s s s tsese s ens 96
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Figure 4.51 - Assignments of 2D H-"*C HSQC of MEG 2.1 isoform 1 peptide without SP (64 aa, residues D25-
P88) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Bruker
Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN cryoprobe.97
Figure 4.52 - Assignments of 2D H-'H NOESY (mixing time 120 ms) of MEG 2.1 isoform 1 peptide without SP
(64 aa, residues D25-P88) peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded
at 27 °C with Bruker Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple
[ [0 o Vo] o o] « T YA PSSR 98
Figure 4.53 - Overlay of 2D *H-"*N HSQC and 2D *H-3C HSQC of MEG 2.1 isoform 1 peptide without SP (64 aa,
residues D25-P88) peptide in DMSO-d6 at a concentration of 2 mM with the addition of 3 mM ZnCl,. A - 2D H-
15N HSQC of isoform 1 without 3 mM ZnCl; (red) and with 3 mM ZnCl; (blue); B - 2D H-13C HSQC of isoform 1
without 3 mM ZnCl, (red/green) and with 3 mM ZnCl, (blue/cyan); experiments have been recorded at 27 °C
with Bruker Neo spectrometer operated at a 'H frequency of 1.2 GHz (28.2 T) and equipped with a triple HCN
(ol Y7 oo o TIPSR 99
Figure 4.54 - Assignments of 2D 'H-3C HSQC MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at
a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and ®3C.
Assignments of amino acids are numbered within the analyzed peptide (1-19)......ccccceevvevieevireviieciie e 100
Figure 4.55 - Assignments of 2D H-'H NOESY of MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at
a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated
at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in *H and *3C.
Assignments of amino acids are numbered within the analyzed peptide (1-19)......cccccecvvevireviresieecieesieee 101
Figure 4.56 - Complementary unassigned spectra of *H-'H TOCSY (A) and *H-13C HSQC-TOCSY (B), which were
also used for the assignment of MEG 2.1 isoform 1a (19 aa, D25 - K43) peptide in DMSO-d6 at a concentration
of 2 m. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency of
600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in TH and 3C. ........ccoovevevecienvevecnennne. 102
Figure 4.57 - Assignments of 2D H-'3C HSQC MEG 2.1 isoform 1b (17 aa, G42 - S58) peptide in DMSO-d6 at a
concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at
a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in H and ®3C.
Assignments of amino acids are numbered within the analyzed peptide (1-17)......cccceevvvevveevireviieciee e 103
Figure 4.58 - Assignments of 2D *H-'H NOESY (mixing time 400 ms) of MEG 2.1 isoform 1b (17 aa, G42 - S58)
peptide in DMSO-d6 at a concentration of 2 mM. Experiments have been recorded at 27 °C with Varian Inova
spectrometer operated at a 1H frequency of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe
enhanced in H and 3C. Assighments of amino acids are numbered within the analyzed peptide (1-17)......... 104
Figure 4.59 - Complementary unassigned spectra of *H-'H TOCSY (A) and *H-13C HSQC-TOCSY (B), which were
also used for the assignment of MEG 2.1 isoform 1b (17 aa, G42 - S58) peptide in DMSO-d6 at a concentration
of 2 mM. Experiments have been recorded at 27 °C with Varian Inova spectrometer operated at a 1H frequency
of 600 MHz (14.1 T) and equipped with a triple HCN cryoprobe enhanced in *H and 3C. .......ccoveveeveevevecnnenne. 105
Figure 4.60 - MEG 2.1 isoform 1c - long version of the peptide (31 aa, S58 - P88) in DMSO-d6 at a concentration
of 2 mM. A - 2D H-*N HSQC; B - 2D H-13C HSQGC; C - 2D H-H TOCSY (mixing time 80 ms); D - 2D *H-'H NOESY
(mixing time 400 ms); E - *H-13C HSQC-TOCSY; experiments have been recorded at 27 °C with Varian Inova
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5 DISCUSSION

Thanks to next-generation sequencing technologies, the sequencing of entire genomes of a
number of species has become possible, and thanks to RNAseq deduction of actively
transcribed genes is being achieved (Mortazavi et al. 2008; Wang, Gerstein, and Snyder 2009;
Filichkin et al. 2010; Harr and Turner 2010). In connection with the sequencing of a number
of parasite genomes, scientists have started to focus not only on transcriptomic analyses but
also on the evolution of MRNA and its post-transcriptional regulation. Thanks to alternative
splicing, the diversity of the proteome, which plays an essential role in a number of biological
processes, is deployed (Hagiwara 2005). Alternative splicing has played an essential role in
evolution (Kelemen et al. 2013), and it seems that in the human parasite S. mansoni, there are
groups of genes (encoding MEG and VAL proteins) that have undergone accelerated evolution
(Philippsen, Wilson, and DeMarco 2015) due to their parasitic lifestyle, during which they try
to remain hidden from the host's immune system until successful reproduction. Alternative
splicing has been intensively studied in a number of parasites and has been repeatedly pointed
out as a means of adapting to the host environment and especially of escaping the attention
of the immune system (Piao et al. 2014; Cai et al. 2008; Sorber, Dimon, and DeRisi 2011;
Nilsson et al. 2010; Yeoh et al. 2015). A highly interesting group of schistosome-specific
proteins are MEG proteins, which are encoded by genes whose sequence is up to 75 %
composed of short symmetric exons. This structure gives rise to a number of alternatively
spliced variants, which leads to the generation of high protein variability (Berriman et al. 2009;
DeMarco et al. 2010; Wilson 2012; Wilson et al. 2015).

The aim of this dissertation was to investigate the function and structure of some candidates
of S. mansoni MEG-family proteins. For this purpose, it was necessary to express, purify and
then analyze selected MEG proteins using several techniques. The final goal of this work was
to find potential host interaction partners for these selected proteins.

First, a comprehensive bioinformatic analysis of the primary protein sequence was performed
to better understand and categorize the MEG proteins. It also confirmed the unique character
of these Schistosomal genes and proteins. Subsequently, various expressions of MEG 2.1, MEG
3.2, and MEG 6 proteins were tested and optimized. These three candidate MEG-family
proteins were selected at the beginning of this work on the basis of transcriptomic analyses
performed in the laboratory of Dr. Jan Dvorak. The last steps were the structural analysis of
selected MEG-family proteins using circular dichroism (CD), dynamic light scattering (DLS), and
nuclear magnetic resonance (NMR) spectroscopy. Finally, preliminary tests of molecular
docking and molecular dynamics (MD) on the MEG 2.1 isoform 1 were performed.

These objectives proved to be very ambitious, given the very low number of publications on
this theme. At the same time, S. mansoni immune-evasion/immune modulation has been
studied for years and is still not fully understood; thus, it will require much more complex
research. All these studies are an important part of research not only on the parasitic lifestyle
but also on the human (host) immune system, in which many research gaps still remain.
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Bioinformatic analysis pointed out the problem of multiplicative and sometimes not strictly
logical nomenclature of schistosome MEG proteins. Therefore, in one of our publications, we
proposed a categorization and clarification of the nomenclature of these proteins. The
problem with multiple names for a single protein probably occurred during the manual
annotation/uploading of genes and proteins to the UniProt and WormBase ParaSite databases
without cross-checking. In this thesis, 35 meg genes and their positioning on chromosomes
were annotated and commented on, which provides information not only about the possible
evolution of MEG genes but also explains some structural protein characteristics.
Alignment and subsequent phylogenetic analysis of all 87 validated MEG proteins showed that
the MEG family is divided into two large subfamilies based on protein sequence similarities.
These two subfamilies differ in the conserved amino acids and motifs, which are better
observable after this division into subfamilies. Another marked difference is that one
subfamily is specific in its sub-branching (gene duplication leading to the sequence
diversification), and the other one is composed of sequences whose diversity was mostly
created by alternative splicing. On the contrary, some characteristics are noticeable in the
whole MEG superfamily: for example, almost all MEG proteins contain a signal peptide on the
N-terminus, and the vast majority contain a high proportion of cysteine in their sequences.
Another common feature of all MEG proteins is that they are homologous only to other
annotated MEG proteins of the genus Schistosoma. Alignment of the studied MEG 2.1 isoform
1, MEG 3.2 isoform 1, and MEG 6 proteins showed a lower percentage sequence identity also
with the hypothetical proteins of the genus Trichobilharzia for the MEG 3.2 isoform 1 protein.
Thus, the relationship remains in the Schistosomatidae family of parasites.
None of the three investigated proteins had sufficient homology to proteins with
experimentally solved structures to allow their homology modelling. For that reason, ab initio
predictions were made using three leading deep-learning prediction servers. The results of
these predictions varied considerably: the most for MEG 6 and the least for MEG 2.1 isoform
1. This can again be explained by the lack of their homology and the lack of recognizable
structural elements and sequence motifs that are necessary for relevant ab initio predictions
(Ruff and Pappu 2021; Azzaz et al. 2022). The predicted models differed not only among the
results of the competing prediction servers but also within multiple models generated by the
same prediction server. The prediction error was, therefore, high and reached its maximum in
non-structural parts of the sequences.
Recombinant expression of MEG 2.1 isoform 1, MEG 3.2 isoform 1, and MEG 6 was tested in
bacterial, yeast, insect, and cell-free expression systems. MEG 2.1 isoform 1 without signal
peptide, with SLIN tag and MEG 3.2 isoform 1 with a signal peptide and 6xHis tag and TEV
cleavage sequence were expressed, though in very low yield (Methodology 3.2 Recombinant
protein expression and Results 4.2 Recombinant protein expression). MEG 6 has never been
expressed, despite being a protein without cysteine and without a predicted signal peptide.
The absence of the signal peptide is very interesting because it has been repeatedly reported
to be a protein secreted from S. mansoni eggs (Berriman et al. 2009). At the same time, MEG
6 is the one containing the most probable N-glycosylation markers of the three proteins
154



