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ABSTRACT

Marinesco-Sjogren syndrome (MSS) is a rare autosomal recessive disorder characterized by
cerebellar ataxia, myopathy, and cataracts. It is mainly caused by mutations in the SIL1 gene,
which encodes a nucleotide exchange factor for BiP, a key endoplasmic reticulum (ER)
chaperone. SIL1 deficiency causes the accumulation of misfolded proteins, leading to
cellular stress and ultimately cell death. The present study aimed to develop a protein
replacement therapy for MSS using cell-penetrating peptides (CPPs) fused to the SIL1
protein. To this end, we evaluated the expression of SIL1 lacking the initial 31 N-terminal
amino acids fused to various CPPs. These constructs were cloned into the pGEX6P1 vector,
resulting in the production of recombinant proteins with an N-terminal GST tag. We
optimized expression in BL21(DE3) bacterial cells and developed an affinity
chromatography purification protocol for the selected recombinant SIL1 fusion protein. We
provided evidence of correct folding, thermal stability, and tetrameric structure of the protein

by circular dichroism and dynamic light scattering.

Safety and efficacy assessments were conducted to evaluate the suitability of SIL1-TAT for
both in vitro and in vivo applications. Preliminary in vivo studies using the woozy mouse
model demonstrated promising protein distribution in peripheral tissues, particularly spleen
and muscle, suggesting potential systemic distribution. However, limited penetration of
SIL1-TAT into the central nervous system (CNS) was observed, highlighting a critical
challenge for effective CNS-targeted therapy. Complementary in vitro immunofluorescence
microscopy revealed predominantly extracellular localization of SIL1-TAT in HF-MSS
patient cells, suggesting potential limitations in cellular uptake. Furthermore, this research
delved into the molecular pathogenesis of MSS by performing transcriptomic analysis on
patient fibroblasts. Transcriptomic analysis revealed significant disruptions in extracellular
matrix (ECM) organization, membrane trafficking, and cell adhesion. We also aimed to
characterize the woozy mouse model, establishing its utility both for elucidating disease

mechanisms and evaluating therapeutic interventions.

This project demonstrates the potential of recombinant SIL1-TAT as a basis for protein

replacement therapy in MSS.
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1. INTRODUCTION

1.1 Marinesco-Sjogren Syndrome

Marinesco-Sjogren Syndrome (MSS) is a rare autosomal recessive neurological condition
that mostly affects children. The disease's onset can be detected in the first months of a
newborn's life when the first motor milestones are unmet. Despite being a severely disabling

disorder, the symptoms tend to stabilize over time, and patients can live to old age.

The syndrome was named for the two doctors who discovered it in the early 1900s: Georg
Marinesco and Harald Sjogren. Romanian neurologist Marinesco reported a group of
patients who had symptoms such as muscle weakness, cataracts, and cerebellar ataxia?.
Harald Sjogren, a Swedish neurologist, independently reported his findings of comparable

instances®.

1.1.1 Understanding the etiology and phenotype of the disease

The only known genetic cause of MSS is mutations of the SIL1 gene, found on chromosome
5q31.2*°. Both homozygous or compound heterozygous point mutations and larger genomic
deletions that result in protein loss in MSS patients are the most commonly reported

mutations in the SIL1 gene .

The defining characteristics of MSS are congenital cataracts, cerebellar ataxia, and
myopathy (Figure 1)*°. Muscle fibres degenerate with infiltration of fibroadipose tissue and
altered fibre size, as well as abnormal interfibrillar membranous structures . Cerebellar
atrophy, deriving from the progressive degeneration of Purkinje cells and granular cells in

the cerebellum, is the primary driver of this syndrome®.

Other differentiating traits include mild to severe mental retardation and hypergonadotropic
hypogonadism®. Short stature, skeletal anomalies °, nystagmus, strabismus, and dysarthria

are common findings *°.



Marinesco-Sjogren syndrome "clinical triad"

Myophaty

Figure 1. Characteristic clinical triad of Marinesco- Sjogren Syndrome. From Cell-penetrating SIL1
protein replacement therapy for Marinesco-Sjogren syndrome. 21st Scientific Convention TELETHON

Poster, Amodei L. et al.

A clinical assessment of the primary symptoms is used to make the diagnosis, which includes
muscle biopsies to detect myopathy, ophthalmologic exams to detect cataracts, and magnetic
resonance imaging to detect cerebellar atrophy®. Genetic tests that can detect biallelic

mutations in the SIL1 gene are used to confirm clinical results 1.

Due to its rarity, MSS is often misdiagnosed or misunderstood, which makes accurate

diagnosis and treatment difficult.

1.1.2 Mouse models of Marinesco-Sjogren Syndrome: key tools for
understanding pathophysiology

The same histopathological findings characteristic of MSS patients are present in the
spontaneous mutant woozy mouse, which lacks a functional Sil1 gene!!. These mice develop
cerebellar ataxia between 12 and 16 weeks of age, resulting from degeneration of Purkinje
cells in cerebellar lobules I to VIII . Woozy mice also show progressive degenerative

myopathy, functionally similar to the human MSS phenotype, with morphological
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abnormalities in the sarcoplasmic reticulum, autophagic vacuoles, enlarged mitochondria,

and altered myonuclei ’.

The SIL1Gt mouse, generated via a gene trapping approach on the C57BL/6J strain, is
another model of MSS*!, The mutant SIL1 transcript is truncated after exon 7, confirming
the role of SIL1 in skeletal muscle physiology and neurodegeneration, producing a
phenotype very similar to that of the woozy mouse!2. Around 24 weeks of age, these mice
begin to show a progressive loss of muscle strength, accompanied by myofibrillar disorder
with fatty infiltration and structural abnormalities in the muscle tissue, including irregular

fibers 12,

1.1.3 The role of SIL1 in the pathogenesis of Marinesco-Sjégren Syndrome

The Sill protein acts as a nucleotide exchange factor (NEF) for an endoplasmic reticulum
(ER) chaperone, immunoglobulin-binding protein (BiP) 3. BiP is a stress-inducible
molecular chaperone that controls a variety of essential processes in the endoplasmic
reticulum, including translocation of nascent proteins into the endoplasmic reticulum,
accurate subsequent folding of newly synthesized proteins in the endoplasmic reticulum
lumen, elimination of proteins that fail to mature properly, response to cell stress, and

calcium homeostasis 4.

Sill catalyses the release of ADP from BiP by directly interacting with BiP's ATPase domain
(Figure 2). ATP hydrolysis stabilizes BiP's binding and promotes protein folding, while the

exchange of ADP for ATP allows the release of the folded substrate®315,

10



ATP-bound BiP cycle
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Figure 2. The ATP-bound BiP cycle. Sill facilitates ADP release from BiP's ATPase domain. ATP hydrolysis
strengthens BiP binding and aids protein folding. ADP to ATP exchange triggers folded substrate release.
Defective nucleotide exchange, as seen in MSS, results in persistent BiP-client protein association. From Cell-
penetrating SIL1 protein replacement therapy for Marinesco-Sjogren syndrome. 21st Scientific Convention
TELETHON Poster, Amodei L. et al.

If this nucleotide exchange is defective, as in MSS, BiP remains associated with its client
protein, leading to the accumulation of unfolded proteins, ER stress, and activation of the

unfolded protein response (UPR)!3:16,

The UPR is a signalling pathway aimed at restoring ER homeostasis (Figure 3). This
pathway reduces protein synthesis, increases ER folding capacity, and enhances the disposal
of unfolded proteins via ER-associated degradation (ERAD). Three ER transmembrane
proteins initiate the UPR: endoplasmic reticulum kinase-like PRK (PERK), inositol-
requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6)’. By interacting
with these proteins, BIP inactivates them. When unfolded proteins accumulate, BiP
disengages from ER stress sensors, allowing activation of cytosolic effector domains.
Activated PERK, ATF6, and IRE1 have specific cytosolic activities related to the ability to
activate their respective transducers, also influencing protein translation, cellular

metabolism, and cell survival or death programs*’8,
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Figure 3'°. Unfolded protein response. Three ER transmembrane proteins, PERK, IRE1, and ATF®, initiate
the UPR. BiP normally inactivates these proteins, but upon accumulation of unfolded proteins, BiP disengages,
activating the cytosolic effector domains of PERK, IREL, and ATF6. These activated domains influence protein

translation, cellular metabolism, and cell survival/death programs. From “The unfolded protein response:
controlling cell fate decisions under ER stress and beyond” Hetz C. DOI:10.1038/nrm3270

Since BiP's ATPase activity is required for at least some of its functions, it is reasonable to
assume that SIL1 regulates endoplasmic reticulum-associated processes by controlling the
BiP ATPase cycle and that the pathogenic mechanism involved in Marinesco-Sjogren
syndrome is impaired activation of BiP.

A recent proteomic study of skin fibroblasts from a young MSS patient (HF-MSS) with the
SIL1 R111X mutation demonstrated mild UPR activation and altered cellular metabolism.
The spliceosomal complex, ribosomal proteins, and RNA translation initiation were all
clearly downregulated in HF-MSS cells that showed a senescence-like condition when SIL1
was absent. Lipid metabolism was also affected, exhibiting both increased beta-oxidation
events and decreased beta-oxidation?°. These findings suggest that MSS may not solely be a
cellular proteostasis disorder but also involves broader cellular dysfunction that impacts
organelle dynamics, lipid metabolism, and energy production. The molecular mechanisms
behind the pathology generally remain unknown, and it is still unclear why mutations in the
widely expressed Sill protein only seem to affect certain tissues.
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1.1.4 Management strategies and current treatment for Marinesco-

Sjogren Syndrome

Currently, there is no cure for this disease. Except for cataracts, which can be surgically
fixed, supportive therapies are the only way to prevent the progression of any other issues.
Hypergonadotropic hypogonadism is treated with hormone therapy, and psychomotor
difficulties are typically tracked and monitored by physiotherapists and neurologistst. Given
the high degree of patient variability and the rarity of the disease, it is undoubtedly difficult

to comprehend the pathological mechanisms.

However, studies have shown that inhibiting the PERK signalling pathway, one of the key
UPR pathways protects Purkinje cells, which would otherwise be vulnerable in the absence
of SIL1222, The PERK inhibitor (GSK2606414) prevents neurodegeneration and the onset
of motor deficits, extending the asymptomatic phase while improving muscle pathology and
motor performance during the symptomatic phase??. The cellular recovery process may
encourage the synthesis of this alternative BiP cofactor, restoring BiP-mediated protein
folding and synaptic protein transport, as evidenced by the elevated levels of the protein
ORP150 in recovered Purkinje cells®%4,

Unfortunately, it has been demonstrated that complete inhibition of PERK by GSK2606414
exhibits significant pancreatic toxicity. Other drugs, such as trazodone, dibenzoylmethane,
and tauroursodeoxycholic acid, have been tested and found to be nontoxic but with only
weak inhibition of PERK?,

Misfolding diseases are caused by the accumulation of misfolded proteins, which damage
cells and can lead to loss of function. To overcome this problem, small compounds called

chemical chaperones can restore the altered protein to its correct conformation?®.

13
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Figure 4%, PERK inhibitor prevents neurodegeneration. A) Under normal SIL1 functioning conditions,
Purkinje cells are in a healthy state; B) In the absence of SIL1, ORP150 function is insufficient, the PERK
pathway is activated and neurodegeneration occurs; C) With PERK inhibition, ORP150 expression increases
which, although still insufficient to sustain the BiP-dependent folding process, delays the cell death process.
From “Neuroprotective modulation of the unfolded protein response in Marinesco-Sjégren syndrome: PERK
signalling inhibition and beyond”. Restelli E. et al. DOI: 10.4103/1673-5374.243708.

Chemical chaperones were tested to restore the MSS phenotype in cultured cells. The study
involved immortalized lymphoblastoid cell lines from patients with the p.Leu313fs SIL1
mutation. Chemical chaperones such as valproate, dexamethasone, 4-phenylbutyric acid,
and tauroursodeoxycholic acid (TUDCA) were found to reduce tunicamycin-induced cell

death. However, the treatment did not reduce ER stress markers?’.

New approaches that can more successfully participate in the treatment of these illnesses are

needed to greatly enhance patients' quality of life.
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1.2 Protein Replacement Therapy: an emerging approach to
genetic diseases

Autosomal recessive genetic disorders often result from mutations or deletions in the
affected genes, resulting in the loss or malfunction of the encoded proteins 28, Protein
replacement therapy (PRT) offers a promising solution to these protein deficiency disorders,
providing a means to directly address the underlying genetic cause without the need for
complex gene therapy techniques. This approach aims to restore necessary physiological

functions and alleviate the debilitating symptoms associated with these genetic conditions.

1.2.1 The power of Protein Replacement Therapy: key mechanisms

PRT involves the administration of a therapeutic recombinant protein to patients with
diseases caused by deficiencies of specific proteins 2°. This approach directly targets the
biochemical defect, providing the body with an otherwise absent or malfunctioning protein.
The administered proteins are typically produced in vitro, using techniques such as

recombinant DNA technology, to create functional versions of the protein of interest.

By providing the missing or malfunctioning proteins, PRT can effectively compensate for
the genetic deficiency and alleviate the associated health complications *. The mechanism

of action of PRT can be explained through three key aspects:

o Replacement of the missing protein: In diseases where the body is unable to produce
a functional protein due to genetic mutations (e.g., lysosomal storage), PRT directly provides
the missing protein 3. This process compensates for the protein deficiency by providing the
active form of the protein, which can then interact with cells and tissues.

o Restoring cellular functions: By replacing the missing or defective protein, PRT can
restore normal cellular functions that are disrupted due to the absence of this protein. Once
inside the cell, the protein can perform its catalytic or functional roles, helping with normal
metabolic processes and cellular homeostasis®>®,

o Slowing or stopping disease progression: Many genetic disorders are progressive,
meaning that symptoms worsen over time due to ongoing cellular damage or metabolic
disorders®. PRT can help slow or even stop disease progression by replacing the missing

protein and thereby mitigating the harmful effects of the underlying genetic defect®.

15



In conditions where the body is unable to produce a functional protein due to genetic
mutations, PRT provides a crucial lifeline. It aims not only to restore cellular function, but

also to prevent disease progression.

1.2.2 Potential drawbacks of Protein Replacement Therapy

Although PRT offers significant advantages, it is not without limitations. The potential for
immune responses to the therapeutic protein (especially if derived from non-human sources
or if the protein is administered repeatedly over time) and limited tissue penetration
(especially those involving hard-to-reach tissues, such as the central nervous system) are
major challenges of this approach.

Immunogenicity reduction in drug therapeutics has been achieved through replacing non-
human drugs with human sequences or improving manufacturing processes®®. However,
these precautions are often insufficient, leading to the need for additional approaches. Poor
protein solubility can be overcome by optimizing expression, purification, formulation, and
solution conditions. Rational solubility engineering can identify mutations that minimize
aggregation®’. Identifying antibody epitopes can also be challenging, but modifications can
reduce binding by existing antibodies. Site-directed mutagenesis of antibody epitopes can

reduce antigenicity, but repeated treatment may elicit new antibody responses .

16
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Figure 5%, Targeting steps in the immune response to reduce protein drug immunogenicity. The process
includes: (1) APC uptake, (2) antigen processing, (3) APC-T cell interaction (peptide-MHC-TCR complex and
stimulation), (4) T cell maturation, (5) T cell-B cell interaction (protein binding to BCRs and peptide-MHC-
TCR complex), (6) B cell maturation (isotype switching and affinity maturation), and (7) antibody binding.
Blocking these steps is a potential strategy to improve protein therapeutics. From “Rational design and
engineering of therapeutic proteins ”, Marshall S.A. et al. DOI: https://doi.org/10.1016/51359-6446(03)02610-
2.

Biomolecules are actively transported by the cell membrane. Cell penetrating peptides
(CPPs) are a promising technology that facilitates protein transport across cell membranes,
allowing for the development of a protein-based therapeutic modality for treating human
disorders that have previously been avoided due to membrane permeability issues®®.

CPPs are short peptide sequences ranging from 5 to 30 aa that can bind to a variety of
bioactive cargoes, including proteins and peptides, and have the capacity to pass through cell
membrane barriers 4°. CPPs can be categorized into linear or cyclic groups based on their
characteristics. They can also be categorized based on their sequence, with three categories:
cationic peptides, amphipathic peptides, and hydrophobic peptides***2. The mechanism of
cell penetration is unclear and can vary based on the nature and type of CPPs, experimental
setup, and fused cargo or drug. Two pathways have been proposed to explain cell
penetration: direct penetration that involves charge interaction between negatively charged

phospholipid and cationic CPPs* and endocytosis*.
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Figure 6%.The schematic of cellular uptake mechanisms of CPP. From “Cell-Penetrating Peptides—
Mechanisms of Cellular Uptake and Generation of Delivery Systems.” Trabulo, S. et al. DOI:
10.3390/ph3040961.

They observed that purified or chemically synthesized HIV-1 TAT (trans-activator of
transcription) protein could be easily transferred intracellularly and localized in the nucleus
without the use of a transfection reagent*®. The short basic domain of the HIV-TAT protein,
an 11aa peptide (YGRKKRRQRRR, residues 47-57) enriched in arginine (R) and lysine (K)
residues, was later identified by additional research as the protein region necessary for
cellular uptake 47%8, The “TAT” peptide has been extensively studied and utilized due to its
exceptional cell internalization properties. Nevertheless, the susceptibility of the native TAT
peptide to enzymatic degradation, particularly by furin proteases, has limited its efficacy in
certain biological contexts. To address this limitation, the synthetic analogue TATk
(YARKAARQARA) was developed, incorporating specific amino acid substitutions to
eliminate furin cleavage sites, thereby enhancing its stability and potential for intracellular

delivery®4,

While CPPs offer a valuable tool for direct membrane translocation, alternative strategies
that exploit endogenous cellular trafficking pathways hold great promise. For example, the
potential to exploit the KDEL receptor-mediated retrograde transport system for targeted

intracellular protein delivery.
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The KDEL receptor plays a critical role in maintaining ER homeostasis by recognizing the
canonical Lys-Asp-Glu-Leu (KDEL) retrieval signal present on ER-resident proteins that
have inadvertently escaped the ER. Upon recognition, the KDEL receptor facilitates
retrograde transport of these proteins into the ER lumen®®l, This intrinsic cellular
mechanism raises intriguing questions regarding the potential for exogenous KDEL-
containing proteins to interact with and be internalized by these receptors.

1.2.3 The promise of Protein Replacement Therapy: clinical applications

PRT has demonstrated remarkable success in treating a variety of genetic and metabolic
diseases. Enzyme replacement therapy (ERT) is a specific type of PRT used to treat diseases

caused by enzyme deficiencies®’.

ERT has been shown to be particularly effective in treating lysosomal storage diseases, such
as Gaucher disease, Fabry disease, and mucopolysaccharidosis®*>*, which are caused by
mutations in the genes that encode enzymes responsible for breaking down cellular waste
products. Without functional enzymes, toxic substrates build up in lysosomes, causing organ
damage. PRT has revolutionized the treatment of these disorders with enzyme replacement

therapies that significantly improve outcomes for affected patients.

Pompe disease, a type of glycogen storage disease, is caused by a deficiency of the enzyme
acid alpha-glucosidase. This causes glycogen to build up in the muscles, leading to
progressive muscle weakness and respiratory failure.®® ERT has significantly improved

survival rates and quality of life for patients.

The success of ERT for these genetic disorders has paved the way for the development of
protein replacement therapy for a broader range of autosomal recessive disorders, offering

promising solutions to address the underlying causes of protein deficiency conditions.
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Figure 7%. Schematic illustration of the mechanism of enzyme replacement therapy in
mucopolysaccharidosis. (A) Healthy lysosomes process enzymes for transport via the mannose 6-phosphate
receptors pathway. (B) In mucopolysaccharidosis, enzyme deficiencies lead to glycosaminoglycan buildup. (C)
ERT utilizes the mannose 6-phosphatepathway to deliver recombinant enzyme to lysosomes. (D) ERT
resistance can be caused by neutralizing antibodies targeting the therapeutic enzyme. From: “Targeted enzyme
delivery systems in lysosomal disorders: an innovative form of therapy for mucopolysaccharidosis.” Safary,
A., etal. DOI: https://doi.org/10.1007/s00018-019-03135-z.

Hemophilia is a genetic disorder characterized by a deficiency of clotting factors, leading to
excessive bleeding. PRT in the form of clotting factor concentrates can prevent bleeding
episodes and allow patients to live relatively normal lives®®. Although therapies for
hemophilia A and B have been available for decades, ongoing advances continue to improve

the safety and effectiveness of these treatments.

Overall, PRT has revolutionized the treatment of various diseases by replenishing missing
proteins, improving patient health outcomes, and offering hope for the development of even

better therapies in the future.
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1.3 Recombinant protein technology: a key to Protein

Replacement Therapies

Through heterologous expression in both prokaryotic and eukaryotic hosts, recombinant
DNA technology has opened up a world of possibilities for producing both new and existing
proteins. A gene encoding a desired protein is inserted into an expression system, where it is
synthesized, purified, and its biological activity is assessed®.

Recombinant protein production is a fundamental aspect of modern biotechnology, with
applications ranging from therapeutic drug development to the study of protein structure and
function. The development of recombinant protein production systems has been instrumental

in addressing the need for high-quality proteins for PRT.

1.3.1 Selecting the right host for recombinant protein production

Choosing the best method for expressing a recombinant protein is critical to achieving the
desired yields and quality. Protein mass, disulfide bond number, desired post-translational
modifications, and protein destination should all be considered. The purified protein's
intended use, which can be divided into structural investigations, in vitro activity tests,
antibody production, and in vivo investigations, is also crucial. Errors may cause proteins to
be poorly expressed or misfolded®’. Commonly used host organisms include Escherichia
coli, yeast species (such as Pichia pastoris), insect cells (using the baculovirus expression

system), and mammalian cells.

Bacterial Cell Yeast Cell

Mammalian Cell Insect Cell

Figure 8. Commonly used host organisms used for Recombinant protein production.
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Escherichia coli is by far the most widely utilized organism for recombinant protein
production due to its rapid growth, ease of manipulation, and low-cost culture requirements.
It is particularly suitable for expressing simpler proteins or those that do not require complex
post-translational modifications (PTMs)®. Bacterial systems' simplicity makes it possible to
use simple, proven, and highly reproducible cloning and transformation methods®®. The main
disadvantage of using E. coli, however, is that a large number of proteins expressed in this
system create inclusion bodies, which are insoluble aggregates of the target protein that need
to be solubilized and refolded using additional steps. Furthermore, bacterial systems are not
appropriate for expressing eukaryotic proteins that need these modifications because they
lack the machinery necessary for the production of PTMs, such as glycosylation,

phosphorylation, or disulfide bond formation®°.