studied, suggesting that the protein is indeed secreted (Varki et al. 2022). Moreover, MEG 6 is
also interesting because it is encoded by a gene that is the only one located on the sexual
chromosome (ZW) of S. mansoni. Phylogenetically, MEG 6 belongs to the subfamily whose
diversity is due to gene duplication. For MEG 6, a trend of higher expression in mature eggs
than in immature ones was observed. This trend was also observed for MEG 2.1 (all three
isoforms) and MEG 3.2 (all of ten isoforms) (Introduction 1.5 Schistosomal MEG family
proteins, Fig. 1.6). For this reason, it can be assumed that these proteins are involved in the
interaction of mature eggs with the host tissue, most likely during the penetration of the
intestinal wall before their excretion from the body. This hypothesis has also been previously
suggested in the literature (Wilson 2012; DeMarco et al. 2010).
Unfortunately, MEG 2.1 isoform 1 was successfully expressed only in the S2 insect expression
system. This one was not a suitable system for the subsequent isotopic labeling for NMR
analyses, which was one of the objectives of this dissertation. Analysis of the secondary
structure of MEG 2.1 isoform 1 with the SLIN tag indicated the presence of a-helix, but the
instability and low quantity of the single sample (shipped to Lyon from Prague) did not allow
to repeat this measurement. MEG 3.2 isoform 1 was expressed in the bacterial expression
system after long optimizations, but unfortunately, the necessary amount and concentration
of this protein, whether isotopically labeled or not, was never obtained. MEG 3.2 isoform 1
was stable only in buffers with a very high NaCl content; below 0.5 M its precipitation was
almost immediate and visible. This fact greatly complicated the subsequent biophysical
analyses, for which such high salt concentrations are an obstacle. Both expressed proteins
have been shown to be recalcitrant to express in all of the tested expression systems, including
cell-free. The only expression system that showed decent yields of the expressed protein
without the need for further optimization was the S2 insect expression system. One possible
explanation could be that this system was developed to express difficult targets (Scotter et al.
2006; Adriaan de Jongh, Salgueiro, and Dyring 2013). At the same time, it was certainly
advantageous that this expression system had its own Drosophila signal peptide, which
mediates the secretion of proteins into the medium and thus does not cause cell death when
secreting toxic proteins.
Some MEG 2.1 isoform 1 and MEG 3.2 isoform 1 constructs did not transform into the BL21
expression bacteria, and others showed a rapid decrease in optical density after IPTG
induction. This data suggested that both MEG 2.1 isoform 1 and MEG 3.2 isoform 1 could be
toxic. This theory was also supported by bioinformatic analyses that showed the homology of
MEG 3.2 isoform 1 with the scorpion neurotoxin Cnll. The structure of peptides/small
proteins, which is cysteine-rich, is well known for toxic/antibacterial proteins of spiders
(Mandard et al. 2002), scorpions (Kobayashi et al. 1991), wasps (Ozbek et al. 2019), frog skin
(Simmaco et al. 1994; Morikawa, Hagiwara, and Nakajima 1992), snakes (Reeks, Fry, and
Alewood 2015), among others (Dimarcq et al. 1998).
Moreover, both these proteins aggregated after multiple days of storage at -20 °C or -80 °C
degrees. Bands of stored proteins reloaded to the gels appeared to have approximately twice
the molecular weight of the original bands of the expressed proteins. These bands were
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evident after the initial purifications of both MEG 2.1 isoform 1 and MEG 3.2 isoform 1
proteins, but with the progressing time and storage at -20 °C there was a visible progressive
increase in the band size of the double-sized fraction, compared to the original band of the
expressed protein. This trend was observed for both proteins despite the fact that the samples
were denatured at high temperature before loading onto the gel, and at the same time, the
gels were run under denaturing and reducing conditions. For these reasons, | believe that
dimers are formed during the degradation of those two proteins. For MEG 3.2 isoform 1, it is
possible that there are not only dimers but multimers formed during its storage; despite the
considerably high NaCl concentration, many higher molecular weight proteins remained on
gels after the purifications. This theory is only a hypothetical possibility that has not been
confirmed by mass spectrometry. However, the overlay of the proton spectra of the monomer
and the hypothetical dimer of MEG 3.2 isoform 1 showed that this theory was not entirely
false because the spectra overlapped considerably well (Results 4.2.1.1.2, Fig. 4.34).
A two-year effort to express one of the studied proteins in sufficient concentration, purity, and
expression system suitable for the following isotopic labeling did not lead to success and
therefore, in parallel with the optimization of the expression of MEG 3.2 isoform 1, the
strategy of peptide synthesis of the whole MEG 2.1 family (i.e., three isoforms) was chosen.
MEG 2.1 family was chosen because of its relatively short sequence, since the longest (all
micro-exons covering) isoform 1 has 88 amino acids. At the same time, it was possible to
demonstrate on this family how much the individual isoforms differ structurally as a result of
alternative splicing, which would not have been possible with MEG 6, for which only one
isoform has been reported.
However, this strategy also required solving several challenges: first of all, it was not possible
to synthesize MEG 2.1 isoform 2 in its full length (52 amino acids) even after repeated attempts
by Genosphere. For this reason, this isoform was subsequently split into two peptides and
ordered without the signal peptide. The longest isoform 1 was first ordered as a whole, but
without the signal peptide (64 aa from residue 25 to 88), then it was divided into three
peptides: iso 1a, iso 1b, and iso 1c. Subsequently, iso 1c was further divided into two shorter
peptides: iso 1f and 1g. Isoform 3 was ordered in its entirety. This isoform is the signal peptide
of the other two isoforms. This strategy allowed us to obtain assignable NMR spectra of the
whole MEG 2.1 family and reconstruct their 3D structure.
Another challenge that had to be overcome when working with synthetic peptides was their
extremely poor solubility in physiological buffers. At the same time, they were not soluble in
any commonly used organic solvents. The only solvent able to completely dissolve the
peptides at a high concentration (2 mM) turned out to be 100% dimethyl sulfoxide (DMSO).
DMSO is certainly not the solvent of first choice for the study of biomolecules, but in this case,
despite many efforts, no suitable alternative was found.
In order to analyze the secondary structure of peptides, acetonitrile was used, which was
suitable for collecting CD spectra because the required final concentration is several times
lower than the concentration necessary for NMR measurements of the peptide in the natural
abundance of 3C (1.1%) and *°N (0.4%).
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On top of those, one of the peptides (iso 2a) proved to be unstable and degraded within one
week, which was the time needed to measure the NMR spectra for each peptide.
This time demand of one week per peptide is a specificity of NMR measurement in the natural
abundance of carbon and nitrogen isotopes. It should be noted that the optimization and
selection of suitable conditions for the measurement of the presented spectra also took
several months. For each of the peptides, at least *H-1°>N HSQC, H-13C HSQC, *H-'H NOESY,
and *H-'H TOCSY were measured. Most of the peptides were also subjected to *H-13C HSQC-
TOCSY experiments. After detecting the instability of one of the peptides, 1D measurements
were also inserted between each recorded spectra to check the stability of the samples. The
short peptide strategy was successful because it overcame the lack of signal in the undivided
longer peptides. At the same time, thanks to alternative splicing of MEG 2.1 family, it was
possible to overlay the spectra of isoform 1 and isoform 2 peptides so that some resonances
were cross-checked due to sequence overlaps.
In addition to NMR and CD analyses, very basic peptide toxicity tests were also performed on
BL21(DE3) bacterial cultures. These tests were performed based on the presumed toxicity of
some of the constructs of MEG 2.1 isoform 1 and MEG 3.2 isoform 1, whose plasmids either
failed to be transformed into the bacteria or induced cells death after the addition of IPTG.
Despite different ways of adding synthetic peptides to the bacterial culture media, no bacterial
death was detected. From the results, it is evident that the presence of the signal peptide in
these two MEG proteins is possibly the cause of toxicity, and therefore it is very important to
choose suitable constructs for bacterial expression.
In addition, MEG 2.1 isoform 1 has never been expressed in any bacterial strain (even with the
addition of rifampicin), and during expression in Rosetta(DE3) strain, it was almost impossible
to achieve culture multiplication for induction and subsequent harvesting. For this reason, |
venture to hypothesize that MEG 2.1 isoform 1 is more toxic for bacteria than MEG 3.2 isoform
1. In order to verify this hypothesis, it would, of course, be necessary to express both proteins
and subject them to a series of more adapted toxicity tests.
The last obstacle that stood in the way of a successful assignment of all measured peptides
was the fact that their measured resonances were dispersed in a very narrow spectral range,
most frequently around 0.6 and at the maximum of 1 ppm. This fact complicated the
assignment of all the spectra, especially the *H-'H NOESY spectra, which are crucial for the
subsequent determination of the 3D structure using automated structural calculation. Indeed,
the measure of distance constraints (NOE), in combination with the assignment of *H-1°N
HSQC and H-13C HSQC spectra, allows us to evaluate the conformational constraints followed
by structural calculations. Longer peptides NMR spectra were already considerably
overcrowded in a narrow spectral range in *H-'H TOCSY and in *H-'H NOESY spectra. This led
to the overlapping of peaks of hydrogen resonances of individual amino acids with
intermolecular/intramolecular NOEs. This problem was overcome for most of the peptides,
but unfortunately, the structure of MEG 2.1 isoform 3 was not possible to be determined even
after many various attempts to optimize the measurement. According to the CD analyses, it
was undoubtedly found that this isoform is in the conformation of an a-helix, as it was
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predicted from the beginning by all bioinformatic software for the determination of secondary
and tertiary protein structure.
After successful assignment and structural refinement, all MEG 2.1 peptides of both isoform
1 and isoform 2 were confirmed to be IDP. The C-terminus of isoforms 1 and 2 (iso 1g and iso
2b) folds into a hairpin. This structural similarity is due to the partial overlapping of the 7
terminal amino acids. For both peptides, the hairpin structure is formed approximately in the
middle of the sequence; for peptide 1g, it is the sequence V80-T87, while for 2b, it is 144-Y50.
The other peptides also contain one turn each, but overall they are linear, and their ten lowest-
energy models differ in these very flexible parts of the sequences (N-terminus and C-
terminus), while in the case of iso 1g and 2b, the models fit very well.
The final proposed structure of MEG 2.1 isoform 1 and MEG 2.1 isoform 2 was assembled from
these peptides. To build both of those models, it was necessary to supplement the
experimentally obtained structures of four peptides for isoform 1 and two peptides for
isoform 2 with a signal peptide. Due to alternative splicing, the signal peptide of these two
peptides is MEG 2.1 isoform 3 (which, in addition to the sequence of the signal peptide, also
contains 6 amino acids at the C-terminus). Since we could not determine the structure of
isoform 3 for the reasons described above, | solved this obstacle by adapting the AlphaFold2
prediction models for this isoform. After adaptation of the signal peptide for both isoforms
and assembly of their final structure, the relevance of both models was tested using energy
minimization. Isoform 1 contained a higher number of clashes, and its minimization was
slightly better than for isoform 2, where minimization saved about 1 kcal/mol. It is worth
mentioning that the energetics of non-structural proteins is still a very challenging area of
experimental computational strategy (Zou, Simmerling, and Raleigh 2019). Without
experimental verification of the whole isoforms, these presented models remain only
preliminary suggestions of their 3D structure.
For MEG 2.1 isoform 2, it was not possible to achieve a comparison of the whole isoform
structure with that of the two individual peptides (due to the problems with the synthesis of
the whole sequence of this isoform). However, this possibility was available for MEG 2.1
isoform 1. Isoform 1 without the signal peptide was again a challenge for the overall
assignment because the resonances at the N-terminus were again overlapping in a narrow
spectral range. On the other hand, it was possible to confirm that the resonances at the C-
terminus overlapped between those of iso 1f and 1g. This confirmed that the strategy of
dividing complex IDPs into shorter peptides was, in our case, a suitable method for
determining at least the partial structure of these molecules.
Here it can be argued that the structure of the MEG 2.1 proteins studied here contain a
significant number of cysteines; therefore the proposed reconstructed structures could not
be relevant due to the possibility of disulfide bond formation. This theory has been tested in
several ways. Primarily, the distance combinations between all the cysteines that could form
these S-S bonds were measured, and it was found that they were too large for any interaction.
NMR measurement of the possible disulfide bond reduction by the addition of TCEP to the
sample of isoform 1 was tested, but unfortunately, the sample was degraded during the
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measurements. The formation of S-S bonds between individual molecules of isoform 1 cannot
be rejected nor confirmed. However, the concentration of the measured peptides was high,
and no conformational changes of the peptides in the samples were observed, so either all
molecules in the sample were bound, or all were unbound.
Apart from disulfide bonds, Cys,X10Cys2 motifs can be stabilized in other ways, such as Zn
fingers or [2Fe2S] cluster formation. Both of these possibilities were considered because the
first pocket, just after the a-helix of MEG 2.1 isoform 1 has a conformation strikingly similar
to a 4xCys zinc finger. In addition, the zinc finger of 3xCysHis-type protein was found to be one
of the best templates found by the bioinformatic programs for homology modelling (despite
its very low sequence identity). This hypothesis was verified by adding ZnCl, to a sample of
isoform 1 (without the signal peptide), and by subsequent analysis and accurate overlapping
of *H->N HSQC, H-13C HSQC spectra, it was found that coordination of Zn?* ions does not
occur. This is consistent with the results of the measured distances of the proposed structures,
which indicated that the distances between the SG atoms of cysteine were too large to allow
Zn?* coordination.
After energy minimization treatment, two potential binding pockets were identified in MEG
2.1 isoform 1. Due to the confirmation of the overlapping resonances of iso 1f and 1g with
isoform 1 without signal peptide, the pocket at the C-terminus was considered more relevant.
Several thousand molecules from the ZINC20 database were tested to identify potential
interaction partners. Twelve putative molecules were detected in the blind screen, which
showed interesting docking scores suitable for blocking this site. Upon closer examination of
these molecules, it is obvious that they are relatively large molecules with a high logP, high
number of aromatic rings. At the same time, all potent molecules had high values of
topological polar surface area. These aforementioned properties, unfortunately, make those
well-docked molecules unlikely to be suitable as oral therapeutics. The molecules listed in the
results share these undesirable properties for their potential druggability. At the same time,
the hydrophobic nature of the binding pocket of MEG 2.1 is a great challenge for finding
druggable molecules that would follow Lipinski's rules. Despite the high docking scores for all
these molecules, their druggability is almost impossible, according to Lipinski's rules of five
(Lipinski 2000). These rules are guidelines for new molecular entities (NMEs) for orally active
drugs. Potential candidate molecules should (i) contain no more than 5 H-bond donors, (ii)
contain no more than 10 H-bond acceptors, (iii) have a molecular weight greater than 500
g/mol, and (iv) logP should not exceed 5. (Lipinski 2000; Singh et al. 2022; Benet et al. 2016).
Despite the fact that the three best-docked molecules described in the results (Results, Fig.
4,90, 4.91, 4.92, 4.93, and 4.94) do not meet these rules, it must be mentioned that these are
molecules that have already been used in biological tests.
The best docked molecule is 3,3',3",3"'-(1,4-phenylenedimethylidyne)tetrakis(4-
hydroxycoumarin) - NSC158393 (Kim et al. 2022). Analogues of this molecule have been tested
as HIV integrase inhibitors (Liu et al. 2009; Ma et al. 2010; Chiang et al. 2007; Wang et al.
1996). Its analogues have also been tested for antimicrobial and antioxidant effects (Hamdi,
Puerta, and Valerga 2008). 4-hydroxycoumarin derivates are widely used as anticoagulants
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(the most well-known from this group is warfarin) (Au and Rettie 2008). 4-hydroxycoumarins
are also used as anti-thrombotic agents and also have a number of other effects: for example,
analgesic (Adami, UBERTI, and Turba 1959), anti-inflammatory (Luchini et al. 2008), anti-
bacterial (Chohan et al. 2006), anti-viral (Kirkiacharian et al. 2008), and anti-cancer (Velasco-
Veldzquez et al. 2003) properties. 4-hydroxycoumarins have also been tested for antiparasitic
activity, specifically against Trypanosoma cruzi, but unfortunately, the results were
unsatisfactory (Pérez-Cruz et al. 2012). 4-hydroxycoumarin derivatives have also been tested
against the protozoan parasite Leishmania donovani with convincing in silico results (Zaheer
et al. 2015).

The other two very well-docked molecules are available synthetic molecules that can be
purchased, but neither has been tested for biological effects in this form. 4-(2-{3-[5-(4-
carboxybenzoyl)-1,3-dioxo-2,3-dihydro-1H-isoindol-2-ylJadamantan-1-yl}-1,3-dioxo-2,3-
dihydro-1H-isoindole-5-carbonyl)benzoic acid is the second best-docked molecule (Results,
Fig. 4.93). A very interesting structural element of this molecule is adamantane, which is a
commonly used scaffold for biological applications due to its lipophilicity and stabilization of
the drug because such a rigid structure formed by the assembly of three cyclohexane rings
protects the close functional groups from unwanted metabolic cleavage (Wanka, Igbal, and
Schreiner 2013; Horvat et al. 2006; Ro&¢i¢, Sablji¢, and Horvat 2008; Stimac et al. 2017). It is
evident that the adamantane in the middle of the structure strengthens this symmetric
molecule, composed of substituted iso-indoles and benzoic acids, in such a way that it fills the
C-terminal pocket relatively nicely. Its logP, tPSA, and MW are lower than in the case of the
better-docked above-described molecule NSC158393; however, the molecule is more linear
and consequently fills the C-terminal pocket less well.

The last found well-docked molecule is 3-({3-[(1H-1,2,3-benzotriazol-1-yl)methyl]-4-
methoxyphenyl}(4-hydroxy-2-oxo-2H-chromen-3-yl)methyl)-4-hydroxy-2H-chromen-2-one,
very similar to the first one described, with the difference that the fourth hydroxycoumarin
has been substituted by benzoazatriol (Results, Fig. 4.94). This makes it more druggable but it
fills in the C-terminal pocket of MEG 2.1 isoform 1 the least well of the three molecules.

It should be mentioned that all other ligands docked with a minimum of -10 kcal/mol exhibit
a number of similarities: they are symmetrical molecules; they contain a high number of
aromatic rings and heteroatoms, most often oxygen, nitrogen, and sulfur; none of them has
been tested for biological activity. These preliminary results could be used to refine the search
or to generate a more suitable dataset for further ligand search in the blind screen.

The last of the analyses within the framework of this dissertation were tests of conformational
changes in protein structure using molecular dynamics (MD). This assay consisted of a long
simulation of 4 ps performed on MEG 2.1 isoform 1 without a signal peptide reconstructed
from the four NMR-determined peptides. The starting molecule is the same as that used for
the docking. Thanks to this in silico method, it was possible to confirm that MEG 2.1 isoform
1 is mostly IDP, but at the same time, the N-terminal part can fold into a-helix relatively soon
after the beginning of the simulation. At the N-terminus of the sequence, three shorter helices

are formed, which merge into one stable long a-helix slightly before the halfway point of the
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simulation. MD simulations were performed only on isoform 1 without the signal peptide
(D25-P88), so it is possible to assume that this a-helix will be a continuation of the signal
peptide a-helix (M1-C24). In the sequence, another three short helices are formed, which are
separated from this long N-terminal a-helix and also from each other by a random coil part,
that remains unstructured throughout the simulation. This simulation confirmed that the C-
terminus (R69-P88) of MEG 2.1 isoform 1 remains unstructured, forming a short a-helix with
almost two turns (L64-R69) and another composed of only one turn in the V80-N84 region
(Results, Fig. 4.95 and 4.96). As it is evident from the superposition of the structures after MD
with peptides iso 1f and 1g in Fig. 5.1, the presence of two short helices slightly changes the
structure of the C-terminal pocket by rather reducing and closing it. During MD simulations, it
was also confirmed that no disulfide bonds were formed.

Figure 5.1 - Overlay of the structure obtained after 4 us run of molecular dynamics with two peptides (iso 1f - green and 1g -
cyan) determined by NMR.

These analyses were performed only for the unspliced isoform 1 of the MEG 2.1 family
because isoform 2 could not be synthesized in its entirety, so it was not possible to verify
whether the resonances of the two peptides (iso 2a and 2b) matched the resonances of the
whole isoform. Despite this, it is obvious from the built structure of the NMR-resolved
peptides after its energy minimization how important the alternative splicing of MEG proteins
is.

In the results, | have presented two different isoforms, which are almost identical in sequence
(except for the K/I at position 44), but isoform 2 has 36 amino acids spliced out before the C-
terminus. The C-terminus of the two proteins is again identical (ENFIYTP), which is a previously
described phenomenon of the whole MEG 2.1 family. Considering the MD analyses of the
structure of isoform 1 and the results of the NMR analyses together with the structural
refinement of isoform 2, | believe that the model structure presented in the results will not
be too far from reality.