Mammalian cell lines, such as Chinese hamster ovary (CHO) cells, are often the expression
system of choice for producing proteins that require complex PTMs 6. These cell lines are
ideal for the production of recombinant proteins that must be biologically active in human
systems, including therapeutic proteins such as monoclonal antibodies®2. Mammalian cells
also provide a more authentic cellular environment for the folding and assembly of
recombinant proteins, ensuring that they maintain their functional characteristics®.
However, the major drawbacks of mammalian cell systems are their higher costs, slower

growth rates, and the complexities involved in scaling up production®®.

A flexible substitute for bacterial systems is provided by yeast species, especially Pichia
pastoris and Saccharomyces cerevisiae®. Since yeasts are eukaryotic, they have the cellular
machinery necessary to perform PTMs, which may be essential for some proteins to
function®4. The ability of Pichia pastoris to reach extremely high densities in low-cost media
makes it an especially appealing option for large-scale production. Additionally, proteins can
be secreted straight into the culture medium thanks to its effective secretory pathway, which
makes downstream purification easier®. But yeast systems can also be problematic,
especially when it comes to glycosylation patterns, which can be different from those in
mammalian systems and change the protein’s biological activity. Furthermore, the growth
rate is slower than that of E. coli, and the yield in yeast systems might not always be as high

as in bacterial systems®,

The baculovirus expression system is frequently used to produce recombinant proteins from
insect cells, especially those from the Spodoptera frugiperda (Sf9) cell line®®. The target gene

is introduced into insect cells by the baculovirus vector, where it is highly expressed.
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Compared to yeast systems, insect systems can accomplish more complex PTMs and
produce larger yields. Insect cells can also handle larger, more complex proteins and are
typically less expensive to cultivate than mammalian cells®®. Despite these benefits, insect
cell systems typically yield less than bacterial or yeast systems, and their scalability is
frequently constrained for large-scale manufacturing. Furthermore, similar to yeast systems,
insect cells may produce different glycosylation patterns than mammalian cells, which limits

their applicability for some therapeutic applications®.

1.3.1.1 Vector selection for recombinant protein expression

The choice of vector family is governed by the host. Plasmid vectors are typically used for
the formation of recombinant clones. A promoter, a selectable marker, an origin of
replication, and a suitable cloning site for the target gene's insertion are all essential elements
of an efficient expression vector®”. When selecting a vector, copy number and plasmid
compatibility should be considered because they affect the organism and protein yields®.

Origin of
replication

3' Primer site
’ Antibiotic

- . resistant gene
Restriction site
\

Inserted gene

Plasmid map

Restriction site =

5' Primer site‘

Selectable

' marker

Promoter

Figure 9. Plasmid map of a typical expression vector. Key elements include a promoter for driving target
gene expression, a selectable marker for identifying transformed cells, an origin of replication for plasmid
maintenance, and a cloning site for insertion of the target gene. From Biorender.
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The promoter is one of the most important elements of the expression vector, as it determines
the level of transcription of the target gene®. To prevent toxicity, ideal promoters should be
easily controlled with activators or inhibitors and produce recombinant products up to 30%
of the cell's protein composition®®. Common promoter systems are derived from

bacteriophages like T7, T5, and SP6 systems as well as bacteria like lac, tac, and trc °.

In E. coli, IPTG is commonly used to induce gene expression via the lac operon system,
while in yeast and mammalian systems, promoters like AOX1 (in P. pastoris) or CMV (in
mammalian cells) allow for regulated expression®. The ability to control gene expression is
particularly important in preventing metabolic overload or toxic effects during the growth

phase of the culture.

1.3.2 Tailoring recombinant protein expression in Escherichia Coli

Numerous bacterial hosts have been chosen and examined for effective protein expression.
A few strains have undergone modifications to enhance the expression of recombinant
proteins. Proteases like Lon or other outer membrane proteases, like OmpT, are typically

faulty in these strains. "

A popular strain for examining E. coli protein expression is BL21(DE3). Under the influence
of the lacUV5 promoter, it expresses T7 RNA polymerase. The absence of Lon and OmpT
proteases in BL21 derivatives may result in leaky or basal expression. Wild-type T7
lysozyme is produced by BL21(DE3) pLysS to lower basal expression’*"2,

The expression of the recombinant protein needs to be carefully regulated after it has been
introduced into the host organism. Target protein overexpression may overwhelm the host's
cellular machinery, resulting in misfolding, inclusion body formation, or proteolytic
degradation”™. Thus, it is necessary to determine the optimal conditions for protein

expression.

A common predictive method for figuring out the production of soluble protein and
determining the ideal scale for large-scale growth is small-scale test expression’®. One of the
main issues is that the degree of aeration and the culture conditions affect the solubility and
expression level of a recombinant protein, and these factors do not always increase with the

volume of the culture. Different sample preparation techniques and protein purification
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techniques are employed for each growth scale, which also affects the outcomes of small
and large-scale growth™ 7.

Recombinant protein expression can be affected by a number of factors, including the
composition of the medium, the choice of expression hosts, fusion tags, the rate of protein
synthesis, the point of induction, the inducer concentration, the promoter strength, and the
copy number of the expression vector’®. Optimizing the medium composition is crucial for
the stability and correct folding of expressed proteins’’. Another important factor in the

production of recombinant proteins is the inducer concentration in the growth medium?®,

Fusion tags can facilitate protein recovery by enhancing solubility, aiding purification and
detection, and promoting proper folding. However, the choice of fusion tag should be based
on the target protein, as their presence significantly influences native state interaction,

cellular localization, post-translational modifications, and solubility nature’.

1321 Optimizing recombinant protein purification: key

considerations

Recombinant proteins are produced after expression and subjected to purification to remove
contaminants and impurities such as cellular proteins, nucleic acids, endotoxins, and viral
particles®®. Protein purification is complex due to their diversity and properties. The
procedure depends on the expression system and whether the protein is produced inside or
outside the host cells. In yeast, such as Pichia pastoris, purification is simple, while in
Escherichia coli, it is more complex because recombinant proteins are mainly produced

inside the cells®8°,

Protein extraction can be accomplished by mechanical, chemical, or enzymatic means in
order to extract the material of interest that cells produce. Mechanical methods, such as heat
shock, osmotic shock, and high-pressure homogenization, are effective for large-scale
production, but can be challenging due to the release of cellular debris and cellular
components and the force applied during the process might affect the protein by denaturing
or degrading it®%. Enzymatic methods, such as lysozyme, glucanase, mannose, and protease,
provide an effective and selective approach to protein extraction. The determination of the

enzyme depends on the cell type, its composition, and the desired protein®.
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Purification can be achieved through a combination of techniques, such as affinity
chromatography, size-exclusion chromatography, and ion exchange chromatography.

Affinity lon exchange Size exclusion
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Figure 108, Schematic representation of column matrices used in common protein purification
techniques. (A) Affinity chromatography: A ligand specific to the target protein is immobilized on the matrix.
(B) lon exchange chromatography: The matrix is functionalized with charged groups (e.g., positive for cation
exchange, negative for anion exchange) to bind proteins based on their charge. (C) Size exclusion
chromatography: The matrix consists of porous beads that separate proteins based on their size. From the site:
http://www.technologynetworks.com/analysis/articles/an-introduction-to-protein-purification-methods-
technologies-and-applications-388443.

The most widely used method for purifying recombinant proteins that have been tagged with
affinity sequences, like Histidine (His-tags) or Glutathione S-transferase (GST-tags), is
affinity chromatography. With this method, the tagged protein can be isolated from other
cellular constituents by binding selectively to a ligand (such as glutathione or nickel) affixed
to a column matrix®. Even though affinity chromatography is very effective, it can
occasionally lead to the co-purification of non-specific proteins. Furthermore, in order to
prevent interference with the protein's activity, the tag may need to be removed after
purification®®. Common proteases include enterokinase, factor Xa, SUMO protease, and 3C.
Cleavage efficiency varies with each fusion protein, and improvements can be achieved by

increasing protease concentration or prolonging digestion time®.
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Size-exclusion chromatography (SEC) is a method used to separate proteins based on size,
particularly for removing aggregated proteins or analyzing recombinant protein oligomers.
It can be used in combination with other chromatographic methods for higher purity®®. lon
exchange chromatography (IEC) separates proteins based on charge, particularly for similar-
sized proteins with differing net charges. Eluting the purified protein involves adjusting pH

or salt concentration in the elution buffer®’.

In summary, the purification of recombinant proteins involves a combination of techniques
that leverage properties such as size, charge, and affinity to isolate the desired protein from

cellular contaminants.

1.3.3 Methods for evaluating recombinant protein purity, aggregation,

and structure

Prior to conducting any additional experiments, protein purity is an essential quality to
assess. Culture media or extraction and purification processes can produce common
contaminants in recombinant protein products. SDS-PAGE (denaturing protein gel
electrophoresis) is frequently used to assess protein contamination. SDS-PAGE can
determine a protein's molecular weight and approximate concentration, making it a
fundamental requirement in quality control®. It is not always the case that a single band with

the anticipated molecular weight indicates that the protein has been homogeneously purified.

Mass spectrometry (MS) enhances protein analysis in several ways. Intact mass
measurement confirms protein molecular weight and offers a rapid assessment of PTMs like
phosphorylation, acetylation, and glycosylation. Furthermore, tandem mass spectrometry
(MS/MS) identifies proteins, verifying the protein of interest and revealing co-purifying host

proteins that might otherwise be mistaken for the target recombinant protein®.

A homogeneous protein sample consists of molecules that are uniform in size and correctly
folded. However, proteins can form soluble aggregates (either low or high molecular weight)
through non-covalent interactions between two or more polypeptide chains. These chains
may or may not maintain their native conformation within the aggregate. Because these
protein complexes can exhibit diminished or absent biological activity, their detection is

crucial®®,
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Several techniques can detect protein aggregates, including UV-visible and fluorescence
spectroscopy, and dynamic light scattering (DLS). DLS, also known as photon correlation
spectroscopy, is a particularly useful method due to its sensitivity, reliability, and versatility.
It offers rapid analysis, requires minimal sample preparation and amounts, can analyze a
wide range of molecular weights, and can detect even trace amounts of high molecular
weight aggregates®. An intensity distribution analysis with DLS is especially well-suited
for aggregation studies, as larger aggregates scatter significantly more light than smaller
molecules, facilitating their detection even at low concentrations. Furthermore, DLS can be
used to monitor protein stability over time, across varying temperatures, in different buffers,
and even in high-throughput formats®2. Despite these advantages, DLS has limitations. It is
sensitive to temperature and solvent viscosity, offers low resolution, is unreliable for precise
molecular weight determination, requires transparent samples, and necessitates careful

optimization of sample concentration®,

Analyzing protein secondary and tertiary structure is crucial for quality control and verifying
proper protein folding. Circular dichroism (CD) is particularly prevalent in recombinant
protein production for determining secondary structures and folding properties. It is used to
assess the impact of mutations, ligands, and fusion tags on protein and polypeptide stability,
and routinely monitors protein unfolding and refolding as a function of temperature®.
Specifically, in the near-UV region (250-330 nm), CD spectroscopy can characterize the
environment surrounding aromatic amino acid residues (Trp, Tyr, and Phe) and the dihedral
angles of disulfide bonds®*. These aromatic groups, frequently found at binding interfaces or
sites, serve as natural probes for studying ligand interactions, both qualitatively and
quantitatively®>. CD offers rapid analysis, requires minimal protein, and works best with
clear samples free of insoluble aggregates. This technique provides insight into the protein’s
folding state and can help determine whether the protein adopts the expected a-helical or -

sheet conformations, which are critical for its function®.
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Figure 11%, Circular dichroism spectra of polypeptides and proteins with some representative secondary
structures. From: “Using circular dichroism spectra to estimate protein secondary structure” Greenfield, N.J.
DOI: 10.1038/nprot.2006.202.