The C-terminus is likely to be again in the form of a random coil. Isoform 1 showed the
presence of a long stable helix (H23-G53) after MD simulations, so the question arises whether
the same effect will occur in isoform 2. Isoform 2 is spliced after G45, so this a-helix would
lose almost three turns. At the same time, it was confirmed by CD analysis that both peptides
of isoform 2 (2a and 2b) never show features of a-helix, even after the addition of 50 % TFE.
The NMR analyses of these peptides showed that these two isoforms contain the highest
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number of constraints (short, medium, and long ranges) and, due to this, their ten lowest
energy calculated structures displayed a low r.m.s.d., thus better superimposed than those of
isoform 1 peptides. Based on these facts, | believe that the structure of isoform 2 will contain
an a-helix signal peptide followed by a random coil. Despite alternative splicing of a large part
of the sequence, isoform 2 remains very cysteine-rich (up to 10 % of the sequence consists of
cysteines). It is, therefore, reasonable to expect stabilization of the structure by the creation
of disulfide bonds, but unfortunately, this could not be experimentally verified.

The sequence of isoform 3 is alternatively spliced in such a way that the resulting protein is
only a signal peptide and 4 amino acids, three of which are the common C-terminal motif YTP.
It is important to mention that all three described isoforms of the MEG 2.1 family have been
confirmed only in the form of mRNA in transcriptomic studies. It is, therefore, reasonable to
ask, at least for isoform 3, whether this protein really exists (Shyu, Wilkinson, and Van Hoof
2008) and what its biological activity might be.

Based on ab initio predictions and bioinformatic analyses, large segments of MEG 2.1 isoforms
1and 2 proteins were determined to be unstructured. This has been confirmed experimentally
in this dissertation.

Those two MEG 2.1 isoforms are not the only MEG family members with IDP character. MEG
14 has been shown to be a morphing IDP (Lopes et al. 2013). Currently, only two other
Schistosomal MEG proteins, MEG 24, and MEG 27 have been partially characterized by CD
with synchrotron light and differential scanning calorimetry. Both proteins were chemically
synthesized in order to be studied in vitro. The CD spectra indicated the presence of an
amphipathic a-helix, which could interact with membranes (Felizatti et al. 2020).

All the studies presented above are the first biophysical studies of MEG family proteins
secreted from S. mansoni eggs. Since efforts to express them in sufficient concentration and
purity in the bacterial system failed, it was not possible to study their full length by NMR. The
strategy of splitting the isoforms into shorter peptides allowed their structural analysis. Of
course, this strategy cannot provide complete information about the whole protein, and it is
essential that the reconstructed structures presented here need to be verified experimentally.
The expression of MEG proteins has proven to be challenging, and so far, only MEG 8 and MEG
14 proteins have been recombinantly expressed (Lopes et al. 2013; Martins et al. 2014). In the
framework of this thesis, MEG 2.1 isoform 1 protein and MEG 3.2 isoform 1 have also been
expressed, but at concentrations not suitable for NMR structural determination.

Finally, in this thesis, | have contributed to the rationalization of the MEG superfamily of
proteins annotation and to their classification, which is at the core of one paper submitted to
PLoS Neglected Tropical Diseases. Moreover, | have tried hard to express in 3 heterologous
hosts and in cell-free the isoforms from the MEG 2.1, MEG 3.2, and MEG 6 families; | have
contributed to the structural characterization by NMR of the three alternatively spliced
isoforms of MEG 2.1, chemically synthesized in shorter pieces. The strategy of dividing,
solving, and reconstructing proved successful. These results are the first 3D structural data on
any member of the 87 MEG proteins and are part of a second paper submitted to PLoS One.
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In parallel, | had also tried to infer their structure by using the servers for homology and ab
initio modeling, which highlighted the challenges posed by IDP or morphing proteins to
prediction software, even if based on Artificial Intelligence or machine learning.

In order to find putative interactors of MEGs, | have carried out a virtual screening of the C-
terminal pocket and selected three putative small molecule candidates, which fill in this
pocket by displaying a complementarity surface. One of them is a derivative of 3-
hydroxycoumarin, a family of known pharmacological effects. It will be interesting to test the
three selected molecules in vitro in the future.
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6 CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, this dissertation aimed to investigate the function and structure of selected S.
mansoni MEG-family proteins. The study employed bioinformatic analysis, recombinant
protein expression and optimization, and biophysical techniques. The findings revealed the
unique character of Schistosomal MEG proteins and provided insights into their evolution and
structural characteristics. The expression of MEG proteins proved challenging, with low yields
and degradation issues observed. However, the S2 insect expression system showed promise
for MEG 2.1 isoform 1 protein, while MEG 3.1 isoform 1 was successfully expressed with
meager yields in E. coli. Despite the difficulties, the study successfully categorized the MEG
family proteins and demonstrated their division into two subfamilies based on sequence
similarities. The study also highlighted the role of alternative splicing in generating protein
diversity of MEGs. Structural analysis using ab initio prediction servers was limited due to the
lack of homologous proteins. Nonetheless, this work made progress in elucidating the
structural and functional aspects of MEG family proteins, paving the way for further
investigations in the field of S. mansoni immune evasion and immune modulation. In this
dissertation, | presented the structure of MEG 2.1 peptides of isoform 1 and isoform 2,
confirming their nature as intrinsically disordered proteins (IDPs). The final proposed
structures of both isoforms were assembled by combining the experimentally obtained
structures of shorter peptides with an AlphaFold2 (AF2) predicted signal peptide. However,
the 3D structure of isoform 3 (which coincides with a predicted signal peptide of all the MEG
2.1 family members) could not be experimentally determined. However, the adaptation of AF2
prediction models facilitated the incorporation of the signal peptide into the final structures.
The presence of cysteines in S. mansoni MEG proteins raised questions about disulfide bond
formation, but various measurements and experiments indicated that such interactions were
unlikely for MEG 2.1 isoform 1. Potential binding pockets were identified at the C-terminus of
this isoform, and blind screens followed by molecular docking simulations revealed several
molecules with high binding scores, although their suitability as therapeutics could be limited
since they do not conform to Lipinski's rules of five for oral drugs. Molecular dynamics
simulations confirmed the predominantly disordered nature of MEG 2.1 isoform 1 and
provided insights into its conformational changes. The importance of alternative splicing in
the MEG 2.1 family was highlighted, with isoform 2 exhibiting structural differences due to
splicing events. Overall, the presented models provide preliminary suggestions for the MEG
2.1 protein structures and open avenues for further research and drug discovery.

Schistosomal MEG family proteins remain to be a very intriguing group of proteins that
certainly deserve the attention of scientists due to their unique structure. Several challenges
and exciting opportunities lie ahead. It is crucial to combine diverse "omics" datasets,
including genomics, proteomics, metabolomics, and transcriptomics, in order to fully
comprehend protein structure and function. In the case of MEG proteins secreted by S.
mansoni eggs, this information is still missing. A significant contribution and advance would
be to perform a proteomic analysis of the egg secretome, on the basis of which it would be
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possible to determine which of the MEG family proteins are actually present among secreted
proteins. This will be a very challenging task, given the fact that the authors of the studies
carried out in this area do not agree on how to prepare the secretome sample for proteomic
analysis. Obtaining a clean and suitable egg secretome sample for proteomic analysis remains
a complex task.

If someone would like to follow up on the presented expressions of recombinant proteins, |
believe that for MEG 2.1 isoform 1, a concentration suitable for structural analyses that do not
require isotopic labeling (X-ray crystallography or cryo-EM), could theoretically be achieved.
This process would, of course, require further financial and time investment in optimizing
expression vyields. If recombinant MEG 3.2 isoform 1 and MEG 2.1 isoform 1 proteins are
expressed in the future, it would be interesting to perform more detailed toxicity tests of these
proteins, not only against bacteria but primarily in tissue assays, especially human gut tissue.
These tests could provide a final confirmation of the hypothesis that these egg-secreted
proteins interact with the host intestinal wall through which they must pass in order to be
excreted from the host body. Also, the phylogenetic analysis identified several short linear
motifs in the red clade of MEG proteins, one of which was shared with the blue clade (i.e.,
across the entire MEG family). It would be interesting to experimentally verify whether these
peptides are conserved because they are antigenic or because they confer some structural
features to the IDPs.

Obtaining a recombinant protein would allow researchers to discover and study real
interacting partners within the human host. These interactions could be carried out with
selected candidate molecules within defined datasets relevant to the internal environment of
the host (intestinal lumen, blood capillaries, ...) using not only in silico analyses but also
experimental techniques, such as bio-layer interferometry or saturation transfer difference
NMR.

Bridging all these gaps between the structure and function of MEG family proteins might
unravel the complexity of biological macromolecules, host-parasite interactions, and also our
own immune system. All these findings together will pave the way for breakthroughs in
medicine, drug discovery, and biotechnology that are so urgent for solving the global problem
of schistosomiasis.
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ANNEXES

Annex A - Summary of sequences and primary structure characteristics of MEG proteins analysed in this study. Molecular
weight (MW in Da), aliphatic index and gravy index have been calculated by ProtParam on the EXPASY server.

UniProt ID Gene name (WBPS) and annotated Mw pl Aliphatic | Gravy
name(s) (g/mol) index Index
C4QKES Smp_085840.1 MEG-4 Antigen 10.3 12908 4.86 89.16 -0.45
AO0A1C9A1H6 Smp 124000.1 MEG-14 isoform 3 14354 10.31 80.5 0.1
AOA1C9A1IS Smp 124000.1 MEG-14 isoform 6 13820 10.19 76.99 0.05
AO0A1C9A1J0 Smp 124000.1 MEG-14 isoform 7 14760 10.56 74.72 -0.06
Q8ITDS Smp_124000.2 MEG-14 15822 10.40 79.04 0.09
AO0A1C9A1I Smp 124000.2 MEG-14 isoform 1 14267 10.31 81.07 0.11
AO0A1C9A114 Smp 124000.2 MEG-14 isoform 2 15782 10.16 74.52 0.01
AO0AS5K4EKO08 Smp 124000.2 MEG-14 isoform 3 15509 10.03 83.47 0.1
AO0A1C9A1I3 Smp 124000.2 MEG-14 isoform 4 15447 10.25 75.33 0.01
AO0A1C9A1I0 Smp 124000.2 MEG-14 isoform 5 14179 10.31 81.65 0.12
G4VTW5 Smp_165050.1 MEG-7 13106 10.04 79.74 -0.36
AO0ASK4EUJ7 Smp_165050.2 MEG-7 iso2 16568 9.88 82.62 -0.43
AO0A3QOKTG4 Smp _176020.1 MEG-11 8635 5.36 81.52 0.03
AO0AQUSKI4S5 Smp_243780.1 MEG-30 6687 8.14 119.31 0.66
AOAOUSKFM1 Smp_243790.1 MEG-31 protein 6879 9.39 88.1 -0.21
AOAS5KA4F627 Smp 307220.1 MEG-4 Antigen 10.3 19788 6.73 83.35 -0.64
Q86D79 Smp_307220.2 MEG-4 Antigen 10.3 22739 8.43 76 -0.77
AO0AS5K4F2KS5 Smp_307220.3 MEG-4 Antigen 10.3 20828 7.74 81.37 -0.67
AO0A5K4F4Bl1 Smp 307240.1 MEG-4 Antigen 10.3 22129 9.14 94.17 -0.59
G4VCW35 Smp_171190.1 MEG-8 20959 9.86 66.86 -0.55




D7DP78 MEG-2.11is0l 9792 5.53 86.36 -0.05
D7DP76 MEG-2.1is02 5641 4.83 103.08 0.51
D7DP75 MEG-2.1is03 2818 7.98 146.15 1.14
AO0A3QOKKC4 Smp _122630.1 MEG-1 isol 18213 5.34 88.65 -0.09
D7PDS88 Smp _122630.1 MEG-1 isol0 17319 5.58 87.57 -0.07
D7PD89 Smp _122630.1 MEG-1 isoll 16526 5.58 89.15 -0.07
D7PD93 Smp_122630.1 MEG-1 isol6 17523 5.33 86.98 -0.12
D7PD9%4 Smp 122630.1 MEG-1 isol8 14425 5.28 98.28 0.06
D7PDS83 Smp _122630.1 MEG-1 iso5 18241 5.34 88.65 -0.09
D7PD84 Smp_122630.1 MEG-1 iso6 16143 5.48 91.88 -0.1
D7PD86 Smp 122630.1 MEG-1 iso8 14480 5.53 95.89 -0.02
AOASK4EKNI1 Smp_122630.2 MEG-1 iso2 18156 6.28 102.53 0.02
D7PD79 Smp 122630.2 MEG-1 isoform 1 18184 6.28 102.53 0.02
D7PD99 Smp_122630.2 MEG-1 isoform 12 16495 6.81 107.21 0.09
D7PD91 Smp_122630.2 MEG-1 isoform 14 16112 6.27 107.45 0.04
D7PD95 Smp 122630.2 MEG-1 isoform 17 15394 6.27 106.41 0.02
A0A3QOKMSO0 Smp_138060.1 MEG-3 Grail family 16404 4.81 57.55 -0.32
D7PD62 Smp_138060.1 MEG-3.3 isoform 1 16403 5.07 57.55 -0.32
D7PD63 Smp_138060.1 MEG-3.3 isoform 2 16153 4.81 55.78 -0.37
D7PD64 Smp_138060.1 MEG-3.3 isoform 3 15542 4.70 57.34 -0.35
D7PD53 Smp_138070.1 MEG-3.2 (Grail) 14811 5.60 60.72 -0.17
isoform2
D7PD52 Smp_138070.1 MEG-3.2 (Grail) 15769 5.39 57.1 -0.26
isoform2/1
D7PD54 Smp_138070.1 MEG-3.2 (Grail) 15208 5.39 57.17 -0.3

isoform3




D7PD57 Smp 138070.1 MEG-3.2 (Grail) 14794 5.62 55.88 -0.27
isoform6
D7PD60 Smp 138070.1 MEG-3.2 (Grail) 14500 5.42 54.62 -0.34
isoform9
AOASK4EPCS Smp 138070.2 MEG-3.2 (Grail) 17562 7.16 68.01 -0.22
isoforml
A0A3QOKMU6 Smp 138080.1 MEG-3 (Grail) 17152 5.44 50.99 -0.67
D7PD49 Smp 138080.1 MEG-3.1 (Grail) 16404 5.07 57.55 -0.32
isoforml
D7PD50 Smp 138080.1 MEG-3.1 (Grail) 14569 5.39 55.04 -0.44
isoform2
D7PD51 Smp 138080.1 MEG-3.1 (Grail) 16615 5.77 47.07 -0.74
isoform3
C4QG05 Smp 159800.1 MEG-2 (ESP15) family | 9095 7.53 95.06 0.03
D7PD69 Smp 159800.1 MEG-2.4 isoform 1 8971 6.52 96.3 0.05
A0A3QOKR24 Smp 159830.1 MEG-2 (ESP15) family | 7734 5.07 87.54 -0.05
C4QPR6 Smp 180310.1 MEG-2 (ESP15) 8646 7.54 50.68 -0.58
C4QPRS Smp 180320.1 MEG-2 (ESP15 isol) 11165 7.57 73.02 -0.22
AOA3QOKTV3 Smp 180320.2 MEG-2 (ESP15 iso2) 10983 6.87 73.79 -0.2
C4QPR9 Smp 180330.1 MEG-2 (ESP15 family) | 5497 10.37 103.54 -0.35
C4QPS0 Smp 180340.1 MEG-2 (ESP15) 4895 9.90 84.09 0.14
AOAS5K4F8B3 Smp 326790.1 MEG-1 22040 5.12 79.09 -0.3
AOASK4F8US Smp 326790.2 MEG-1 21198 5.24 80.56 -0.34
AO0AS5K4FAB4 Smp 326790.3 Uncharacterized 19957 5.23 65.33 -0.67
AO0AS5K4FDBY Smp 336990.1 Uncharacterized 9393 6.68 82.17 -0.07
AOASK4FFX0 Smp 345100.1 MEG-2.2 isoforml 13413 9.64 96.52 -0.37
D7PD77 Smp 345100.1 MEG-2.2 isoform2 9336 7.50 87.37 0.02
AO0A3QOKQX7 Smp 158890.1 MEG-16 isol 12759 10.12 78.68 -0.18
AO0ASK4EU45 Smp 158890.2 MEG-16 iso2 11802 9.91 72.21 -0.32




G4LYDI1 Smp 152580.1 MEG-5 8884 9.36 112.28 0.05
A0A3Q0KQ39 Smp 152590.1 MEG-10 6127 7.74 59.29 0.04
G4LYDO Smp 152590.2 MEG-10 iso2 6056 7.74 58.55 0.01
A0Q3Q0KQ41 Smp 152630.1 MEG-12 5050 8.10 60.24 -0.18
AOAOUSKIN7 Smp 243730.1 MEG-10.2 protein 7428 5.96 88.44 0.36
AO0AOUSKIVY9 Smp 243750.1 MEG-27 isol 6701 5.99 95.64 0.26
AO0ASKA4F014 Smp 243750.1 MEG-27 iso2 6800 6.38 95.64 0.18
AOAOUSKEW2 Smp 123100.1 MEG-32.1 8861 9.30 118.72 0.61
AO0AOUSKI28 Smp 123200.1 MEG-32.2 9879 6.63 102.81 0.26
AO0A3QOKLA7 Smp 127990.1 MEG 13 isol 14352 4.19 58.46 -0.41
AO0ASK4ELO02 Smp 127990.2 MEG 13 iso2 13790 4.27 60.8 -0.39
G4VLP3 Smp 172180.1 MEG-8 15839 9.07 58.5 -0.47
AO0AOUSFZ31 Smp 243740.1 MEG-26 protein 8252 7.75 129.45 0.25
AOAOUSKKP6 Smp 243760.1 MEG-28 7864 10.01 110.76 0.44
AOAOUSKLL2 Smp 243770.1 MEG-29 protein 7636 6.70 129.86 0.94
AO0A3QOKCI1 Smp 010550.1 Uncharacterized MEG- | 16111 9.94 86.31 -0.44
15 iso4
AOASK4EOM7 Smp 010550.2 Uncharacterized MEG- | 18948 10.26 81.08 -0.52
151is02
G4VMN2 Smp 010550.3 Uncharacterized MEG- | 19569 10.33 78.72 -0.59
151iso0l
AO0AS5SK4E9GS8 Smp 010550.4 Uncharacterized MEG- | 16045 9.94 87.73 -0.37
15 iso3
AO0A3QOKKW2 Smp 125320.1 MEG-9 6818 5.31 86.61 0.36
G4VTX1 Smp 163710.1 MEG-6 7549 12.14 98.77 -0.66




Annex B - Sequences of MEG proteins analyzed in this study.

UniProt ID Gene name (WBPS) and Protein Sequence
annotated name(s)
C4QKES8 Smp 085840.1 MEG-4 | MNFLTLYVTLVYTILSVYSDIEPRIQKEYYYNLHENNSQANHNKFHEMPEYDD
Al/ll‘lg en 10.3 QLPDFPHKQLEEEQNPFHKLSEVLNSGSVVPLWLVNPIYYVLELFPRAISYYFN
AOA1C9A1HG6 Smp_124000.1 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTSTHGATSTAKPAASTP
14 is_oform 3 PKAAATSTIKPTVTTPKAAATSTIKPTVTTSKPSPAKPAASNTAKPAASTPKKPH
DERAVLAAAAVPIVLGVIGEVIGFILQYIAS
AOA1C9AT1IS Smp_124000.1 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTTHGATSTAKPAASTPP
14 is_oform 6 KAAATSTIKPTVTTPKAAATSTTEPTVTTSKPSPAKPAASNTAKPAASTPKKPHD
ERAVLAAAAVPIVLGVIGEVIGFILQ
AOA1C9A1J0 Smp_124000.1 MEG- MNRFFWTVTQRTILLVIICNLNTMKATSANSRTHGATSTRTHGATSTAKPAASTP
14 is_oform 7 IKPTVTTPKAAATSTTEPTVTTPKAAATSTTEPTVTTSKPSPAKPAASNTAKPAA
STPKKPHDERAVLAAAAVPIVLGVIGEVIGFILQ
Q8ITD5 Smp_124000.2 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTSTHGATSTAKPAASTP
14 - PKAAATSTIKPTVTTPKAAATSTIKPTVTTPKAAATSTIKPTVTTSKPSPAKPAAS
NTAKPAASTPKKPHDERAVLAAAAVPIVLGVIGEVIGFILQYIAS
AOA1C9AI1T1 Smp_124000.2 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTSTHGATSTAKPAASTP
14 is_oform ] PKAAATSTIKPTVTTPKAAATSTIKPTVTTKPSPAKPAASNTAKPAASTPKKPHD
ERAVLAAAAVPIVLGVIGEVIGFILQYIAS
AOA1C9A114 Smp_124000.2 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTRTHGATSTAKP
14 is_oform 2 AASTPPKAAATSTIKPTVTTPKAAATSTTEPTVTTPKAAATSTTEPTVT-
TKPSPAKPAA
SNTAKPAASTPKKPHDERAVLAAAAVPIVLGVIGEVIGFILQYIAS
AOA5K4EK08 Smp_124000.2 MEG- YLLCKKEYSIMNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTSTHGA
14 isoform 3 TSTAKP
AASTPPKAAATSTIKPTVTTPKAAATSTIKPTVTTKPSPAKPAASNTAKPAASTP
KKPHDERAVLAAAAVPIVLGVIGEVIGFILQYIAS
AOA1C9A1I3 Smp_124000.2 MEG- MNRFFWTVIQCTILLVIICNLNTMKATSANSRTHGATSTRTHGATSTAKP
14 is_oform 4 AASTPPKAAATSTIKPTVTTPKAAATSTTEPTVTTPKAAATSTTEPTVTTSKPSPA
KPAA SNTAKPAASTPKKPHDERAVLAAAAVPIVLGVIGEVIGFILQ
AOA1C9A1I0 Smp_124000.2 MEG- MNRFFWTVTQCTILLVIICNLNTMKATSANSRTHGATSTTHGATSTAKPAASTPP
14 is_oform 3 KAAATSTIKPTVTTPKAAATSTIKPTVTTKPSPAKPAASNTAKPAASTPKKPHDE
RAVLAAAAVPIVLGVIGEVIGFILQYIAS
G4VTIW5 Smp 165050.1 MEG-7 | MNTLFRSIFVVVVVYAYFDMANGVPEPPRVPDEDAVPVRAKPATPIKISTDKIPV
- NKTMKIQTTPSKEKKQKPDPKRYKRSSYQKDKKAKSSSSTLTIGYPILFITTPFVI
SKFLL
AO0A5K4EUJ7 Smp 165050.2 MEG-7 | MSVPIRNLLRNNEYAICKFQYCKHIDNGNYNILQRSIFVVVVVYAYFDMANGV
iso 2_ PEPPRVPDEDAVPVRAKPATPIKISTDKIPVNKTMKIQTTPSKEKKQKPDPKRYK
RSSYQKDKKAKSSSSTLTIGYPILFITTPFVISKFLL
A0A3QOKTG4 Smp 176020.1 MEG- MKLTHILLICFISFLFFTYVQCDGEEEENEEEEK PPQPDVPHGKHPLLRKAFLTA
11 - PSWLHMPFSIAGAVAAYVFYHFYG
A0AOUSKI45 Smp 243780.1 MEG- MQVDKFITYTIVIIAIAIFVSMPEIHAFGIKFFTTTPVPNKGLLDKLLDGLY QFFNR
30 H
AOAOUSKFMI1 Smp 243790.1 MEG- MHCVLLLLSLFAVCSVIMPTVKSGGSASGGSTEVDLMHKRGKDREDKRRKDY
37 p; otein IKELVKNATGT
AOA5K4F627 Smp 307220.1 MEG-4 | MNIYLIGILCIVGLIISQGSTANGSPLDDRFNDVNTINKKQF TEEEFSRLINSMLK
Anti_ en 10.3 EYIEDNKKDKHPTQKTTPKPTTPKQINDGTSDKTSDTHTIKRTTPKPTTPKQIND
& ’ GTSDKPKSIADIFLINKPKVPLWIVNPLYYMVEKFVQIMGYLLEDDDTLELNLP
KYYYDKSI
Q86D79 Smp 307220.2 MEG-4 | MNIYLIGILCIVGLIISQGSTANGSPLDDRFNDVNTINKKQFTEEEFSRLINSMLK
Anti_en 10.3 EYIEDNKKDKHPTQKTTPKPTTPKQINDGTSDKTSDTHTIKRTTPKPTTPKQIND
& ’ GTSDKTSDTHTIKRTTPKPTTPKQINDGTSDKPKSIADIFLINKPKVPLWIVNPLY
YMVEKFVQIMGYLLEDDDTLELNLPKYYYDKSI
AO0AS5K4F2K5 Smp 307220.3 MEG-4 | MNIYLIGILCIVGLIISQGSTANGSPLDDRFNDVNTINKKQF TEEEFSRLINSMLK
Anti_en 10.3 EYIEDNKKDKHPTQKTSDTHTIKRTTPKPTTPKQINDGTSDKTSDTHTIKRTTPK
& ’ PTTPKQINDGTSDKPKSIADIFLINKPKVPLWIVNPLYYMVEKFVQIMGYLLED
DDTLELNLPKYYYDKSI
AOA5K4F4B1 Smp 307240.1 MEG-4 | MKLVSISLIGIFSLLISQEYGYLIDIKHINSPNQKQY VRDKMNLLNEYLTSRNIKK

Antigen 10.3

QFTEEEFSRLINSMLKKHIEDKNVDIRIIENKKDKHPTQKTSDTHTIKRTTPKPTT
PKQINDGTSDKPKSIADFFLINKPKVPLWIVNPLY YMVEKFVQIMGYLLEDDDT
LELNLPKYYYDKSI




GAVCWS5 Smp_171190.1 MEG-8 | MFTIILIYVLYFIANAKFEHTTSGIRNPSKLSDSNASKTLSLKNLTDHYIHTPQKS
- NNGTSCNGKDTCKLPNPSQKGFTNTTSLPHTQSHNSTVAPSVPKPTRQEIPRSG
TIVNGTKPTPGKPVVNGTKPTPGKPESFLKRYVGDGFFDLFSEQEFHPINHKSYLF
NFWYLFRTSFLNLKNMKNLLLGS
D7DP78 MEG-2.1 isol MKLSGANCLVVFSLLQLLVAFSHCDINDITCNKTVCCASEDGKKGSLCCEKDG
CPIPSTPDLLLGNYQRHQRMKNYLEEVCENFIYTP
D7DP76 MEG-2 1 iso2 MKLSGANCLVVFSLLQLLVAFSHCDINDITCNKTVCCASEDGKIGENFIY TP
D7DP75 MEG-2 1 is03 MKLSGANCLVVFSLLQLLVALSHYTP
AOA3QOKKC4 Smp_122630.1 MEG-1 | MANKDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
0l RTWFVENETKEICSCLTDFIKCIFREINIDKDYLCTYPTNFSHGLITYCTKSNDER
DLLSYEEDHIALY VIQPTNHCQRYEGSSSLVSQKPEKECPFCFD
D7PDS8 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
15010 RTWFVENETKEICSCLTDSIKCIFREICTYPTNFSHGLITYCTKSNDERDLLSYEE
DHIALY VIQPTNHCQRYEGSSSLVSQKPEKECPFCFD
D7PDS9 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
isoll RTWFVENETKEICSCLTDFIKCIFREISHGLITYCTKSNDERDLLSYEEDHIALY VI
QPTNHCQRYEGSSSSVSQKPEKECPFCFD
D7PD93 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
15016 RTWFVENETKEICSCCIFREINIDKDYLCTYPTNFSHGLITY CTKSNDERDLLSY
EEDHIALYVIQPTNHCQRYEGSSSLVSQKPEKECPFCFD
D7PD9% Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
1018 RTWFVENETKEICSCCIFREINIDKDYLCTYPTNFSHGLITY CTKSNDERDLLSY
EEDHIALYVIQPTNHCQRYEGSSSLVSQKPEKECPFCFD
D7PDS3 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
05 RTWFVENETKEICSCLTDFIKCIFREINIDKDYLCTYPTNFSHGLITYCTKSNDER
DLLSYEEDHIALY VIQPTNHCQRYEGSSSLVSQKPEKECPFCFD
D7PD34 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLT
i06 DFIKCIFREINIDKDHLCTYPTNFSHGLITY CTKSNDERDLLSYEEDHIALY VIQP
TNHCQRYEGSSSLVSQKPEKECPFCFD
D7PDS6 Smp_122630.1 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLT
i08 DFIKCIFREISHGLITY CTKSNDERDLLSYEEDHIALY VIQPTNHCQRYEGSSSLY
SQKPEKECPFCFD
AOASKAEKN1 Smp_122630.2 MEG-1 | MANKDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
02 RTWFVENETKEICSCLTDFIKCIFREINIDKDYLCTYPTNFSHGLITYCTKSNDER
DLLSYEEDHIALY VIQPTNHCQRYEGSSIKKRLLESYLITTPI
D7PD79 Smp_122630.2 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
isoform 1 RTWFVENETKEICSCLTDFIKCIFREINIDKDYLCTYPTNESHGLITYCTKSNDER
DLLSYEEDHIALY VIQPTNHCQRYEGSSIKKRLLESYLITTPI
D7PD99 Smp_122630.2 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLN
isoform 12 RTWFVENETKEICSCLTDFIKCIFREISHGLITYCTKSNDERDLLSYEEDHIALY VI
QPTNHCQRYEGSSIKKRLLESYLIITPI
D7PDI1 Smp_122630.2 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKLT
isoform 14 DFIKCIFREINIDKDYLCTYPTNFSHGLITY CTKSNDERDLLSYEEDHIALY VIQP
TNHCQRYEGSSIKKRLLESYLITTPIT
D7PD95 Smp_122630.2 MEG-1 | MANRDLILTPYQVFILPCFILIFWSLFLIVFKSDGSGTWRKDIDWLILTKGGKCIF
isoform 17 REINIDKDYLCTYPTNFSHGLITYCTKSNDERDLLSYEEDHIALY VIQPTNHCQR
YEGSSIKKRLLESYLITTPI
AOA3QOKMS0 Smp_138060.1 MEG-3 | MLFFALILISLHSFDCAFTAQQECEKNCKGDNEY VSPNCGILCSGTIGPQTFYC
Grail famil YLGCSHNATKQSEFDNCK TKCDGGVQLTKEACLSNCGLITTHPELCDAVCGGN
Y DGGSFPICLYNCDQEHTDPRKDGADGSEDFDKCKTKCYKMAGQ
D7PD62 Smp_138060.1 MEG- | MLFFALILISLHSFDCAFTAQQECEKNCKGDNEY VSPNCGILCSGTIGPQTFYC
3.3 isoform | YLGCSHNATKQSEFDNCK TKCDGGVQLTKEACLSNCGLITTHPELCDAVCGGN
: DGGSFPICLYNCDQKHTDPRKDGADGSEDFDKCKTKCYKMAGQ
D7PD63 Smp_138060.1 MEG- | MLFFALILISLHSFDCAFTAQQECEKNCKGDNEY VSPNCGILCSGTIGPQTFY Y
3.3 isoform 2 HYFSTKQSEFDNCK TKCDGGVQLTKEACLSNCGLITTHPELCDAVCGGNDGGS
: FPICLYNCDQEHTDPRKDGADGSEDFDKCKTKCYKMAGQ
D7PD64 Smp_138060.1 MEG- | MLFFALILISLHSFDCAFTAQQECEKNCKGDNEY VSPNCGILCSGTIGPQTFYST
3.3 isoform 3 KQSEFDNCK TKCDGGVQLTKEACLSNCGLITTHPELCDAVCGGNDGGSFPICL
‘ YNCDQEHTDPRKDGADGSEDFDKCKTKCYKMAGQ
D7PD53 Smp_138070.1 MEG- | MLFVALILISLHSFDCVFTARETQQECVRHCGGHSGGLCSGSTGPQTFYCYLG
T CSHNASNQNDFDKCLPKCNGSPQLTESSCQNDCGRVTTHPELCGIVCGGNVGD
3.2 (Grail) isoform2 SFPLCLYNCDQGNGSGNFDECKTKCYLMAGR
D7PD52 Smp_138070.1 MEG- | MLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEY VTRY CGGLCSGSTGPQ