Determining a protein's complete three-dimensional fold directly from its sequence remains
challenging. X-ray crystallography, the primary technique for determining atomic-resolution
3D structures, utilizes the short wavelength (around 0.1 nm) of X-rays. However,
deciphering the 3D structure of a large molecule from the diffraction pattern of its crystal is
a complex process, first achieved for a protein in 1960%". The resulting diffraction pattern
yields a complex 3D electron-density map, which is then interpreted to generate a 3D
structure. The resolution of the initial crystallographic data dictates the accuracy of the final
atomic model. To date, X-ray crystallography and NMR spectroscopy have revealed the
structures of approximately 10,000 different proteins. Interestingly, protein folds often

appear more conserved throughout evolution than the underlying amino acid sequences®.

Protein structure and function are investigated using a variety of powerful techniques. X-ray
diffraction of protein crystals is typically employed to determine the atomic-level 3D
structure of larger proteins. For smaller proteins in solution, nuclear magnetic resonance
(NMR) spectroscopy is often used. Given that proteins with similar structures frequently
share similar functions, sequence homology searches can sometimes predict a protein's

biochemical activity by identifying known proteins with comparable amino acid sequences.
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2. AIM OF THE PROJECT

This project aims to develop a novel protein replacement therapy for Marinesco-Sjogren
syndrome (MSS), a rare genetic disease, using the disease itself as a model system. The
underlying hypothesis is that the administration of functional SIL1 protein, deficient in MSS,
can alleviate the disease pathology. This has been achieved by creating DNA constructs
encoding SIL1 fused to cell-penetrating peptides (CPP), allowing cellular uptake of the
therapeutic protein. Since the efficacy of the delivery system depends on factors such as the
CPP sequence, its position within the SIL1-CPP chimera and the linker used, the project has
focused on systematically optimizing these variables to maximize cellular penetration and
restore the wild-type phenotype. A robust and scalable purification protocol for the chosen
SIL1-CPP variant has been developed. Rigorous quality control measures, including protein
folding and aggregation assessments, ensured the integrity and homogeneity of the purified
material prior to in vitro and in vivo studies. The cellular uptake and potential cytotoxicity
of the SIL1-CPP fusion proteins will then be assessed using cellular models of MSS. Finally,
the tissue distribution of SIL1-CPP will be assessed in vivo. The project is structured into
four sequential phases: construct generation, protein purification and characterization,
cellular uptake studies, and in vivo distribution assessment, each of which contributes to the

overall goal of developing a viable protein replacement therapy for MSS.
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3. MATERIALAND METHODS

3.1 Generation of recombinant SIL1 constructs for protein expression

The SIL1-KDEL construct was cloned by GenScript into the pET21a+ vector, therefore the
recombinant protein will have an N-terminal His tag and the replacement of the last 4 amino
acids “KELR” with the sequence “KDEL” at the C-terminal.

The constructs of SIL1-TAT(YGRKKRRQRRR), SIL1-TATK (YARKAARQARA), SIL1-
KDEL and SIL1 wildtype (WT), without the first 31 amino acid at N-terminus, were cloned
by GenScript into the pGEX6P1 vector, therefore the recombinant proteins will have a N-

terminal GST-tag.

The SIL1 regions and CPPs sequences, along with their calculated molecular weights (MW)
and molar extinction coefficients (€) in non-denaturing conditions, are provided in Table 1.
Molecular weights and molar extinction coefficients were predicted using the ProtParam tool

available on the Expasy server®.

MW ¢

Vector SIL1 regions CPPs sequence (kDa) (M cm?)
pET2la+ 1-461 KDEL 528 33140
pGEX6P-1 31-461 - 48.8 33015
pGEX6P-1 31-461 YGRKKRRQRRR 504 34505
pGEX6P-1 31-461 YARKAARQARA 50.1 34505
pGEX6P-1 31-461 KDEL 48.8 33015

Table 1. SIL1 regions and CPPs sequences. Molecular weights (MW), and molar extinction coefficients (¢)
were calculated with the ProtParam tool.
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3.2 BL21(DE3) and BL21(DE3)pLysS Strains: Expression System

Details

To ensure precise control over the expression of target protein, we employed the widely
utilized T7 RNA polymerase system within E. coli cells. Specifically, we utilized two related
E. coli strains: BL21(DE3) (Sigma-Aldrich #CMC0014 and Novagen # 70235) and
BL21(DE3)pLysS (Novagen).

The BL21(DES3) strain is engineered to carry the ADE3 lysogen, which contains the T7 RNA

polymerase gene under the control of the lacUV5 promoter.

The BL21(DE3)pLysS E. coli strain expresses also the T7 lysozyme, which inhibits T7 RNA
polymerase, minimizing basal expression of the target gene and conferring chloramphenicol

resistance.

In both strains, Isopropil-B-D-1-tiogalattopiranoside (IPTG, Santacruz # SC-202185B)
induction is used to initiate the T7 RNA polymerase expression cascade, ultimately leading

to transcription of the target gene under T7 promoter control.

3.3 Expression and purification of recombinant SIL1-KDEL using the
pET21a+ vector in E. coli BL21(DE3)pLysS

3.3.1 Preparation of BL21(DE3)pLysS Competent cells

An overnight culture from a single colony was diluted 1:100 in LB medium (LB Broth
Miller, Sigma-Aldrich # L3522) with chloramphenicol (CHL) 34 pg/ml, grown to OD600 =
0.4. Cells were harvested and pelleted by centrifuging at 4000 rpm for 10 minutes in the
cold. They were then resuspended in 0.1M CaCl> solution and incubated 30 minutes on ice.
After centrifugation, the bacterial pellet was resuspended in 0.1M CaCl> solution with 15%

glycerol, divided into aliquots, flash frozen in liquid nitrogen and stored at -80 °C.

3.3.2 Heat-shock transformation of BL21(DE3)pLysS bacterial cells

Aliquots of cells were thawed on ice, 50 ng of plasmid DNA was added, and then incubated

on ice for 30 min. Cells were heat shocked at 42°C for 45 s, chilled on ice for 2 min, 900 uL
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of LB was added, and cells were allowed to recover and express antibiotic resistance for 1 h
at 37°C. After cell recovery in LB, cells were plated onto LB Agar plates containing the
appropriate antibiotics for selection CHL 34 pg/ml and ampicillin (AMP) 50 ug/ml. Plates
were then incubated to allow cell growth at 37°C overnight. Single colonies from the
transformation plate were grown in LB with the respective antibiotics overnight to create a

glycerol stock of single-colony derived cells.

3.3.3 Optimal induction parameters for SIL1-KDEL in BL21(DE3)pLysS

For overnight cultures, 1-5 ml of LB medium supplemented with 50 pg/ml AMP and 34
pug/ml CHL were inoculated from the glycerol stock of cells derived from a single colony
and incubated overnight at 37 °C, shaking at 220 rpm. The overnight culture was diluted
1:200 in 40-100 ml to 1 L of fresh LB medium containing antibiotics and was further
incubated at 37 °C. Protein expression was induced by the addition of IPTG when OD600
reached 0.4-0.6. Different concentrations of IPTG were tested in combination with different
induction times and temperatures in order to find the optimal conditions for protein

expression outlined in the table below.

IPTG Temperature of Time of induction
concentration induction

0.2 mM Room Temperature ~ 16-18 hours
0.5mM Room Temperature ~ 16-18 hours
0.2 mM 4°C 72 hours
0.5mM 4°C 72 hours
0.5mM 37°C 16-18 hours
0.5mM 16°C 16-18 hours
1mM 16°C 16-18 hours
0.5mM 37°C 1 hour
0.5mM 37°C 2 hours
0.5mM 37°C 3 hours

Table 2. Exploring IPTG Induction. Overview of different IPTG induction concentrations, times and
temperatures tested

Bacteria were harvested by centrifugation at 4 °C, 4000 rpm for 20 min. Pellets were stored

at -80 °C until further use.
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3.3.4 Cell lysis and differential recovery of soluble and insoluble SIL1-

KDEL recombinant protein

The bacterial pellet from the expression culture was thawed on ice and resuspended in
sonication buffer (50 mM Na2HPO4X12H20 pH7.4, 500 mM NaCl, 10 mM Imidazole,
10% glycerol, protease inhibitor, and 1 mg/ml lysozyme). After incubation for 30 min on
ice, the lysate was sonicated at 37% duty cycle with three 10 s bursts with 10 s intervals in
a probe sonicator. Soluble proteins were separated from cell debris by centrifugation at
24,000 g for 20-25 min at 4 °C.

For insoluble proteins, the pellet was lysed in inclusion body lysis buffer (50 mM
Na2HPO4x12H20 pH7.4, 500 mM NaCl, 10 mM Imidazole, 10% Glycerol, 0.5% SDS and
6M Urea). Sonication and subsequent centrifugation conditions were the same as reported
above. The lysate and the insoluble portion were analyzed by the Bradford protein assay
(Bio-Rad) and stored at -20 °C until use.
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Figure 12. Schematic overview of recombinant protein expression steps. The main steps include: (1)
Transformation: Introduction of the expression vector containing the gene of interest into bacterial host cells.
(2) Induction: Stimulation of protein expression using an appropriate inducer (e.g., IPTG). (3) Bacterial Lysis:
Disruption of bacterial cells to release the expressed recombinant protein. From Biorender.

3.3.5 Purification of SIL1-KDEL by AKTA Prime Plus Chromatography
system

The bacterial pellet corresponding to 1L of culture was lysed in 50 mM Hepes pH7.4, 400

mM NaCl, 10 mM Imidazole, 10% glycerol, protease inhibitor and 1 mg/ml lysozyme for

the soluble part and in 50 mM Hepes pH7.4, 400 mM NacCl, 10% Glycerol, 0.5% SDS and

6M Urea for the extraction from the inclusion bodies following the instructions described in

the previous paragraph. The purification steps by affinity chromatography were performed
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at room temperature following the manufacturer's instructions'®

, using Hepes to exclude the
presence of phosphates. All samples and buffers were passed through a 0.22 pm or 0.45 pm
filter. Protein elution was followed by monitoring the absorbance at 280 nm. Using AKTA
Prime Plus (Cytiva), the 1 mL His Trap HP His tag protein purification column (Cytiva #
29051021) was equilibrated with 5 column volumes of binding buffer (50 mM Hepes pH7.4,
400 mM NaCl, 10 mM Imidazole, 10% glycerol). This chromatographic technique was
terminated by immobilized metal ion affinity chromatography (IMAC). After sample
loading, in the purification procedure performed under native conditions, elution of
histidine-tagged proteins was achieved with a linear imidazole gradient (10mM-1M). In the

denaturation protocol, 6 M urea was added to the binding and elution buffers.