3.2 (Grail) isoform2/1

TFYCYLGCSHNASNQNDFDKCLPKCNGSPQLTESSCQNDCGRVTTHPELCGIV
CGGNVGDSFPLCLYNCDQGNGSGNFDECKTKCYEMAGR




D7PD54 Smp_138070.1 MEG- | MLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEY VTRYCTGPQTFYCYLG
T CSHNASNQNDFDKCLPKCNGSPQLTESSCQNDCGRVTTHPELCGIVCGGNVGD
3.2 (Grail) isoforms3 SFPLCLYNCDQGNGSGNFDECKTKCYEMAGR
D7PD57 Smp_138070.1 MEG- | MLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEY VTRY CGGLCSGSTGPQ
e TFYCYLGCSHNASNQNDFDKCLPKCNGQNDCGRVTTHPELCGIVCGGNDGGS
3.2 (Grail) isoform6 FPICLYNCDQGNGSGNFDECKTKCYEMAGR
D7PD60 Smp_138070.1 MEG- | MLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEY VTRY CGGLCSGSTGPQ
PR TFYCYLGCSHNASNQNDFDKCLPKCNGQNDCGRVTTHPELCGIVCGGNDGGS
3.2 (Grail) isoform9 FPICLYNCDQGNGSGNFDECKTKCYEMAGR
AOASK4EPCS Smp_138070.2 MEG- | RTTTHRLVKMLFVALILIISLHSFDCVFTARETQQECVRHCGGHNEY VIRYCGG
3.2 (Grail) isoforml LCSGSTGPQTFYCYLGCSHNASNQNDFDKCLPKCNGSPQLTESSCONDCGRPH
: TLNCVVSFVVEMLETHFHCVCITAIREMVRETLTNVKQSATK WRDGEFP
AOA3QOKMUG6 Smp_138080.1 MEG-3 | MLFVALILISLHSFDCVFTAQETRDAERECKKHCEGNNEY VTRY CGGLCSSNT
(Grail) GPQTFYCYLGCSHNASTQDDFDKCLPKCNDRYVQLTEENCRDDCGRVTSHHEL
CGDVCGGNHGGSFPLCLYNCDQEHPREYERGYDKCK TKCYAMEGR
D7PD49 Smp._138080.1 MEG- | MLFVALILISLHSFDCVFTAQETRDAERECKKHCEGNNEY VIRY CGGLCSSNT
3.1 (Grail) isoforml GPQTFYCYLGCSHNASTQDDFDKCLPKCNDRYVQILTEENCRDDCGRVTSHHEL
: CGDVCGGNHGGSFPLCLYNCDQEHPREYERGYDKCK TKCYAMEGR
D7PD50 Smp._138080.1 MEG- | MLFVALILISLHSFDCVFTAQETRDAERECKKHCEGNNEY VIRY CGGLCSSNT
N GPQTFYCYLGCSHNASTQDDFDKCLPKCNDRYVQI TEENCRNDCGRVTSHHEL
3.1 (Grail) isoform2 CGDVCGGNHGGSFPLCFFQSSSSDK
D7PD51 Smp_138080.1 MEG- | MLEVALILISLHSFDCVFTAQETRDAERECKKHCEGNNEY VTRYCGGLCSSNT
3.1 (Grail) isoform3 GPQTFYCYLGCSHNASTQDDFDKCLPKCNDRYVQL TEENCRNDCGRVTSHHES
: CGDVCGGNHGGSFPLCSYNCDQEHPREYERGKTKRYAMEGR
C4QG05 Smp_159800.1 MEG-2 | MCLTIFY VIHLLAIFSDSTEWVITCNKTTCCDEDGNSKICCVGNDCKDVIKPRSS
(ESP15) family GADDLNLFLRKRGMAYKLGEILKKLN
D7PD69 Smp_159800.1 MEG- | MCLTIFY VIHLLAIFSDSTEWVITCNK TTCCDEDGNSKICCVGNDCKDVIKPRSS
2.4 isoform 1 GADDLNLFLRKRGMAYKLGEILKKLN
AOA3QOKR24 Smp_159830.1 MEG-2 | MCLTIFY VIHLLAIFSDSNEWVITCNKTTCCDEDKNSKICCVGNDCKDVIKPRSS
(ESP15) family GADDFDLLKKLNSP
C4QPR6 Smp_180310.1 MEG-2 | MERFKSSYFYFEIYLLCFTETVCCESEDGKAGSLCCEKNGCSVPSGTHDLLSEN
(ESP15) YRRHQRMKNYLKEVCKYFK
C4QPRS Smp_180320.1 MEG-2 | MHGIWCKVPVSVVIWIHSTLFQFTFKVFYELKQNNTFPLPGDGW TITCNETYC
(ESPI5 isol) CENTDNGKLCCDGEYCSASISKLDPPFSNCFQYVFVS
AOA3QOKTV3 Smp._180320.2 MEG-2 | MHGIWCKVPVSVVIWIHSTLFQFTFKVFYELKQNNTFPLPGDGWTITCNETYC
(ESPI5 is02) CENTDNGKLCCDGEYCSASISNHQDLTKHQQNLLMSKKFKII
C4QPR9 Smp._180330.1 MEG-2 | QKAISQRPFAVIKMVVTVDNPELTLKNYLRKAQMIDKLREAVQKLGGR
(ESP15 family)
C4QPS0 Smp_180340.1 MEG-2 | MTAKGSVAMASFVLYYDPSVAVKNYRQQVLMATKIKEVCQKFRG
(ESP13)
AOASK4FSB3 Smp._326790.1 MEG-1 | MAKSDLILTPYQVFILPCIILIFWSLFLIVFKSDGSGTWRRDIDWFILTQGKQIQRI
- WFVFNETEEVCSCVTGFEKCNIREIIAANY SPITHNEEKKNISNREKDYLCTCPT
YENHGVITYCTKSNYEKDSLQYEDDFMDLFVKKHNKDDCQHYGGYSSLEYR
NPEKVCPFCYEEITQCSIWETLS
AOASKAFSUS Smp_326790.2 MEG-1 | MAKSDLILTPYQVFILPCILIFWSLFLIVFKSDGSGTWRRDIDWFILTQGKQIQRI
- WFVFNETEEVCSCVTGFEKCNIREIIAANY SPITHNEEKKNISNREKDYLCTCPT
YENHGVITYCTKSNYEKDSLQYEDDFMDLFVKKHNKDDCQHYGGYSSLEYR
NPEKEITQCSIWETLS
AOASKAFAB4 Smp_326790.3 MY YPYFLVSIFDSLQNQSYIKQGSGTWRRDIDWFILTQGKQIQRIWFVFNETEE
Uncharacterized VCSCVTGFEKCNIREITAANY SPITHNEEKKNISNREKDYLCTCPTYFNHGVITY
CTKSNYEKDSLQYEDDFMDLFVKKHNKDDCQHYGGYSSLEYRNPEKEITQCS
IWETLS
AOASKAFDBO Smp_336990.1 MKLSGANCLVVFSLLQLLVAFSHCDISDITCNKTVCCASEDGKTGSLCCEKDGC
Uncharacterized PSTPDLFLENYRRHRRMKNYLEEVCKYYI
AOASKAFFX0 Smp_345100.1 MEG- | MYCQSFTLLNRDYISNVTKQSKHRLYNTMKLSGANCLVVFSLLQLLVAFSHCK
2.2 isoforml LMSHNMQQDSLLRQKTVKK VRTEERWLSNTPDLLLGNYQRHQRMKNYLEEV
: QILHIYYI
D7PD77 Smp_345100.1 MEG- | MKLSGATCLVVFSLLQLLVAFSHCDISAITCNKTVCCASEDGKTGSLCCEKDGC

2.2 isoform2

PSTPDLFLENYRRHRRMKNYLEEVCKYYI




AOA3QOKQX7 Smp 158890.1 MEG- | MFYCRVLITSFMIFLLGTANCDIIDVLSLLFGGNGNKNIRRNRNRGGDSGGLSD
16i .S;) )i FLTSLFDWNGDGYRGSGFNFYDFLSLFFGLNKKDNRNNRRYRSGGGGGNGGL
IRLFFAR
AOA5K4EU45 Smp 158890.2 MEG- | MFYCRVLIITSFMIFLLGTANCDIDDKNIRRNRNRGGDSGGLSDFLTSLFDWNG
16 1-5;) 2 DGYRGSGFNFYDFLSLFFGLNKKDNRNNRRYRSGGGGGNGGLIRLFFAR
G4LYDI1 Smp 152580.1 MEG-5 | MRRNYLLLYICIVFILLKEINASGRQPKFVNVDTDGNLRSGGSSDISDMFGQNK
- TLGTAFKTLLHNLWDLLKQSLGLP
A()A3Q()KQ39 Smp 152590.1 MEG- MTLLLIQSCHCGSSGSTEAGSNGTNSKGWWPKFLGWANTFCTFITFSNTIQNFI
10 - YG
G4LYDO Smp 152590.2 MEG- MTLLLIQSCHCGSSGSTEGSNGTNSKGWWPKFLGWANTFCTFITFSNTIQNFIY
10 iso2 G
AOQ3QOKQ41 Smp 152630.1 MEG- GENYEQQLQQPKAYGIWSLFSYFYKTFKVFCSVSNMVNWIFG
12
AOAOUSKIN7 Smp 243730.1 MEG- | MISLLLFGLLLLQSCLY CSSDNENAGTTTEKPTSFWKRFFDFFNFICTLNQTWST
10.2 protein IRNFFGIAL
AOAQUSKIV9 Smp 243750.1 MEG- MNLIQTLLWMIFMMIMNLTNEIKWVNCSHELNEHTSETSLRGWIHTVFSFLFH
27 isol NF
AO0AS5K4F014 Smp 243750.1 MEG- MNLIQTLLWMIFMMIMNLTNEIKWVNCSHELNEHTSETSLRRWIHTVFSFLFH
. NF
27 iso2
AOAOUSKEW?2 Smp 123100.1 MEG- | MYYRHYLLAIINVIVLSTMIQY VIGGSIFGDDTSTTKNMTTTTKASSANSLEVS
32 ]_ WLAISSISMIVIGLINGHLRRFIF
AOAOUSKI28 Smp 123200.1 MEG- | MKETTVMHHYHHPHPNHRLLTVISAIVLLTIVHDVKGSGLFDDDITTRTTAPTT
32 2_ TSGSVSSFQVSWLALSSVFMIVLGLINSYTERSIF
AOA3QOKLA7 Smp 127990.1 MEG MDITYSWCIICLINLLLNGKLGQAQEDNYTEDSTTDPTTFDNTTVTSTTTEFNN
13i .S;) )i TTVTSTTTEFNNTTVTSTTTEFTNKPKVENSTTDGTTYTTTPSHFSTSTSTNDAT
NSKFQRIFYMIVGLISLMAIN
AOASKAELO2 Smp 127990.2 MEG MDITYSWCIICLINLLLNGKLGQAQEDNYTEDSTTDNTTVTSTTTEFNNTTVTS
13 1-5;) 2 TTTEFNNTTVTSTTTEFTNKPKVENSTTDGTTYTTTPSHFSTSTSTNDATNSKFQ
RIFYMIVGLISLMAIN
G4VLP3 Smp 172180.1 MEG-8 | MNTVILGLECIAICLIGINAGTVSKPTATVKPQPVNKMNTTPVHQEEPSFWRRM
- WNSFTSMFGSSDSSSGTNNKDTKSPNPNTTEAKSLSLKERIMNKFNSIFGEEEY
NPPKDSDFTERLWMLFKHCFLNFKNLAKIFST
AOAOUSFZ31 Smp 243740.1 MEG- | MDISKILLGSLFLLSVIILQEVNGQKGNRVIFNVEELILNLWKNLY ERLADTFKC
26[7?01‘617’! LLSPLPESIGGKNKSCYP
AOAOUSKKP6 Smp 243760.1 MEG- | MNTIVRYYLIILFITTIEIQNIRSAFKKRPPASFVILENMTSTDRFRKLLY HCFTSF
28 - STWMVLLG
AOAOUSKLL2 Smp 243770.1 MEG- | MLNKLLLQLFILVTIIIHDVKCGGEEETTTTTLPTTTSVAIKGTISAY TVMMGLSI
29 p;otein YVIHSFIVFKMM
AOA3QOKC91 Smp 010550.1 MLNRFIVILVEVEVGIVTFDNVQGQRDPPRTNNTITHTTNHY VGKLSHHNTVPA
7 . | KTTRKSQHPNTTPSHTDKTVQKKCLNKMTPQDLISLLFSLIPQIKTIEFSQNENL
Unc;haracterzzed MEG LKLATILEKIFEQQSRVEHSSPTKTPANKIFH
15 iso4
AOA5KAEOM7 Smp 010550.2 MLNRFIVILVFVFVGIVIFDNVQGKTNNTITHTTNHY VGKLSHHNTVPAKTTR
7 . | KSQHTTATARHHNTLKTTLSHHNTVPAKTTRKSQHPNTTPSHTDKTVQKKCLN
Unc;haracterzzed MEG KMTPQDLISLLFSLIPQIKTIEFSQNENLLKLATILEKIFEQQSRVEHSSPTKTPAN
15 iso2 KIFH
G4VMN2 Smp 010550.3 MLNRFIVILVFVFVGIVTFDNVQGQRDPPRTNNTITHTTNHYVGKLSHHNTVPA
7 . | KTTRKSQHTTATARHHNTLKTTLSHHNTVPAKTTRKSQHPNTTPSHTDKTVQK
Unc;haracterzzed MEG KCLNKMTPQDLISLLFSLIPQIKTIEFSQNENLLKLATILEKIFEQQSRVEHSSPTK
15 isol TPANKIFH
AOA5K4E9GS Smp_010550.4 MLNRFIVILVFVFVGIVTFDNVQGQRDPPRTNNTITHTTNHY VGKLSHHNTVPA
7 . | KTTRKSQHTTATASHTDKTVQKKCLNKMTPQDLISLLFSLIPQIKTIEFSQNENL
Unc;haracterzzed MEG LKLATILEKIFEQQSRVEHSSPTKTPANKIFH
15is03
AOA3QOKKW?2 Smp 125320.1 MEG-9 | MISCQFITGFVVHESSTEGQNHEELAAAAGAHFLQFLNGCFLNMDNLKKLVFP

G




G4VTX1 Smp 163710.1 MEG-6 | MVQNPKNTKKINRTIRRSTKTVIVITDRVQNIVLGHRLLHHRIPTIKRSKSHGIN
- KNETVSNLFP




Annex C - 1H, 13C and >N chemical shifts of A) MEG 2.1 isoform 1 (25-88), B) MEG 2.1 isoform 1a, C) MEG 2.1 isoform 1b,
D) MEG 2.1 isoform 1f, D) MEG 2.1 isoform 1g, E) MEG 2.1 isoform 3, F) MEG 2.1 isoform 2a and G) MEG 2.1 isoform 2b
dissolved in DMSO-d6 measured at 27 °C. For each table, the numbering refers to the synthetic peptide order (#res) and the
numbering of the full-length isoform is given in #res2.