3.4 Expression and purification of recombinant SIL1-CPPs using the
PGEX6P-1 Vector in E. coli BL21(DE3)

3.4.1 Heat-shock transformation of BL21(DE3) bacterial cells

Aliquots of chemically competent cells (Sigma-Aldrich and Novagen) were thawed on ice,
100 ng of plasmid DNA was added, and then incubated on ice for 30 min. Cells were heat
shocked at 42°C for 45 s, chilled on ice for 2 min, 900 pL of LB was added, and cells were
allowed to recover and express antibiotic resistance for 1.30 h at 37°C. After cell recovery
in LB, cells were plated onto LB Agar plates containing the appropriate antibiotics for
selection AMP 50 pg/ml. Plates were then incubated to allow cell growth at 37°C overnight.
Single colonies from the transformation plate were grown in LB with the respective

antibiotics overnight to create a glycerol stock of single-colony derived cells.

3.4.2 Expression of SIL1-CPPs using pGEX6P-1 in BL21(DE3)

For overnight cultures, 3 ml of LB medium supplemented with 50 pg/ml ampicillin were
inoculated from the glycerol stock of cells derived from a single colony and incubated
overnight at 37 °C, shaking at 220 rpm. The overnight culture was diluted 1:200 in 20 ml of
LB medium containing antibiotics and was further incubated at 37 °C. Protein expression
was induced by the addition of IPTG for 1 hour at 37°C when OD600 reached 0.4-0.6 for
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the initial expression screening. The bacteria were collected by centrifugation at 4 °C, 4000
rpm for 20 min. The pellets were stored at -80 °C until further use.

3.4.3 Soluble and insoluble recombinant SIL1-CPPs recovery

The bacterial pellet from the expression culture was thawed on ice and resuspended in
sonication buffer for soluble proteins (50 mM Hepes pH7.4, 400 mM NaCl, 10% glycerol,
protease inhibitor and 1 mg/ml lysozyme). After incubation for 30 min on ice, the lysate was
sonicated at 60% duty cycle for 30 min with intervals of 10 seconds on and 10 seconds off
in a probe sonicator. Soluble proteins were separated from cell debris by centrifugation at
24,000 g for 20-25 min at 4 °C. For insoluble proteins, the pellet was lysed in inclusion body
lysis buffer (50 mM Hepes pH7.4, 400 mM NaCl, 10% Glycerol, 0.5% SDS and 6M Urea).
Sonication conditions were the same as above. Insoluble proteins were collected by
centrifugation at 24,000 g for 30 min at 4 °C. The soluble lysate and the insoluble portion

were analyzed by the Bradford spectrophotometric method and stored at —20 °C until use.

3.4.4 Optimization of purification of GST-tagged SIL1-TAT protein by
affinity chromatography

Once the SIL1-TAT protein was chosen based on preliminary data, chimera expression for
purifications was induced with 0.5 mM IPTG for 1 h at 37 °C when OD600 reached 0.4-0.6
and for 3 h at 25°C when OD600 reached 0.5-0.6.

The purification protocol for recombinant SIL1-CPP was optimized selecting the most
efficient binding buffer, by evaluating the optimal resin-to-protein ratio and identifying

strategies for removing bacterial heat shock proteins.
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Figure 13. Schematic representation of the affinity chromatography purification protocol. The key steps
include: (1) Conditioning the resin with buffer to establish appropriate pH and ionic strength. (2) Applying the
sample containing the target protein to the column, allowing it to bind to the affinity ligand. (3) Removing
unbound or weakly bound contaminants with wash buffer. (4) On-column cleavage of a tag or fusion protein,
if necessary for releasing the target protein from the affinity ligand. (5) Recovering the purified target protein
by disrupting its interaction with the ligand using an elution buffer (e.g., containing a competing ligand or
altered pH). Created with Biorender.

Different buffers were tested for the extraction of GST-tagged proteins:

- 50 mM Hepes pH7.4, 400 mM NaCl, 10% glycerol, protease inhibitor and 1 mg/ml
lysozyme;

- PBS without Mg e Ca, protease inhibitor and 1 mg/ml lysozyme;

- 50 mM Hepes pH7.4, 400 mM NaCl, 10% glycerol, 5-10 mM MgCI2, protease
inhibitor and DNase I.

Optimization of protein purification was performed using batch and gravity flow
chromatography. The bacterial lysate was loaded onto Glutathione Sepharose 4B agarose
resin (Cytiva #GE17-0756-01) equilibrated in the corresponding buffer. Affinity
chromatography purification steps were performed at 4 °C and binding was performed for 2

h or overnight under rotation.

The initial resin volume was determined according to manufacturer instructions®?, resulting
in inefficient binding of the recombinant protein. To optimize the resin-protein ratio, the
unbound fraction from the initial binding step was re-incubated with an equal volume of
fresh resin.
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An additional wash step, consisting of 5 mM ATP and 15 mM MgCl. in binding buffer, was
implemented to remove potential GroEL contaminants®®?, This wash was evaluated at both

4°C and room temperature to optimize contaminant removal.

GST tag removal required cleavage with Prescission Protease (Cytiva #GE27-0843-01). The
resin was first equilibrated with the recommended protease working buffer: 50 mM Tris-HCI
pH 7.5, 150 mM NaCl, 0.1 mM EDTA, and 0.1 mM DTT. Following equilibration, the resin
was incubated overnight with Prescission Protease. The amount of protease used was
determined based on the manufacturer's suggested protocol. Elution of the recombinant
proteins was performed using one of two buffers: 50 mM Tris-HCI pH 7.5, 150 mM NaCl
or 50 mM Tris-HCI pH 7.5, 400 mM NacCl.

3.4.5 Purification of GST-tagged SIL1-TAT and SIL1-WT by Fast Protein
Liquid Chromatography

Purification of GST-tagged proteins was performed using pre-packed GSTrap FF columns
(Cytiva# GE17-5131-02). Both 1 mL and 5 mL column sizes were used. The column matrix
consists of glutathione coupled via a 10-carbon linker to 4% highly cross-linked agarose.
Chromatography was carried out on AKTA start and AKTA go systems (Cytiva).

The column was equilibrated with 15 column volumes of ultrapure water (ddH-O) followed
by 10 column volumes of binding buffer (50 mM Hepes pH7.4, 400 mM NacCl). To maximize
binding efficiency, the lysate was loaded in two runs at a flow rate of 500 uL to 1 mL per
minute. Initially, the lysate was circulated twice through the column. Subsequently, a

recirculation loop was established and maintained overnight.

The following day, unbound proteins were removed by washing with 10 column volumes of
binding buffer. GroEL was then removed using 3 column volumes of 5 mM ATP and 15 mM
MgCl. in binding buffer.

GST tag cleavage was achieved using Prescission Protease. Prior to protease addition, the
column was equilibrated with 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1 mM EDTA, and
0.1 mM DTT. The resin was subsequently incubated overnight with Prescission Protease at
the manufacturer-recommended concentration. Recombinant proteins were eluted using
either 50 mM Tris-HCI pH 7.5, 150 mM NaCl or 50 mM Tris-HCI pH 7.5, 400 mM NacCl.

38



HRV 3C protease (Sigma-Aldrich #SAE0045) was also evaluated for GST tag cleavage.
Following removal of GroEL, the resin was incubated directly overnight with HRV 3C
protease at the manufacturer-recommended concentration. Recombinant proteins were
subsequently eluted with 50 mM NaCl, 400 mM Hepes pH 7.4.

3.5 SDS-PAGE electrophoresis

Protein concentration was assessed using either the Bradford protein assay (Bio-Rad)!® or
the Pierce™ BCA Protein Assay Kit (Thermo Fisher #23225)!% according to the
manufacturers' instructions. Equal amounts of protein were then resuspended in 4x Laemmli
sample buffer (15% B-mercaptoethanol, 0.25 M Tris-HCI pH 6.8, 40% glycerol, 8% SDS,
and 0.02% bromophenol blue), boiled for 10 minutes at 100°C, and separated by SDS-PAGE
on 8-10% polyacrylamide gels. Electrophoresis was performed at room temperature with an
applied voltage of 100-150 V. Low molecular weight SDS markers (PageRuler Plus
Prestained Protein Ladder, Thermo Fisher # 26619), were included as molecular weight
standards. Following electrophoresis, gels were fixed in a solution of 50:10:40 ethanol:
acetic acid: water, stained with a Coomassie brilliant blue solution (0.058 g in 25:8:67 50%
ethanol: acetic acid: water), and destained using 25:8:67 50% ethanol: acetic acid: water. In
a separate experiment, gels were stained overnight with ReadyBlue Protein Gel Stain
(Sigma-Aldrich).

3.6 Protein detection by Western Blotting

After separation by SDS-PAGE described in paragraph 3.5, proteins were transferred to
nitrocellulose membrane. The presence of proteins on nitrocellulose membranes and their
quantity were assessed by Ponceau S staining (0.5% w/v Ponceau S dissolved in 1% v/v
acetic acid). The membranes were incubated for 5 minutes in the Ponceau S solution and
then washed once with water, photographed and destained with TBST. The filters were then
blocked for 1 hour at room temperature with 5% skimmed milk powder and incubated with
the primary antibodies overnight at 4 °C. The secondary antibodies a-rabbit and a-mouse
were applied the next day for 1 hour at room temperature and the signal was detected by GE
Amersham ECL. The following antibodies were used: SIL1 (Sigma Prestige, #HPA011949),
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GAPDH (Santa Cruz #sc-32233), DnaK (Novus Biotechne, #NBP1-97490) and His Tag
(Biolegend, #362602).

3.7 Mass spectrometry analysis of SIL1-TAT recombinant protein

SIL1-TAT protein, eluted after GST tag cleavage, was separated by SDS-PAGE. Excised
protein bands from Coomassie-stained gels were subjected to in-gel tryptic digestion using
a modified protocol. Briefly, gel pieces were destained (MilliQ water, then 50 mM
NH:HCOs/50% ethanol), dehydrated (100% ethanol), and dried. Reduction (10 mM
Dithiothreitol in 50 mM NH.HCOs, 56°C, 1 h) and alkylation (55 mM lodoacetamide, room
temperature, 30 min, dark) were performed. Gel pieces were washed (alternating 50 mM
NHsHCOs and 100% ethanol), dehydrated (100% ethanol), and dried. Tryptic digestion was
carried out overnight at 37°C (1:50 enzyme-to-protein ratio), and the reaction was stopped
with formic acid. Peptides were extracted with sequential 50% Acetonitrile and MilliQ water
washes, concentrated in SpeedVac, and prepared for nanoLC-ORBITRAP-MS/MS analysis.

Raw data from nanoLC-ORBITRAP-MS/MS were processed using Proteome Discoverer
software (version 2.5, Thermo Fisher Scientific) with the SEQUEST algorithm. Database
searching was performed against the Homo sapiens and Escherichia coli UniProtKB/Swiss-

Prot databases.

3.8 Characterization of protein stability and folding using CD
spectroscopy
The purified SIL1-TAT and SIL1-WT proteins were then concentrated with Amicon devices

when necessary (MWCO 10 kDa, Millipore # UFC9010) and the protein concentration was

estimated by measuring the absorbance at 280 nm.