A) Isoform 1 (25-88)

5, ppm Atom |#res 5, ppm Atom |#res 3, ppm Atom [#res 3, ppm Atom | #res| |5, ppm Atom |#res
55.260 CA 58| [50.200 CA 66( [52.386 CA 73( [52.310 CA 79( [49.970 CA 83
61.981 CB 58| [37.732 CB 66| [32.592 CB 73| [27.693 CB 79| [37.712 CB 83
4.316 HA 58| [4.545 HA 66| [29.913 CG 73| [30.711 CG 79| |4.536 HA 83
3.597 HB1 58| [2.365 HB1 66| [4.349 HA 73| 14.339 HA 79| [2.313 HB1 83
3.547 HB2 58| [2.532 HB2 66| [1.940 HB1 73| [1.762 HB1 79| |2.505 HB2 83
7.989 HN 58| (7.433 HD21 66( [1.804 HB2 73( [1.923 HB2 79| [7.345 HD21 83
112.859 N 58| (8.113 HN 66( (2.432 HG1 73[ [2.218 HG1 79| [8.117 HN 83
56.996 CA 59( (117.362 |N 66( [2.482 HG2 73| [2.265 HG2 79( [117.909 |N 83
67.281 CB 59| [55.146 CA 67| [8.042 HN 73| 17.985 HN 79| |54.212 CA 84
19.687 CG2 59| [36.526 CB 67| [118.615 |N 73| [117.792 N 79| [37.580 [¢:] 84
4.454 HA 59| [4.328 HA 67| |52.714 CA 74| |57.914 CA 80| |4.510 HA 84
3.889 HB 59 (2.956 HB1 67( [31.919 CB 74| [31.062 CB 80( [3.013 HB1 84
1.100 HG2 59| (2.715 HB2 67( [39.220 CE 74| [19.657 CD1 80 [2.776 HB2 84
7.735 HN 59| [6.999 HD1 67| [22.585 CG 74( [19.660 CD2 80( [7.183 HD1 84
115.076 N 59| [7.949 HN 67| |4.205 HA 74| |4.200 HA 80| |7.986 HN 84
59.945 CA 60| [117.415 |N 67| [1.474 HB1 74| [1.965 HB 80| [116.773 |N 84
29.550 CB 60| [31.997 CG 68| [1.599 HB2 74| 10.842 HD1 80| [57.705 CA 85
47.738 CcD 60| (4.194 HA 68| [2.741 HE 74| 10.826 HD2 80| [36.917 CB 85
24.884 CG 60( (1.906 HB1 68| [1.292 HG1 74| [7.732 HN 80( [15.710 CD1 85
4.341 HA 60| (1.778 HB2 68| [1.264 HG2 74| [115.076 |N 80( [24.669 CG 85
2.042 HB1 60| (7.325 HE21 68| [7.998 HN 74| [57.549 CA 80b| |24.672 CG1 85
3.680 HD1 60| [7.293 HE22 68| |7.689 HZ 74| [31.388 CB 80b| [15.702 CG2 85
1.860 HG1 60| [2.113 HG1 68| [118.295 |N 74| [19.668 CD1 80b| [4.124 HA 85
1.840 HG2 60| |2.165 HG2 68| [49.970 CA 75| [19.671 CD2 80b| [1.696 HB 85
51.734 CA 62| (7.933 HN 68( [37.325 CB 75( [4.212 HA 80b| |0.740 HD1 85
40.785 CB 62| (116.811 |N 68| [4.535 HA 75( [1.927 HB 80b| |1.346 HG12 85
23.530 CD1 62| (29.084 CB 69| (2.374 HB1 75( [0.797 HD1 80b| |1.019 HG13 85
22.134 CD2 62| [40.906 CcD 69| [2.532 HB2 75| |0.768 HD2 80b| [0.786 HG2 85
24.552 CG 62| [7.517 H11 69| [7.419 HD21 75| |7.689 HN 80b| (7.874 HN 85
4.238 HA 62| [7.496 H21 69| [6.957 HD22 75| |114.367 [N 80b| |115.777 |N 85
1.446 HB1 62| (1.673 HB1 69| [8.075 HN 75| |55.587 CA 81| |54.137 CA 86
1.484 HB2 62| (1.524 HB2 69( [117.253 |N 75| [26.385 CB 81| [37.244 CB 86
0.875 HD1 62| (3.093 HD2 69 [54.694 CA 76| [4.403 HA 81| [4.546 HA 86
0.825 HD2 62| [7.983 HN 69| [36.930 CB 76| |2.772 HB1 81| [2.848 HB1 86
1.589 HG 62| [118.345 |N 69| [4.371 HA 76| |2.674 HB2 81| [2.717 HB2 86
7.771 HN 62| [4.601 HA 70| [2.909 HB1 76| |8.175 HN 81| [6.963 HD1 86
115.949 N 62| [3.091 HB1 70| [2.689 HB2 76| [119.353 [N 81| |7.838 HN 86
51.416 CA 63| (2.962 HB2 70( [7.000 HD1 76( [52.256 CA 81b| |119.479 |N 86
41.159 CB 63| (8.186 HN 70( [7.866 HN 76( [33.668 CB 81b| |57.077 CA 87
23.530 CD1 63| (116.808 [N 70( [116.401 |N 76| [4.247 HA 81b| |67.468 CB 87
22.134 CD2 63| [28.415 CB 71| [51.625 CA 77| [2.350 HB2 81b| [19.687 CG2 87
24.566 CG 63| [31.794 CG 71| [40.805 CB 77| |8.277 HN 81b| [4.340 HA 87
4.313 HA 63| [4.244 HA 71| [23.530 CD1 77| 119.761 [N 81b| |3.808 HB 87
1.481 HB2 63| (1.879 HB1 71| (22.134 CD2 77| [52.854 CA 82( [1.102 HG2 87
0.875 HD1 63| (1.762 HB2 71| [24.573 CG 77| [27.955 CB 82( [8.090 HN 87
0.823 HD2 63| [7.293 HE21 71| [4.283 HA 77| [30.521 CG 82| [117.287 |N 87
1.578 HG 63| [6.867 HE22 71| [1.460 HB1 77| |4.245 HA 82| |58.899 CA 88
7.903 HN 63| [2.129 HG1 71| [1.488 HB2 77| [1.695 HB1 82| [29.208 CB 88
117.869 [N 63| [2.145 HG2 71| |0.876 HD1 77| |1.844 HB2 82| [47.361 CcD 88
51.595 CA 64| [8.132 HN 71| 10.826 HD2 77| 12.199 HG1 82| |24.950 CG 88
41.154 CB 64| (118.628 |N 71| [1.580 HG 77| [2.231 HG2 82( [4.193 HA 88
23.530 CD1 64| (52.539 CA 72| [8.061 HN 77| [8.036 HN 82 [2.119 HB1 88
22.134 CD2 64| (29.395 CB 72| [118.062 |N 77( (118.010 |N 82( [1.833 HB2 88
24.536 CG 64| [40.930 CcD 72| |53.018 CA 78| |52.855 CA 82b| [3.662 HD1 88
4.288 HA 64| [27.068 CG 72| [28.001 CB 78| [28.553 CB 82b| [3.576 HD2 88
1.465 HB1 64| |7.598 H11 72| [30.383 CG 78| [30.306 CG 82b| [1.878 HG1 88
1.493 HB2 64| (7.581 H21 72| [4.192 HA 78| [4.255 HA 82b| |1.793 HG2 88
0.874 HD1 64| (4.264 HA 72| [1.769 HB1 78| [1.647 HB1 82b

0.823 HD2 64| (1.698 HB1 72| [1.907 HB2 78( [1.798 HB2 82b

1.619 HG 64| [1.547 HB2 72| [2.226 HG1 78| [2.133 HG1 82b

7.820 HN 64| [3.110 HD2 72| [2.261 HG2 78| [2.161 HG2 82b

118.625 [N 64| [1.492 HG1 72| |7.954 HN 78| [7.593 HN 82b

42.484 CA 65 (1.518 HG2 72( [117.179 |N 78( [117.217 |N 82b

8.106 H 65| (8.294 HN 72

3.762 HA2 65( (119.879 [N 72

3.630 HA3 65

8.115 HN 65

105.240 [N 65




B) Isoform la

#res2 corresponds to the numbering of the full-length isoform 1.

3, ppm Atom |#res |#res 2| |O, ppm Atom |#res |#res 2| |J, ppm Atom |#res |H#res 2
51.664 CA 1 25| [51.908 CA 7 31| (50.682 CA 14 38
37.844 CB 1 25| (4.507 HA 7 31| (20.212 CB 14 38
4.563 HA 1 25| (2.732 HB2 7 31| (4.293 HA 14 38
2.674 HB2 1 25| (8.202 HN 7 31| (1.202 HB 14 38
2.648 HB3 1 25| (119.429 |N 7 31| (8.141 HN 14 38
8.214 HN 1 25| [51.822 CA 8 32| (116.986 |N 14 38
123.395 |N 1 25| [40.944 CB 8 32( |57.089 CA 15 39
59.106 CA 2 26| (4.524 HA 8 32| (4.279 HA 15 39
39.084 CB 2 26| (2.737 HB2 8 32| (3.606 HB2 15 39
13.297 CD1 2 26| (8.084 HN 8 32| (3.540 HB3 15 39
26.258 CG 2 26| (119.269 |N 8 32| (7.980 HN 15 39
4.105 HA 2 26| (54.314 CA 9 33| (112.339 |N 15 39
1.675 HB 2 26| [33.206 CB 9 33| (54.324 CA 16 40
0.770 HD1 2 26| (24.388 CG 9 33| (29.060 CB 16 40
1.356 HG2 2 26( |4.121 HA 9 33( [31.988 CG 16 40
1.006 HG3 2 26| (1.672 HB2 9 33| (4.220 HA 16 40
7.634 HN 2 26| (1.511 HB3 9 33| (1.737 HB2 16 40
115.301 |N 2 26( [1.287 HG2 9 33( 1.911 HB3 16 40
8.085 HN 3 27| (1.246 HG3 9 33| (2.222 HG2 16 40
57.190 CA 3 27| |7.748 HN 9 33| (8.010 HN 16 40
40.944 CB 3 27| 1117.263 |N 9 33| |118.531 [N 16 40
4.373 HA 3 27| (51.833 CA 10 34| (51.963 CA 17 41
2.739 HB2 3 27| (68.738 CB 10 34| (4.472 HA 17 41
8.083 HN 3 27| |21.757 CG 10 34| |12.702 HB2 17 41
119.269 |N 3 27| (4.518 HA 10 34| (2.677 HB3 17 41
3.948 HA 4 28| (3.948 HB 10 34| (8.140 HN 17 41
2.680 HB2 4 28| (1.009 HG 10 34| (116.921 |N 17 41
2.735 HB3 4 28| (7.771 HN 10 34| (44.611 CA 18 42
8.087 HN 4 28( |113.811 (N 10 34( 13.690 HA2 18 42
117.212 |N 4 28| [59.503 CA 11 35| (7.991 HN 18 42
60.321 CA 5 29| (38.307 CB 11 35| (105.845 |N 18 42
39.084 CB 5 29( 14.169 HA 11 35( |54.314 CA 19 43
17.446 CD1 5 29| (1.772 HB 11 35| [33.206 CB 19 43
4.210 HA 5 29| (0.786 HG2 11 35| (24.406 CG 19 43
1.675 HB 5 29| |7.672 HN 11 35| |4.121 HA 19 43
0.774 HD1 5 29| (115.640 |N 11 35| (1.670 HB2 19 43
7.648 HN 5 29| (59.412 CA 12 36| (1.517 HB3 19 43
115.487 |N 5 29| (4.216 HA 12 36| (1.286 HG2 19 43
56.916 CA 6 30| (7.770 HN 12 36| (1.246 HG3 19 43
68.738 CB 6 30| (117.293 |N 12 36| (7.748 HN 19 43
21.757 CG 6 30| (59.663 CA 13 37| (117.263 |N 19 43
4411 HA 6 30| (4.360 HA 13 37

3.954 HB 6 30| (2.741 HB2 13 37

1.007 HG 6 30| (8.139 HN 13 37

7.846 HN 6 30| (116.961 |N 13 37

117.179 |N 6 30




C) Isoform 1b

#res2 corresponds to the numbering of the full-length isoform 1.

5, ppm Atom [#res |#res 2| |5, ppm Atom [#res |#res 2| |5, ppm Atom |#res |#res 2
44.321 CA 1 42| 157.165 CA 7 48| |55.209 CA 13 54
3.672 HA3 1 42| 140.938 CB 7 48| 140.938 CB 13 54
8.121 HN 1 42| 14.371 HA 7 48| 14.605 HA 13 54
111.021 [N 1 42| 12.741 HB2 7 48| 12.746 HB2 13 54
54.459 CA 2 43| 12.678 HB3 7 48| 18.130 HN 13 54
33.333 CB 2 43| 18.034 HN 7 48| 1117.805 |N 13 54
28.710 CD 2 43| 1116.188 |N 7 48| 161.628 CA 14 55
24.318 CG 2 43| |157.165 CA 8 49| 131.150 CB 14 55
4.234 HA 2 43| 140.938 CB 8 49| 149.475 CD 14 55
1.649 HB2 2 43| 14.370 HA 8 49| |26.631 CG 14 55
1.509 HB3 2 43| |2.746 HB2 8 49| 14.363 HA 14 55
1.496 HD2 2 43| |2.696 HB3 8 49| |11.994 HB2 14 55
1.280 HG2 2 43| (8.101 HN 8 49( [1.832 HB3 14 55
7.974 HN 2 43| 1118.102 |N 8 49| |3.528 HD2 14 55
117.635 |N 2 43| (54.281 CA 9 50| |3.667 HD3 14 55
54.556 CA 3 44| (29.333 CB 9 50| |1.856 HG2 14 55
33.333 CB 3 44| (32.261 CG 9 50| |1.797 HG3 14 55
28.710 CD 3 44| 14.241 HA 9 50( |38.296 CB 15 56
24.318 CG 3 44| 11.848 HB2 9 50( |13.053 CD1 15 56
4,195 HA 3 44| 11.771 HB3 9 50( ]26.225 CG1 15 56
1.655 HB2 3 44| |2.228 HG2 9 50( |17.230 CG2 15 56
1.509 HB3 3 44| |8.062 HN 9 50( |4.326 HA 15 56
1.501 HD2 3 44| 1119.191 |N 9 50| (1.723 HB 15 56
1.285 HG2 3 44| 154.637 CA 10 51| (0.781 HD1 15 56
7.997 HN 3 44| 133.333 CB 10 51| (1.062 HG12 15 56
118.322 [N 3 44| 128.710 CD 10 51| (0.853 HG2 15 56
44,093 CA 4 45| 124.318 CG 10 51| (7.954 HN 15 56
3.756 HA2 4 45| 14.201 HA 10 51| (118.286 |N 15 56
3.720 HA3 4 45| 11.645 HB2 10 51| [61.893 CA 16 57
8.073 HN 4 45| 11.509 HB3 10 51| (31.150 CB 16 57
106.049 [N 4 45| 11.494 HD2 10 51| (49.475 CD 16 57
56.851 CA 5 46| |1.279 HG2 10 51| [26.652 CG 16 57
63.849 CB 5 46| |7.953 HN 10 51| (4.314 HA 16 57
4.321 HA 5 46| |117.668 |N 10 51| (1.977 HB2 16 57
3.569 HB2 5 46| |51.764 CA 11 52| (1.836 HB3 16 57
3.535 HB3 5 46| 141.478 CB 11 52| (3.527 HD2 16 57
7.919 HN 5 46| |4.491 HA 11 52( |3.646 HD3 16 57
112.991 |N 5 46| |2.686 HB2 11 52( 11.854 HG2 16 57
53.366 CA 6 47| (2.662 HB3 11 52| |1.796 HG3 16 57
42.470 CB 6 47| 18.220 HN 11 52( |57.230 CA 17 58
25.214 CD1 6 47| |117.757 |N 11 52| 163.809 CB 17 58
23.616 CD2 6 47| (44.093 CA 12 53| |4.107 HA 17 58
26.236 CG 6 47| |(3.763 HA2 12 53| |3.573 HB2 17 58
4.289 HA 6 47| |3.734 HA3 12 53( [3.525 HB3 17 58
1.475 HB3 6 47| 17.971 HN 12 53( |7.703 HN 17 58
0.850 HD1 6 47| 1104.988 |N 12 53( |112.950 |N 17 58
0.810 HD2 6 47

1.589 HG 6 47

8.072 HN 6 47

120.236 [N 6 47




D) Isoform lc

#res2 corresponds to the numbering of the full-length isoform 1.

5, ppm Atom |#res |[#res 2| |5, ppm Atom [#res |#res 2| |3, ppm Atom [#res |#res 2
57.073 CA 1 58( 118.648 [N 6 63| (7.289 HE21 12 69
63.838 CB 1 58| [53.333 CA 7 64| (54.894 CA 12 69
4.300 HA 1 58| (42.434 CB 7 64| (30.833 CB 12 69
3.519 HB 1 58| [25.227 CD1 7 64| (27.192 CG 12 69
3.521 HB2 1 58| [23.602 CD2 7 64| (4.195 HA 12 69
7.962 HN 1 58( 126.175 CG 7 64( |1.489 HB2 12 69
118.789 [N 1 58| (4.244 HA 7 64| [1.652 HB3 12 69
58.711 CA 2 59| (1.453 HB2 7 64| (3.066 HD 12 69
68.914 CB 2 59| (0.844 HD1 7 64| (3.068 HD2 12 69
21.353 CG 2 59| (0.789 HD2 7 64| (1.502 HG2 12 69
4.410 HA 2 59| (1.573 HG 7 64| (1.436 HG3 12 69
3.898 HB 2 59( |7.743 HN 7 64( 17.958 HN 12 69
1.067 HG2 2 59( |118.575 [N 7 64( 1118.439 |N 12 69
7.782 HN 2 59| (44.242 CA 8 65 |53.836 CA 13 70
115.017 |N 2 59| (3.722 HA2 8 65| (4.552 HA 13 70
61.964 CA 3 60| (3.618 HA3 8 65| (3.069 HB2 13 70
31.169 CB 3 60| (8.070 HN 8 65| (2.942 HB3 13 70
26.504 CG 3 60( |105.374 [N 8 65| (7.486 HD2 13 70
4271 HA 3 60( |51.931 CA 9 66| |7.782 HE2 13 70
2.022 HB 3 60| (4.511 HA 9 66( |8.209 HN 13 70
2.022 HB2 3 60| (2.346 HB2 9 66| (117.282 |N 13 70
3.647 HD2 3 60| (2.327 HB3 9 66| [54.726 CA 14 71
1.824 HG2 3 60| (8.080 HN 9 66| [29.858 CB 14 71
1.772 HG3 3 60| (117.490 |N 9 66| [33.526 CG 14 71
52.010 CA 4 61 |56.678 CA 10 67| 14.196 HA 14 71
37.764 CB 4 61| (38.149 CB 10 67| (1.877 HB2 14 71
4.446 HA 4 61| (132.236 |CD1 10 67| [1.753 HB3 14 71
2.686 HB2 4 61| (117.122 |CEl 10 67| (7.283 HE21 14 71
2.660 HB3 4 61| (4.297 HA 10 67| (6.830 HE22 14 71
8.106 HN 4 61| (2.928 HB2 10 67| (2.098 HG2 14 71
116.069 |N 4 61( |2.690 HB3 10 67( |8.111 HN 14 71
53.583 CA 5 62( 16.970 HD 10 67( |118.876 |N 14 71
42.827 CB 5 62| [6.971 HD1 10 67| [(109.292 |NE2 14 71
25.313 CD1 5 62| [6.970 HD2 10 67| [54.379 CA 15 72
23.651 CD2 5 62| [6.610 HE1 10 67| (31.162 CB 15 72
26.175 CG 5 62| (6.611 HE2 10 67| [27.192 CG 15 72
4.216 HA 5 62| (7.918 HN 10 67| (4.160 HA 15 72
1.419 HB2 5 62| |117.456 [N 10 67 |1.515 HB2 15 72
0.834 HD1 5 62| [54.296 CA 11 68| [1.667 HB3 15 72
0.792 HD2 5 62| [29.858 CB 11 68| [3.075 HD2 15 72
1.548 HG 5 62| (4.160 HA 11 68| (1.523 HG2 15 72
7.618 HN 5 62| (1.875 HB2 11 68| (1.448 HG3 15 72
117.898 [N 5 62| (1.751 HB3 11 68| (8.130 HN 15 72
53.336 CA 6 63( |7.295 HE21 11 68( |119.157 |N 15 72
42.434 CB 6 63 |6.829 HE22 11 68

25.124 CD1 6 63| (2.131 HG2 11 68

23.621 CD2 6 63| (2.085 HG3 11 68

26.175 CG 6 63| (7.911 HN 11 68

4.250 HA 6 63| (116.973 |N 11 68

1.449 HB2 6 63( [109.433 [NE2 11 68

0.839 HD1 6 63

0.789 HD2 6 63

1.563 HG 6 63

7.832 HN 6 63




E) Isoform 1d

3, ppm Atom |#res |#res 2| |5, ppm Atom |#res |#res 2| (5, ppm Atom |#res |#res 2
54.248 CA 1 73( |54.232 CA 6 78| |55.899 CA 12 84
33.731 CB 1 73| [29.561 CB 6 78] (39.213 CB 12 84
4.262 HA 1 73| [32.230 CG 6 78| (131.260 (CD1 12 84
1.746 HB1 1 73| (4.220 HA 6 78| (130.134 |[CE1 12 84
1.863 HB2 1 73| [1.870 HB1 6 78| [128.285 |[CZ 12 84
8.060 HN 1 73| 11.729 HB2 6 78| 14.474 HA 12 84
122.890 ([N 1 73| 12.217 HG1 6 78| 12.977 HB1 12 84
53.897 CA 2 74| [7.884 HN 6 78] [2.753 HB2 12 84
33.350 CB 2 74| (117.184 [N 6 78| [7.158 HD1 12 84
28.597 CD 2 74| [53.684 CA 7 79| (7.164 HE1 12 84
41.005 CE 2 74| [29.483 CB 7 79| (7.944 HN 12 84
24.229 CG 2 74( 132.202 CG 7 79| |7.116 HZ 12 84
4.201 HA 2 74| 14.283 HA 7 79| 1115.608 [N 12 84
1.580 HB1 2 74( 11.849 HB1 7 79| 159.334 CA 13 85
1.455 HB2 2 74| (1.707 HB2 7 79| (38.607 CB 13 85
1.469 HD# 2 74| [2.176 HG1 7 79| (17.375 CD1 13 85
2.708 HE# 2 74| [7.860 HN 7 79| [26.298 CG1 13 85
2.694 HE1 2 74| (117.836 [N 7 79| [13.124 CG2 13 85
1.249 HG# 2 74( 11.931 HB 8 80| |4.096 HA 13 85
1.251 HG1 2 74( 159.736 CA 8 80| |1.664 HB 13 85
7.966 HN 2 74| [32.660 CB 8 80| (0.705 HD1# 13 85
117.885 |N 2 74| (21.277 CG 8 80| (1.314 HG11 13 85
51.883 CA 3 75| (4.157 HA 8 80| (0.987 HG12 13 85
4.476 HA 3 75| [1.931 HB 8 80| |0.746 HG2# 13 85
2.370 HB1 3 75| 10.804 HG# 8 80| |7.834 HN 13 85
7.369 HD21 3 75| 17.839 HN 8 80| |115.881 [N 13 85
6.902 HD22 3 75| (115.881 [N 8 80| [55.903 CA 14 86
7.999 HN 3 75| [57.291 CA 9 81| (38.805 CB 14 86
116.919 |N 3 75| [27.981 CB 9 81| (132.263 |[CD1 14 86
56.517 CA 4 76| (4.372 HA 9 81| (117.003 |CE1 14 86
38.393 CB 4 76| 12.738 HB1 9 81| |4.531 HA 14 86
132.263 [CD1 4 76| |2.651 HB2 9 81| |2.820 HB1 14 86
117.003 [CE1 4 76( 12.289 HG 9 81| |2.681 HB2 14 86
4.313 HA 4 76| |(8.147 HN 9 81| (6.951 HD1 14 86
2.881 HB1 4 76| (119.685 [N 9 81| [6.582 HE1 14 86
2.680 HB2 4 76| [53.103 CA 10 82| (7.860 HN 14 86
6.958 HD1 4 76( 129.562 CB 10 82| 1119.889 [N 14 86
6.598 HE1 4 76( [32.211 CG 10 82( |58.001 CA 15 87
7.836 HN 4 76| 14.215 HA 10 82| 169.053 CB 15 87
116.665 |N 4 76| (1.831 HB1 10 82| (21.073 CG2 15 87
53.625 CA 5 77| (1.672 HB2 10 82| (4.422 HA 15 87
42.524 CB 5 77| (2.182 HG1 10 82| (3.874 HB 15 87
23.698 CD1 5 77| [7.996 HN 10 82| (1.045 HG2# 15 87
25.225 CD2 5 77( 1118.837 |N 10 82| |7.941 HN 15 87
26.236 CG 5 77| |51.753 CA 11 83| |116.823 [N 15 87
4.218 HA 5 77| (4.476 HA 11 83| [61.459 CA 16 88
1.423 HB1 5 77| [2.325 HB1 11 83| (31.400 CB 16 88
1.474 HB2 5 77| (2.314 HB2 11 83| (49.237 CD 16 88
0.804 HD1 5 77| [7.329 HD21 11 83| 126.544 CG 16 88
0.851 HD2 5 77| 16.897 HD22 11 83( 14.198 HA 16 88
1.542 HG 5 77| 18.022 HN 11 83( |1.985 HB# 16 88
7.967 HN 5 77( 1117.331 |N 11 83| |3.561 HD1 16 88
117.885 |N 5 77 3.517 HD2 16 88

1.787 HG1 16 88

1.744 HG2 16 88

#res2 corresponds to the numbering of the full-length isoform 1.




F) Isoform 3

5, ppm Atom |#res | |3, ppm Atom |#res 5, ppm Atom [#res 3, ppm Atom | #res
33.341 CB 1(153.444 CA 9| [30.943 CB 16| |51.538 CA 20
4.307 HA 1| [42.395 CB 9| 149.143 CD 16( [19.399 CB 20
1.954 HB2 1(]25.243 CD1 9| [26.721 CG 16| |4.149 HA 20
1.898 HB3 1{[23.876 CcD2 9| [2.134 HB2 16| (1.247 HB 20
7.802 HN 1[126.305 CG 9| (1.827 HB3 16| |7.947 HN 20
118.921 |N 1| [4.255 HA 9| |3.686 HD2 16( (122.657 |N 20
54.636 CA 2| (1.434 HB2 9| |3.587 HD3 16| |53.786 CA 21
33.494 CB 2| (1.492 HB3 9| (1.894 HG2 16| |42.381 CB 21
28.868 CD 2(10.840 HD1 9| |56.069 CA 16( (23.485 CD2 21
24.373 CG 2| (0.787 HD2 9| [26.719 CB 16| |26.205 CG 21
4.311 HA 2| ]1.585 HG 9| [33.906 CG 16( (4.204 HA 21
1.647 HB2 2| [8.079 HN 9| [3.978 HA 16| |1.512 HB2 21
1.511 HB3 2(1119.986 [N 9| 1.907 HB2 16( (1.450 HB3 21
1.510 HD2 2| |60.258 CA 10| |1.826 HB3 16| |0.812 HD1 21
1.292 HG2 2| 32.379 CB 10| [2.080 HG2 16| |0.780 HD2 21
1.331 HG3 2| [20.538 CG1 10| |[2.128 HG3 16| |1.675 HG 21
8.568 HN 2| [4.090 HA 10| |7.835 HN 16| |7.826 HN 21
122.313 |N 2(11.894 HB 10 (117.310 |N 16 (116.404 |N 21
53.042 CA 3| (0.747 HG1 10| |54.618 CA 17| |57.843 CA 22
41.910 CB 3| [7.677 HN 10( [42.381 CB 17| (63.501 CB 22
24.795 CD1 3] (115.860 [N 10| |25.243 CD1 17| |4.191 HA 22
23.887 CcD2 3| [60.246 CA 11| [23.475 CD2 17| (3.632 HB2 22
26.305 CG 3] [32.585 CB 11| |26.305 CG 17| |3.567 HB3 22
4.365 HA 3] (21.322 CG1 11| |4.102 HA 17| |7.727 HN 22
1.450 HB3 3| 14.034 HA 11| |1.511 HB2 17| |112.651 |N 22
0.854 HD1 3] (1.893 HB 11| [0.839 HD1 17| |54.014 CA 23
0.810 HD2 3| 10.727 HG1 11| (0.784 HD2 17| (29.023 CB 23
1.587 HG 3] [7.651 HN 11| |1.591 HG 17| |4.499 HA 23
8.170 HN 3[]117.668 [N 11| [7.762 HN 17| (3.040 HB2 23
120.604 [N 3] |56.129 CA 12| |118.462 |N 17| |2.878 HB3 23
57.244 CA 4] 139.459 CB 12| [54.604 CA 18| (7.273 HD2 23
63.915 CB 4] 14.567 HA 12| |41.910 CB 18| |7.911 HN 23
4.236 HA 4] 13.011 HB2 12| |25.243 CD1 18| |116.331 |N 23
3.590 HB2 4112.777 HB3 12| [23.504 CD2 18 [56.255 CA 24
3.524 HB3 41 17.949 HN 12| |26.182 CG 18| |38.798 CB 24
7.907 HN 4]11117.885 [N 12| (4.133 HA 18| (4.468 HA 24
113.190 [N 4] 156.843 CA 13| |1.594 HB2 18| |2.858 HB2 24
44.305 CA 5[ 163.914 CB 13| [1.440 HB3 18| (2.684 HB3 24
3.761 HA2 5| [4.364 HA 13| |0.837 HD1 18| |6.959 HD1 24
3.685 HA3 5] [3.610 HB2 13| |0.777 HD2 18| |6.586 HD2 24
8.114 HN 5] [3.569 HB3 13| |1.663 HG 18| |9.129 HH 24
107.450 [N 5] [8.115 HN 13| |7.915 HN 18| |7.841 HN 24
50.353 CA 6[]112.976 [N 13| [(118.294 |N 18| |117.310 |N 24
20.350 CB 6| [54.599 CA 14| |61.454 CA 19| |58.960 CA 25
4.278 HA 6| [41.901 CB 14 (32.119 CB 19| (69.139 CB 25
1.182 HB 6| [24.753 CD1 14| |21.314 CG1 19| |21.488 CG 25
7.995 HN 6] |23.898 CD2 14| [20.922 CG2 19| (4.341 HA 25
120.317 [N 6| [26.282 CG 14| |3.896 HA 19| |3.805 HB 25
52.014 CA 7| (4.136 HA 14| |1.972 HB 19| |1.102 HG 25
39.026 CB 7| 11.526 HB2 14| (0.808 HG1 19( (8.177 HN 25
4.516 HA 7] (0.879 HD1 14| 10.851 HG2 19| |118.116 |N 25
2.549 HB1 7] 10.841 HD2 14| [7.695 HN 19| (4.196 HA 26
2.438 HB2 7] (1.618 HG 14| |115.385 |N 19| |2.131 HB2 26
8.211 HN 7| 18.255 HN 14 1.827 HB3 26
116.762 [N 7] (122.056 [N 14 3.689 HD2 26
57.221 CA 8| |54.975 CA 15 1.893 HG2 26
28.249 CB 8| (42.374 CB 15
4.335 HA 8| [26.305 CG 15
2.729 HB2 8| 14.077 HA 15
7.886 HN 8| [1.508 HB2 15
115.322 |N 8| |1.454 HB3 15

0.844 HD1 15

0.808 HD2 15

1.583 HG 15

7.948 HN 15

119.248 |N 15




G) Isoform 2a

#res2 corresponds to the numbering of the full-length isoform 2.