After dialysis against a panel of buffers (table 3), the recombinant proteins were analyzed
using CD spectroscopy on a Chirascan system (Applied Photophysics, SFR BioSciences).
The buffers were chosen to identify optimal conditions for spectroscopic analysis and to

investigate the influence of salt composition on chimera stability.
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Buffer for CD analysis

Hepes 50 mM NaCl 400 mM pH 7.4;

Hepes 25 mM NaCl 200 mM pH 7.4;

KPi 50 mM 200 mM NaCl 5% v/v glycerol pH 7.4;

KPi 25 mM 100 mM NaCl pH 7.4 2.5% v/v glycerol;
KPi 25 mM 400 mM NaCl pH 7.4 2.5% vl/v glycerol;
KPi 25 mM 400 mM NaCl 20% trifluoroethanol pH 7.4;
Tris acetate 20 MM NaF 200 mM pH 7.4.

N o g kW N e

Table 3. Buffers for CD Spectra Analysis. List of different buffers tested for CD spectra analysis

CD spectra were recorded at 15 °C in 1 mm thick quartz cuvette in the range 180 nm to 350
nm with a step size of 0.5 nm, a bandwidth of 1 nm. Four spectra were collected and averaged
for each sample, and background and buffer signals were subtracted.

All spectra are reported in terms of mean residue ellipticity (deg cm2 dmol-1). Data
processing was performed using GraphPad Prism 9.

3.9 Evaluation of recombinant SIL1 protein aggregation and molecular

size distribution by dynamic light scattering

The hydrodynamic radius (Rh) of SIL1-TAT and SIL1-WT recombinant proteins was
determined by DLS using a Zetasizer Pro-Red instrument (Malvern Panalytical).
Measurements were performed in triplicate using 100 puL of each protein sample in the
indicated screening buffers (see table above) at a temperature of 15°C. Disposable plastic
cuvettes were used for all measurements. The Stokes-Einstein equation was used to calculate
Rh from the measured diffusion rates. Data analysis was performed with Zetasizer software
(ZS XPLORER 3.2.0.84). Data processing was performed using GraphPad Prism 9.
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3.10 X-ray Crystallography of SIL1-TAT protein

The purified protein was dialyzed in 20 mM Tris acetate 400 mM NaCl pH 7.4 and
concentrated with Amicon devices (MWCO 10 kDa). The concentration was estimated by
measuring the absorbance at 280 nm. Given the complexity of the crystallization process
driven by numerous variables (pH, salt, precipitant, temperature and protein concentration),
the concentrated protein was subjected to screening tests. These tests systematically explore
different conditions, allowing to identify the specific parameters that induce crystal

formation. In particolar, the following screening tests were used:

- JBScreen JCSG++ HTS (Jena bioscience, #CS-206L)

- Stura FootPrint Combination HT-96 (Molecular dimensions, #MD1-43)
- JBScreen Basic HTS (Jena bioscience, #CS-203L)

- Clear strategy screen Il HT96 (Molecular dimensions, #MD1-32-ECO)

Long needle-shaped crystals were obtained by the sitting drop vapor diffusion method at
room temperature (20 °C). The well solution consisted of 80 ul of 20% w/v polyethylene
glycol monomethyl ether 2000, 100 mM TRIS pH 8.5, 200 mM Trimethylamine N-oxide.
The crystals were flash frozen at 100 K in a flow of N2 gas in PEG-200 cryoprotectant. The

crystals diffracted X-rays at 3 A at the European Synchrotron Radiation Facility beamline.

3.11 Determination of Endotoxin Levels in Purified SIL1-TAT and SIL1-
WT

Endotoxin quantification was performed using the Thermo Scientific™ Pierce™
Chromogenic Endotoxin Quant kit (# A39552) , following the manufacturer's protocol*%.
This assay employs lysates derived from horseshoe crab blood amoebocytes to quantitatively
measure endotoxin levels in protein, peptide, antibody, or nucleic acid samples. The protein
was resuspended in 50 mM Tris-HCI, 150 mM NacCl, pH 7.5. A standard curve, ranging from
0.01to 0.1 EU/mL, was used to calculate endotoxin concentrations based on the intensity of

the developed colorimetric signal.
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3.12 Cells culture

Primary Human Dermal Fibroblast (HF, NDHF Promo Cell #FB60C12350) supplied by
Carlo Erba were used as the control cell line and compared with primary dermal fibroblast
from a young Marinesco-Sjogren syndrome patient, supplied by Telethon Network of
Genetic Biobanks—TNGB (HF-MSS). Cells were cultured in Dulbecco’s modified Eagle’s
medium + GlutaMAX (GIBCO, 61965-026), supplemented with 10% of Fetal Bovine Serum
(FBS) and 1% penicillin/streptomycin PenStrep (GIBCO, 15070-063). Cells were
maintained at 37 °C, 5% CO2, and detached by Trypsin-EDTA 0.5% (GIBCO, 15400-054).

3.13 Analysis of extracellular matrix remodelling in Sill-deficient
fibroblasts

Transcriptomic analysis was performed using RNA-Seq on total RNA extracted from control
and patient fibroblasts. Data were subsequently analyzed using the String database and the
Ingenuity Pathway Analysis platform and validated using real-time quantitative PCR (g-
PCR). Extracellular matrix (ECM) remodelling was visualized using confocal fluorescence
microscopy. ECM morphology was examined both in vitro and in mouse tendon tissue using
transmission electron microscopy (TEM). Details of the procedures used are explained in
the Materials and Methods section of the article “Sill-deficient fibroblasts generate an
aberrant extracellular matrix leading to tendon disorganization in Marinesco-Sjogren
syndrome'%” Amodei et al. DOI: https://doi.org/10.1186/s12967-024-05582-0

3.14 Evaluation of in vitro cytotoxicity of SIL1-TAT

For cytotoxicity assay, HF and HF-MSS were plated in 96-well plates at a density of 5 x
10%/well under standard growth conditions. After 24 h, cells were treated overnight with
increasing doses of SIL1-TAT in 50 mM Tris-HCI 400 mM NacCl, pH 7.5. At the end of the
treatment period, cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (serum-free medium with 0.5 mg/mL MTT)
for 3 h.
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After removal of the MTT solution, dimethyl sulfoxide (DMSO) was added to each well and
then the absorbance value at 570 nm was measured using a spectrophotometer (Synergy).

All experiments were performed in duplicate and as independent experiments.

3.15 Immunofluorescence to evaluate SIL1-TAT cellular uptake

HF-MSS cells were plated on coverslips at a density of 6x105 cells/well. After 24 hours,
cells were treated for 4 hours with increasing doses of SIL1-TAT in 50 mM Tris-HCI 400
mM NaCl, pH 7.5 and subsequently fixed in cold methanol for 5 minutes at -20°C.

Cells were then incubated for nonspecific site blocking and permeabilization in blocking
solution [0.05% saponin, 0.5% bovine serum albumin and 50 mM NHA4CI in PBS] for 1 hour
at room temperature. Incubation of the primary antibody SIL1 (Sigma Prestige,
#HPA011949) and HSP47 (SantaCruz, #sc-5293), was performed overnight at +4 °C. The
next day, the secondary fluorescent anti-lgG Alexa Fluor antibody was incubated for 1 h at
room temperature together with DAPI to counterstain the nuclei. The signal was then
detected with a confocal microscope (Zeiss LSM 800) and the images were post-processed

and analyzed by Zen 2.3 software (Zeiss, Jena, Germany).

3.16 Mouse model of Marinesco-Sjogren syndrome

Sil1 homozygous (woozy) mice (Sillwz) were generated by crossing heterozygous Sill mice
(Sillht) (CXB5/By-Sillwz/J, JAX stock #003777). Genotyping was performed via PCR,
following Jackson Laboratories Protocol #22452, using DNA extracted from ear punch
samples. Agarose gel electrophoresis was used to determine genotypes: Sillwz (758 bp),
Sil1ht (626 bp and 758 bp), and wild type (626 bp). All procedures involving the mice were
performed according to the protocol approved by the Institutional Animal Care and Use
Committee of the Italian Ministry of Health (authorization n°® 596/2021-PR, issued pursuant
to art. 31 of Legislative Decree 26/2014).



3.16.1 Rotarod Acceleration Test

Motor function and neuromuscular coordination were assessed using a Rotarod 7650
acceleration model (Ugo Basile, Biological Research Apparatus, Varese, Italy) using, twelve
Sillwz and twelve Sillht mice. Prior to testing, mice underwent three 60-second training
sessions at a constant speed of 4 rpm. For the acceleration test, mice were placed on the
rotating bar (7 rpm initial speed) and allowed a 30-second acclimatization period. The bar
then accelerated from 7 to 40 rpm at a constant rate of 0.11 rpm/s (maximum duration 300
seconds). Latency to fall was recorded as the primary endpoint. Three trials were performed
with 30-minute inter-trial rest periods, and the mean latency to fall was used for analysis.
Testing was conducted weekly from weeks 5 to 14. Data are presented as a percentage of

each individual's maximum time on the apparatus, rather than as raw latency times.

3.16.2 Beam Walking Test

For the test, twelve Sillwz and twelve Sil1ht mice were used.Mice were trained for two days
prior to testing on a custom-made 0.8 cm wide, 80 cm long round PVC beam suspended 40
cm above bedding. On the test day, mice performed three trials with at least 5 minutes of rest
between trials. Trials were video-recorded, and the following parameters were scored: time
to traverse the beam, number of hindfoot missteps (defined as hind limb slippage along the
beam), and falls. A maximum time of 60 seconds was assigned if the animal fell or exceeded
this time to traverse the beam. The mean time to traverse and the mean number of missteps
across the three trials were used for statistical analysis. Testing was conducted weekly from
weeks 5 to 12.

3.16.3 Invivo SIL1-TAT administration and tissue collection

A 31-week-old Sillwz mice received a single intraperitoneal injection of SIL1-TAT at a dose
of 3 pg/g body weight. The mouse was monitored for signs of distress both during and after
the injection. Six hours post-administration, tissue samples (cerebellum, spleen, and
quadriceps) were collected from the treated mouse and from an age-matched untreated

control mouse for subsequent western blot analysis to verify their tissue distribution.

45



4. RESULTS

The results of this thesis were obtained thanks to the collaboration with the laboratories of
Biotech “Fibrosys” and the Institut des Sciences Analytiques of the University Claude
Bernard Lyon 1.

4.1 Selection of TAT and KDEL sequences for SIL1 delivery

Prior to the initiation of this study, preliminary experiments within our laboratory evaluated
several CPPs sequences for their potential to facilitate SIL1 protein delivery. These initial
investigations involved the design of eukaryotic expression vectors encoding SIL1 fused to
various CPPs at either the N- or C-terminus. Transient transfection of these constructs into
eukaryotic cells resulted in variable levels of SIL1 protein expression. The CPP TAT and the
ER retention signal KDEL were selected for further investigation. Due to the expected large-
scale protein requirements and considering the preliminary expression data obtained from
the eukaryotic system, a prokaryotic expression system was chosen to improve protein yield.
Consequently, DNA constructs were designed for the expression of the SIL1-CPP fusion

protein in E. coli.