5, ppm Atom [#res |#res 2| (5, ppm Atom [#res |#res 2| (5, ppm Atom |#ires [#res 2
59.991 CA 1 19| [51.719 CA 7 25( |57.037 CA 13 31
32.416 CB 1 19| |[4.588 HA 7 25( 128.125 CB 13 31
20.343 CG1l 1 19| |12.703 HB2 7 25| (4.418 HA 13 31
4.071 HA 1 19| [8.499 HN 7 25( 12.733 HB2 13 31
1.872 HB 1 19( |120.306 (N 7 25| [7.855 HN 13 31
0.774 HG1 1 19| [59.012 CA 8 26( |117.182 [N 13 31
7.854 HN 1 19| (39.153 CB 8 26( |152.561 CA 14 32
120.273 [N 1 19| (13.225 CD1 8 26( 14.508 HA 14 32
50.369 CA 2 20| [26.347 CG1 8 26| |7.403 HD21 14 32
20.141 CB 2 20| (4.137 HA 8 26| [6.978 HD22 14 32
4.194 HA 2 20| [1.660 HB 8 26( |8.212 HN 14 32
1.112 HB 2 20| (0.771 HD1 8 26( 1119.469 |N 14 32
7.979 HN 2 20| [1.368 HG12 8 26| |54.532 CA 15 33
122.824 |N 2 20| [1.023 HG13 8 26| |[33.218 CB 15 33
55.810 CA 3 21| (7.646 HN 8 26| (24.219 CG 15 33
39.308 CB 3 21| |115.670 (N 8 26| |4.289 HA 15 33
131.333 |CD1 3 21| |52.106 CA 9 27| 11.689 HB2 15 33
130.138 |CE1 3 21| 141.081 CB 9 27| 11.496 HB3 15 33
128.403 |Cz 3 21| |4.525 HA 9 27| |1.297 HG2 15 33
4.493 HA 3 21| (2.846 HB2 9 27| (7.977 HN 15 33
2.995 HB2 3 21| |7.361 HD21 9 27| 1117.974 [N 15 33
2.766 HB3 3 21| 16.904 HD22 9 27| 17.859 HN 16 34
7.193 HD1 3 21( 18.112 HN 9 27| 160.513 CA 16 34
7.193 HE1 3 21| |119.815 (N 9 27| 168.633 CB 16 34
7.870 HN 3 21| [51.748 CA 10 28| [21.954 CG 16 34
7.143 HZ 3 21| |4.534 HA 10 28| |4.215 HA 16 34
115.333 |N 3 21| 12.640 HB2 10 28( 13.973 HB 16 34
57.240 CA 4 22( 18.119 HN 10 28( |1.011 HG2 16 34
63.658 CB 4 22| |117.499 (N 10 28| |7.858 HN 16 34
4.240 HA 4 22| [59.345 CA 11 29| (111.675 |N 16 34
3.587 HB2 4 22| |[38.499 CB 11 29| 159.960 CA 17 35
3.537 HB3 4 22| [17.456 CD1 11 29| (32.422 CB 17 35
7.996 HN 4 22| [26.959 CG1 11 29| [20.154 CG1 17 35
113.147 [N 4 22| (4.181 HA 11 29( 14.159 HA 17 35
53.793 CA 5 23| [1.759 HB 11 29| (2.007 HB 17 35
28.872 CB 5 23| |0.786 HD1 11 29| |0.834 HG1 17 35
119.112 (CD2 5 23| (1.412 HG12 11 29| (7.653 HN 17 35
4614 HA 5 23( 11.053 HG13 11 29( 1115.654 |N 17 35
2.966 HB2 5 23| |7.675 HN 11 29| 160.225 CA 18 36
3.123 HB3 5 23| [115.641 |N 11 29| [28.111 CB 18 36
7.318 HD2 5 23| 160.513 CA 12 30| |4.266 HA 18 36
8.219 HN 5 23| [68.713 CB 12 30| (2.773 HB2 18 36
117.353 [N 5 23| |21.835 CG 12 30| |2.668 HB3 18 36
57.037 CA 6 24( 14.218 HA 12 30( 17.932 HN 18 36
28.420 CB 6 24| (3.950 HB 12 30| (118.515 |N 18 36
4.406 HA 6 24| |1.006 HG2 12 30

2.723 HB2 6 24| (7.776 HN 12 30

8.058 HN 6 24| |113.973 (N 12 30

116.333 [N 6 24




H) Isoform 2b

3, ppm Atom |#res |#res 2| |5, ppm Atom |#res |#res 2| |5, ppm Atom |#res |#res 2
42.623 CB 1 37( [58.940 CA 8 44| 12.765 HB3 13 49
4.541 HA 1 37| [38.418 CB 8 44| 158.940 CA 13 49
3.072 HB2 1 37( [12.968 CD1 8 44| |138.418 CB 13 49
2.825 HB3 1 37| [26.234 CG1 8 44| 112.856 CD1 13 49
8.225 HN 1 37| [17.173 CG2 8 44| 126.034 CG1 13 49
121.798 ([N 1 37| 4.131 HA 8 44| 117.121 CG2 13 49
50.166 CA 2 38| [1.695 HB 8 44| 14.118 HA 13 49
19.920 CB 2 38| (0.780 HD1 8 44| 11.681 HB 13 49
4.323 HA 2 38| (1.428 HG12 8 44| 10.761 HD1 13 49
1.210 HB 2 38| (1.057 HG13 8 44| 11.330 HG12 13 49
8.122 HN 2 38| (0.815 HG2 8 44| 11.000 HG13 13 49
121.648 |N 2 38| (7.859 HN 8 44| 10.723 HG2 13 49
56.824 CA 3 39| (116.752 |N 8 44| 17.860 HN 13 49
63.464 CB 3 39| (43.781 CA 9 45| 1115.900 ([N 13 49
4.281 HA 3 39| (3.770 HA2 9 45| 155.632 CA 14 50
3.626 HB2 3 39| (3.668 HA3 9 45| |38.592 CB 14 50
3.550 HB3 3 39( 18.133 HN 9 45| [132.012 ([CD2 14 50
7.996 HN 3 39( [109.009 |N 9 45| 1116.628 |[CE2 14 50
112.434 |N 3 39| (53.503 CA 10 46| |4.544 HA 14 50
54.062 CA 4 40| |129.669 CB 10 46| |12.830 HB2 14 50
28.812 CB 4 40| |14.276 HA 10 46| |12.698 HB3 14 50
31.838 CG 4 40| |1.828 HB2 10 46| 16.961 HD1 14 50
4.223 HA 4 40| |1.671 HB3 10 46| 16.963 HD2 14 50
1.927 HB2 4 40| |2.186 HG1 10 46| |16.592 HE2 14 50
1.751 HB3 4 40| |2.185 HG2 10 46| |7.887 HN 14 50
2.233 HG2 4 40| |7.936 HN 10 46| |119.972 [N 14 50
2.234 HG3 4 40| |116.836 ([N 10 46| |57.676 CA 15 51
8.041 HN 4 40| |51.508 CA 11 47| 168.711 CB 15 51
118.622 |N 4 40| [39.096 CB 11 47| 120.797 CG2 15 51
51.832 CA 5 41| [4.511 HA 11 47| 14.435 HA 15 51
4.475 HA 5 41| [2.337 HB2 11 47| 13.887 HB 15 51
8.104 HN 5 41| 12.186 HB3 11 47| 11.055 HG2 15 51
116.724 |N 5 41| |7.345 HD21 11 47| 17.958 HN 15 51
44.093 CA 6 42| 16.913 HD22 11 47| 1116.655 [N 15 51
3.757 HA2 6 42| 18.129 HN 11 47| 161.259 CA 16 52
3.628 HA3 6 42| 1117.942 [N 11 47| 131.073 CB 16 52
8.038 HN 6 42| |55.644 CA 12 48| |48.987 CD 16 52
105.697 |N 6 42| 138.947 CB 12 48| 126.227 CG 16 52
54.013 CA 7 43| [131.014 ([CD1 12 48| 14.206 HA 16 52
33.014 CB 7 43| 1129.854 |[CE1 12 48| 11.992 HB2 16 52
28.397 CD 7 43| [128.018 [CzZ 12 48| [1.782 HB3 16 52
40.496 CE 7 43| 14.488 HA 12 48| [3.571 HD2 16 52
23.962 CG 7 43| 12.984 HB2 12 48| |3.522 HD3 16 52
4.298 HA 7 43| 12.766 HB3 12 48| |11.806 HG2 16 52
1.612 HB2 7 43| 17.173 HD1 12 48| |1.748 HG3 16 52
1.532 HB3 7 43| 17.173 HD2 12 48

1.502 HD2 7 43| 17.173 HE1 12 48

1.534 HD3 7 43| 17.950 HN 12 48

2.739 HE2 7 43| 17.134 HZ 12 48

2.739 HE3 7 43| [115.608 [N 12 48

1.298 HG2 7 43

1.250 HG3 7 43

7.809 HN 7 43

116.968 |N 7 43

7.812 NH 7 43

#res2 corresponds to the numbering of the full-length isoform 2.



Annex D - Ramachandran plots for A) MEG 2.1 isola, B) MEG 2.1 isolb, C) MEG 2.1 iso 1f, D) MEG 2.1 isolg, E) MEG 2.1
iso 2a and F) MEG 2.1 iso 2b. The repartition of the angles in function of the favored, allowed, or disallowed regions is
indicated under each plot.

Validation of the reconstructed structures (best 10 models)

A) Isoform la
PROCHECK-COMP

Ensemble Ramachandran Plot

folderlist (10 models)
1
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Plot statistics

Residues in most favoured regions [A,B,L] 114 71.2%
Residues in additional allowed regions [a,b,],p] 46 28.8%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 160 100.0%
Number of end-residues (excl. Gly and Pro) 20
Number of glycine residues (shown as triangles) 10
Number of proline residues 0
Total number of residues 190

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.




B) Isoform 1b

PROCHECK-COMP

Ensemble Ramachandran Plot
folderhst (10 models)
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[3] det_ooos
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Plot statistics

—

NN

135" f +
b

Residues in most favoured regions [A,B,L] 79 71.8%
Residues in additional allowed regions [a,b,],p] 31 28.2%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 110 100.0%
Number of end-residues (excl. Gly and Pro) 10
Number of glycine residues (shown as triangles) 30
Number of proline residues 20
Total number of residues 170

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.




C) Isoform If

PROCHECK-COMP

Ensemble Ramachandran Plot

models)

Files:

folderlist (10
|

Phi (degrees)

Plot statistics

180_ I del_0003
| ~b del_000s
N b [3] det_oo06
__ del_0009
135_ b | N [5] oo
| [6] detoor2
~1 del_0014
[8] der_oots
90 N - — del_0017
1 del_0020
(] 1l \i] % — — {10
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-135% P
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90

135

Residues in most favoured regions [A,B,L] 62 56.4%
Residues in additional allowed regions [a,b,1,p] 48 43.6%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 110 100.0%
Number of end-residues (excl. Gly and Pro) 20
Number of glycine residues (shown as triangles) 10
Number of proline residues 10
Total number of residues 150

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.




D) Isoform lg

PROCHECK-COMP

Psi (degrees)

Ensemble Ramachandran Plot

-90 +—

135"

i li@ﬂ|

Files:

~1

folderlist (10 models)
|

del_0002
~b del_0004
del_0006
[4] der_oo07
del_0008
| [6] detooto
[7] der_oo4
del_0016
— [9] dgelooto
del_0020

e

-180

2135 -90 0 45

Ph1 (degrees)
Plot statistics

Residues in most favoured regions [A,B,L]

Residues in additional allowed regions [a,b,1,p]
Residues in generously allowed regions [~a,~b,~1,~p]
Residues in disallowed regions

Number of non-glycine and non-proline residues
Number of end-residues (excl. Gly and Pro)

Number of glycine residues (shown as triangles)
Number of proline residues

Total number of residues

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.
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E) Isoform 2a

PROCHECK-COMP

Ensemble Ramachandran Plot

Files:

folderlist (10 models)
Tk | E— B

i

del_0001
del_0002
[3] det_o003
m del_0004
del_0005
E del_0009
[7] detoor2
[8] del_oot4

— del_0015

[10] det_o0t6

Psi (degrees)

45 90 135
Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B,L] 84 52.5%
Residues in additional allowed regions [a,b,l,p] 76 47.5%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 160 100.0%
Number of end-residues (excl. Gly and Pro) 20
Number of glycine residues (shown as triangles) 0
Number of proline residues 0
Total number of residues 180

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.




F) Isoform 2b

PROCHECK-COMP

Ensemble Ramachandran Plot
folderlist (10 models)
‘ ‘ |

del_0001
~b del_0003

del_0008
[4] derooto
L | del_0011
| [6] deloor2
[7] deroots

~1
del_0016
— [9] dgeloo17
I del_0018

| b

Psi (degrees)

—
135" ] H | ‘ P |

2180 -135 90  -45 0 45 90 135 180
Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B,L] 71 59.2%
Residues in additional allowed regions [a,b,l,p] 49 40.8%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 120 100.0%
Number of end-residues (excl. Gly and Pro) 10
Number of glycine residues (shown as triangles) 20
Number of proline residues 10
Total number of residues 160

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Model numbers shown inside each data point.