4.2 Impact of induction parameters on SIL1-KDEL production in
BL21(DE3)pLysS

To optimize the expression of recombinant SIL1-KDEL protein in E. coli BL21(DE3)pLysS
cells, we studied the effects of different induction parameters, including IPTG concentration,
temperature, and induction time. E. coli BL21(DE3)pLysS cells were selected as the
expression host for their intrinsic ability to minimize basal transcription, thus providing tight
control over gene expression. Chemically competent BL21(DE3)pLysS cells were
transformed with the pET2la+ expression vector hosting the SIL1-KDEL gene. This
construct facilitated the production of SIL1-KDEL protein with an N-terminal hexahistidine
(His) tag, an established affinity domain for metal affinity purification. Total protein lysates
were analyzed by Western blotting using an anti-SIL1 antibody to assess SIL1-KDEL protein
levels (Figure 14).
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C SILI Lane 1.BL21(DE3)pLysS SIL1-KDEL lysate not
induced

m 1 6 74 8 Lane 2. BL21(DE3)pLysS SIL1-KDEL lysate
induced with O.2mM IPTG at RT for 16-18h
70kDa | Lane 3.BL21(DE3)pLysS SIL1-KDEL lysate
induced with O.5mM IPTG at RT for 16-18h
55 kDa — — Lane 4.BL21(DE3)pLysS SIL1-KDEL lysate
induced with O.2mM IPTG at 4°C for 72h
Lane 5.BL21(DE3)pLysS SIL1-KDEL lysate
induced with O.5SmM IPTG at 4°C for 72h
Lane 6.BL21(DE3)pLysS SIL1-KDEL lysate
induced with O.5mM IPTG at 37°C for 16-18h
Lane 7: BL21(DE3)pLysS SIL 1-KDEL lysate
induced with O.5mM IPTG at 16°C for 16-18h
Lane 8.BL21(DE3)pLysS SIL1-KDEL lysate
induced with 1 mM IPTG at 16°C for 16-18h

Figure 14. Analysis of SIL1-KDEL expression in BL21(DE3)pLysS. Western blot and relative ponceau
staining of SIL1-KDEL expression after (A) overnight induction at room temperature with 0.2 mM and 0.5
mM IPTG; (B) 72-hour induction at 4°C with 0.2 mM and 0.5 mM IPTG; and (C) overnight induction at 37°C
and 16°C with0.2 Mm, 0.5 mM IPTG and 1mM concentrations.

Specifically, the effect of IPTG concentration at room temperature (RT) was tested under an
induction time of 16-18 h (Figure 14, panel A). Comparison of lysates induced with 0.2 mM
(Figure 14, panel A, lane 2) and 0.5 mM IPTG (Figure 14, panel A, lane 3) revealed a clear
dose-dependent increase in SIL1-KDEL protein levels. Indeed, a significant increase in
expression was observed with 0.5 mM IPTG, suggesting that this is a more effective
concentration to induce SIL1-KDEL transcription under these conditions. Given the benefits
of low-temperature induction to minimize protein degradation and allow proper folding, we
compared SIL1-KDEL expression at 4 °C for an extended period of 72 h (panel B, Figure
14). Comparison of 0.2 mM IPTG-induced lysates (Figure 14, panel B, lane 4) and 0.5 mM
IPTG-induced lysates (Figure 14, panel B, lane 5) at 4°C with the corresponding RT
inductions (Figure 14, panel A) showed a significant reduction in SIL1-KDEL protein levels.
This observation indicates that prolonged low-temperature induction is not favourable for
SIL1-KDEL expression, perhaps due to reduced translational efficiency or other
temperature-dependent reasons. To clarify more the temperature effect on SIL1-KDEL
expression, we induced at 37°C and 16°C using 0.5 mM IPTG for 16-18 h (panel C, figure

47



14). Induction at 37°C (Figure 14, panel C, lane 6) was found to reduce SIL1-KDEL
expression compared to RT control (Figure 14, panel A, lane 3), suggesting that higher
temperatures combined with long time adversely influence protein stability or translational
efficiency. In contrast, induction at 16°C (Figure 14, panel C, lane 7) resulted in SIL1-KDEL
expression that was detectable but lower than in RT control. In an attempt to clarify whether
a concentration increase of IPTG would rescue SIL1-KDEL expression at 16°C, we induced
with 1 mM IPTG (Figure 14, panel C, lane 8). Elevated concentration did not significantly
increase levels of SIL1-KDEL more than 0.5 mM induction at 16°C (Figure 14, panel C,
lane 7), indicating that IPTG concentration alone is not sufficient to overcome the inhibitory

effect of low temperature on expression.

To identify the impact of induction conditions on SIL1-KDEL solubility, experiments were
performed using a concentration of 0.5 mM IPTG. Total protein lysates and inclusion body
fractions were analyzed by Western blotting with an anti-SIL1 antibody (Figure 15).
Inclusion bodies are insoluble, dense aggregates of misfolded or partially folded proteins
that are prone to occur in bacterial cells, especially E. coli, during overexpression of

recombinant proteins.
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Lane 1. BL21(DE3)pLysS SIL1-KDEL lysate not induced
Lane 2. BL21(DE3)pLysS SIL1-KDEL lysate induced
with O.5mM IPTG at 37°C for 1h

B SIL1 Lane 3. BL21(DE3)pLysS SIL1-KDEL lysate induced
with O.5mM IPTG at 37°C for 2h

m1l 9 5 10 Lane 4. BL21(DE3)pLysS SIL1-KDEL lysate induced

with O.5mM IPTG at 37°C for 3h

70 kDa Lane 5. BL21(DE3)pLysS SIL1-KDEL inclusion bodies
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55 kDa -— — Lane 6. BL21(DE3)pLysS SIL1-KDEL inclusion bodies

induced with O.5mM IPTG at 37°C for 1h

Lane7. BL21(DE3)pLysS SIL1-KDEL inclusion bodies

induced with O.5mM IPTG at 37°C for 2h

Lane 8. BL21(DE3)pLysS SIL1-KDEL inclusion bodies
induced with O.5mM IPTG at 37°C for 3h

Lane 9. BL21(DE3)pLysS SIL1-KDEL lysate induced
with O.5mM IPTG at 16°C for 16-18h

Lane 10. BL21(DE3)pLysS SIL1-KDEL inclusion bodies

induced with O.5mM IPTG at 16°C for 16-18h

55kDa

Figure 15. Analysis of SIL1-KDEL expression in BL21(DE3)pLysS. Western blot and relative ponceau
staining of SIL1-KDEL expression and inclusion body formation were assessed using 0.5 mM IPTG under
different conditions. (A) Acute induction at 37°C for up to 3 hours. (B) Overnight induction at 16°C.
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The time profile of SIL1-KDEL expression at 37 °C is shown in panel A of Figure 15. Lysates
induced with 0.5 mM IPTG for 1 h (Figure 15, panel A, lane 2), 2 h (Figure 15, panel A, lane
3), and 3 h (Figure 15, panel A, lane 4) are compared, and a clear time-dependent decrease
in SIL1-KDEL protein levels is observed, once again demonstrating that increased induction
times at 37 °C reduce protein expression. The respective inclusion body yields induced for
1 h (Figure 15, panel A, lane 6), 2 h (Figure 15, panel A, lane 7), and 3 h (Figure 15, panel
A, lane 8) indicate that the majority of protein synthesized is in the form of precipitated
inclusion bodies at 37 °C. Once more, SIL1-KDEL protein is compromised with longer
induction time. This means that the observed reduction in protein content is not due to
reduced synthesis alone but is also accompanied by degradation or other loss processes in
soluble and aggregate proteins. SIL1-KDEL amounts in the inclusion body and lysate
fractions after 16-18 h of induction at 16 °C are shown in panel B of Figure 15. Although
detectable SIL1-KDEL expression is observed for the lysate fraction (Figure 15, panel B,
lane 9), it is very low compared with inductions at 37 °C (Figure 15, panel A). In the
respective inclusion body fraction (lane 10), SIL1-KDEL expression is relatively higher than
in the lysate. These results together suggest that while induction at 37°C leads to overall
increased expression of SIL1-KDEL in the soluble fraction, it also induces massive inclusion
body formation.

To investigate the integrity of N-terminal His-tag of SIL1-KDEL and to better understand
how induction conditions affect protein expression, Western blot analysis was conducted
using an anti-His tag antibody in the lysates and inclusion body fractions from E. coli
BL21(DE3)pLysS cells (Figure 16). The study also aimed to determine whether the observed

differences in SIL1-KDEL expression were the result of loss of the His tag.

Consistent with previous observations, the 0.5 mM IPTG induced lysate for 72 h at 4°C
(Figure 16, lane 2) gave a weak signal in support of the fact that the expression of SIL1-
KDEL is extremely low under the condition of increased induction time and reduced

temperature.
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Lane 1. BL21(DE3)pLysS SIL 1-KDEL lysate not induced

Lane 2. BL21(DE3)pLysS SIL1-KDEL lysate induced with O.5mM IPTG at 4°C for 72h
Lane 3. BL21(DE3)pLysS SIL1-KDEL lysate induced with O.5mM IPTG at 37°C for 1h
Lane 4. BL21(DE3)pLysS SIL1-KDEL lysate induced with O.5mM IPTG at 16°C for 16-18h
Lane 5. BL21(DE3)pLysS SIL1-KDEL inclusion bodies not induced

Lane 6. BL21(DE3)pLysS SIL1-KDEL inclusion bodies induced with O.5mM IPTG at 37°C
for 1h

Lane7. BL21(DE3)pLysS SIL1-KDEL inclusion bodies induced with O.5mM IPTG at 16°C
for 16-18h

Figure 16. Comparative analysis of soluble and insoluble protein expression of SIL1-KDEL. Western blot
and relative ponceau staining of SIL1-KDEL expression and inclusion body formation were assessed using 0.5
mM IPTG under different conditions.

Similarly, lysate induced for 16-18 h at 16°C with 0.5 mM IPTG (Figure 16, lane 4) yielded
a moderate signal consistent with our previous results showing reduced expression under
this temperature regimen. In comparison, 0.5 mM IPTG induction at 37°C for 1 h (Figure
16, lane 3) showed high SIL1-KDEL expression, in agreement with our preliminary findings
that 37°C induction yields higher total protein levels. Appearance of His-tagged protein in
all lysate fractions, although to different extents, suggests that variation in expression is not
primarily the result of His-tag loss. Inclusion body fractions showed a fraction similar to
lysate fractions. The inclusion body fraction induced by 0.5 mM IPTG at 37°C for 1 h (Figure
16, lane 6) shows that a significant fraction of SIL1-KDEL is accumulated into inclusion
bodies at 37°C, as compared with the inclusion body fraction induced by 0.5 mM IPTG at
16°C for 16-18 h (Figure 16, lane 7).

The capacity to detect His-tagged SIL1-KDEL protein in all conditions studied, including
inclusion body fractions, suggests that variations in protein abundance seen are likely a result
of His-tag cleavage. Instead, these changes appear to represent actual variations in SIL1-

KDEL expression and localization, subject to the induction conditions.
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4.2.1 Purification of recombinant SIL1-KDEL from inclusion bodies

Initial purification efforts of the SIL1-KDEL fusion protein included purification of the
protein from the soluble fraction by IMAC on an AKTA Prime Plus system. The soluble
yield of SIL1-KDEL was not sufficient to meet the needs of the application (data not shown).
Purification strategies were therefore directed to the insoluble fraction. To evaluate the
effectiveness of IMAC in purifying SIL1-KDEL from the inclusion body, we performed
Western blot analysis of various fractions obtained during purification against an anti-SIL1
antibody (Figure 17).

SIL1

V| 70kDa S0 | 70 kDa

' 55 kDa " 55 kDa

— - -
= . ‘ -
-9 45 W |

Lane 1. BL21(DE3)pLysS SIL1-KDEL total inclusion bodies fraction 1
Lane 2. BL21(DE3)pLysS SIL1-KDEL total inclusion bodies fraction 2
Lane 3.BL21(DE3)pLysS SIL1-KDEL not bound inclusion bodies fraction 1
Lane 4.BL21(DE3)pLysS SIL 1-KDEL not bound inclusion bodies fraction 2
Lane 5. Ehuition of SIL1-KDEL 1

Lane6. . Eluition of SIL1-KDEL2

Figure 17. SIL1-KDEL purification from inclusion bodies. Western blot and relative ponceau staining of
SIL1-KDEL purification from inclusion bodies using AKTA Prime Plus system.

Total inclusion body fractions (loaded in duplicate, Figure 17, lanes 1 and 2) show strong
signals at approximately 70 kDa strengthening the presence of SIL1-KDEL in the inclusion
bodies. The "unbound" fraction (loaded in duplicate, Figure 17, lanes 3 and 4) allows us to
know the amount of protein not bound to the IMAC column. A strong marked decrease in
signal intensity is evident compared to the total inclusion body fractions (Figure 17, lanes 1
and 2). The presence of residual signal shows that binding was not complete or that some
parts of the SIL1-KDEL protein were lost during sample preparation. The elution fractions

(lanes 5 and 6) have strong signals at around 70 kDa confirming the successful elution of the
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SIL1-KDEL protein from the IMAC column. Despite the efforts, the yield of purified protein

recovered after elution from the inclusion bodies remained insufficient.

4.3 Development of a pGEX6P-1-based expression system for SIL1-CPP

fusion proteins

To address limitations encountered during purification of the His-tagged SIL1-CPP fusion
protein, we implemented a strategic redesign of the expression construct. Specifically, the
SIL1-CPPs gene, lacking its native signal peptide sequence, was subcloned into the
pGEXG6P-1 expression vector. This modification resulted in the generation of a recombinant
protein carrying an N-terminal glutathione S-transferase (GST) tag, separated from the SIL1-
CPP sequence by an HRV 3C protease cleavage site (LEVLFQGP).

This transition to a GST-tagged system was based on the established advantages of larger
affinity tags in purifying recombinant proteins. GST tags are known to improve the
solubility, stability, and binding affinity of proteins to affinity matrices, thereby improving
overall purification yields. These attributes are particularly advantageous for proteins that
exhibit aggregation tendencies or low levels of expression, as observed with the initial His-
tagged SIL1-CPP construct. In addition, deletion of the native signal peptide sequence was
found to be crucial. Native signal peptides, primarily designed for eukaryotic cellular
trafficking, are nonfunctional in E. coli. Bacterial cells lack the complex membrane-bound
organelles and associated trafficking machinery required for proper signal peptide

processing.

Due to their potential to facilitate intracellular distribution and ER localization of the SIL1
protein, the CPP TAT, along with its homolog TAT«k and the ER retention signal KDEL were

selected for inclusion in the SIL1-CPP fusion construct.

In Figure 18, a schematic representation of the pGEX6P-1 expression vector (left) and the
resulting SIL1-CPP fusion protein constructs (right) is provided. The schematic highlights
the key features of the construct, including the GST tag, the HRV 3C cleavage site, and

selected CPP and ER retention signal components.
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Figure 18. Strategies to improve purification of SIL1-CPPs fusion protein. pGEX6P-1 plasmid vector and
SIL1-CPPs fusion proteins constructs. Created with Biorender.

4.3.1 Expression of GST-tagged SIL1-CPP constructs in E. coli BL21(DE3)

For optimal recombinant protein expression, E. coli BL21(DE3) cells were used as the
expression host to utilize their capacity for greater expression levels than BL21(DE3)pLysS.
Plasmid DNA expressing SIL1 fusion constructs containing TAT, TATk, or KDEL sequences
was used to transform bacterial cells, and protein expression was examined using Western
blotting. Supernatant (soluble) and pellet (insoluble) fractions were both probed using an
anti-SIL1 antibody (Figure 19).

Analysis of the supernatant fractions revealed distinct bands at approximately 70 kDa in
lysates from two independent colonies expressing SIL1-TAT (Figure 19, lanes 2 and 3),
SIL1-TATx (Figure 19, lanes 4 and 5), and SIL1-KDEL (Figure 19, lanes 6 and 7). These

bands confirm successful expression of all three SIL1-CPP constructs in the soluble fraction.
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1 2 3 4 5 6
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Lane 1. BL21(DE3) not induced Lane8. BL21(DE3) non induced

Lane2. BL21(DE3) SIL1-TAT colony 1 Lane 9. BL21(DE3) SIL1-TAT colony 1
Lane 3. BL21(DE3) SIL1-TAT colony 2 Lane 10.BL21(DE3) SIL 1-TAT colony 2
Lane 4. BL21(DE3) SIL1-TATk colony 1 Lane 11 BL21(DE3) SIL1-TATk colony 1
Lane 5. BL21(DE3) SIL1-TATk colony 2 Lane 12.BL21(DE3) SIL1-TATk colony 2
Lane 6. BL21(DE3) SIL1-KDEL colony 1 Lane 13.BL21(DE3) SIL1-KDEL colony 1
Lane 7. BL21(DE3) SIL1-KDEL colony2  Lane 14.BL21(DE3) SIL 1-KDEL colony 2

Figure 19. Evaluation of the expression of GST-tagged SIL1-CPPs in BL21(DE3). Western blot and relative
ponceau staining of GST-tagged SIL1-CPPs expression in BL21(DE3) cells in the supernatant and pellet.

In parallel, analysis of the pellet fractions showed the presence of SIL1-CPP proteins in the
insoluble fraction for the three constructs (Figure 19, SIL1-TAT: lanes 9 and 10; SIL1-TATx:
lanes 11 and 12; SIL1-KDEL: lanes 13 and 14). While this indicates the presence of inclusion
bodies, the signal intensity in the pellet fractions was lower relative to the earlier reported
inclusion body formation with the histidine-tagged SIL1-KDEL protein (Figure 16). This
shows that the substitution to the pGEX6P-1 vector and the GST tag, as well as the deletion
of the signal peptide, resulted in a relative increase in soluble SIL1-CPP protein.
Additionally, comparison of expression between the three constructs indicated that the
greatest soluble protein expression was of SIL1-TAT that was selected for further

investigations.
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4.3.2 Optimization of GST-tagged SIL1-TAT purification: key parameters

and scale-up

To optimize the affinity chromatography purification process for GST-tagged recombinant
SIL1-TAT protein, we focused on two critical parameters: resin-to-protein ratio and the

binding buffer composition.

4.3.2.1 Impact of binding buffer composition on SIL1-TAT purification

The effect of binding buffer composition on protein-ligand interaction was analyzed by
Western blot analysis using an anti-SIL1 antibody (Figure 20, Panels A and B) and

Coomassie staining (Figure 20, Panel C).
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ane 3, Wash column Lane 8. Eluition 3 Lane 2. Eluition with PBS Binding Buffer
Lane 4. Wash column Lane 9, Resin
Lane 5. Wash 1 with MgC12 and ATP '
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Lane 1. BL21(DE3) — SILI1TAT lysate Lane 5. Eluition 3
Lane 2. Not bound fraction Lane 6. Eluition 4
Lane 3. Eluition 1 Lane 7. Eluition 5
Lane 4. Eluition 2 Lane 8. Resin

Figure 20. Impact of Binding Buffer on SIL1-TAT Purification. (A) Western blot and relative ponceau
staining of SIL1-TAT purified using 50 mM Hepes, 400 mM NaCl, pH 7.4 as the binding buffer. (B) Western
blot and relative ponceau staining of SIL1-TAT purified using PBS (without Mg?" and Ca?") as the binding
buffer. (C) Coomassie-stained SDS-page comparing SIL1-TAT yields from both purification series.
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Initial purification was performed with 50 mM Hepes, 400 mM NaCl, pH 7.4 as binding
buffer, in addition to on-column cleavage of the GST tag. Western blot analysis (Figure 20,
Panel A) showed effective expression of SIL1-TAT in the total lysate (lane 1, panel A) and a
slight reduction in signal intensity in the unbound fraction (lane 2, Figure 20, panel A)
illustrating protein binding to the affinity resin. Resin washes (lanes 3 and 4, Figure 20, panel
A) had minimal signal, demonstrating that unbound protein had been successfully washed
away. The wash step used to remove GroEL contamination (lane 5, Figure 20, panel A)
had a weak signal, suggesting minimal lost of SIL1-TAT. The elution fractions (lanes 6, 7
and 8, Figure 20, panel A) had variable signal intensities, indicating that the majority of
SIL1-TAT was eluted in the initial fraction (Figure 20, lane 6, panel A). To further monitor
the elution efficiency, a fraction of the resin remaining after the elution process was subjected
to analysis. The resin (lane 9, Figure 20, panel A) showed a very weak signal, which

confirmed the successful elution of the bound protein.

A second purification was performed using PBS (without Mg?* and Ca?*) as binding buffer.
Western blot analysis (Figure 20, panel B) again confirmed the successful expression of
SIL1-TAT in the total lysate (lane 1, Figure 20, panel B), whereas, in the unbound fraction
(lane 2, Figure 20, panel B), the residual signal indicates possible incomplete binding. The
elution fractions (lanes 3, 4, 5, 6, and 7, Figure 2, panel B) showed variable signal intensities,
with most of the SIL1-TAT eluted in the first two fractions (lanes 3 and 4, panel B). The
resin (lane 8, Figure 20, panel B) showed a very weak signal, confirming efficient elution.

Coomassie staining (Figure 20, panel C) was used to compare the elution profiles obtained
with Hepes-NaCl and PBS binding buffers. Elution with PBS as binding buffer, appeared to
produce a purer band pattern with less co-purification of contaminants. However, the overall
yield of SIL1-TAT appeared to be lower than with Hepes-NaCl binding buffer. These results
demonstrate that the choice of buffer has a significant impact on both protein purity and

yield.

4.3.2.2 Impact of resin-to-protein ratio on SIL1-TAT purification

The presence of residual protein in the unbound fractions suggested that binding conditions

may require optimization. To ensure maximal binding efficiency of SIL1-TAT protein to

Glutathione Sepharose 4B resin, we conducted a series of experiments with particular

attention to incubation time and rebinding of free protein. Western blot analysis using an
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anti-SIL1 antibody was performed for various fractions obtained during purification (Figure

21).
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Figure 21. Optimization of SIL1-TAT binding to Glutathione Sepharose 4B resin. (A) Re-incubation of
the initial unbound fraction with fresh resin. (B) Comparison of 2-hour and overnight incubation times.

We tested the influence of increasing the amount of resin to increase the total number of
available binding sites and improve the capture of the protein of interest. In particular, we
reincubated the initial unbound fraction (lane 7, Figure 21, panel A) for 2 h with an equal
volume of fresh Glutathione Sepharose 4B resin. Western blotting (Figure 21, panel A)
showed a further decrease of SIL1-TAT in the unbound fraction after reincubation (lane 8,
panel A) compared to the initial unbound fraction (lane 7, Figure 21, panel A). The amount
of SIL1-TAT bound to the second resin (lane 9, Figure 21, panel A) showed that reincubation

could be helpful in more efficient capture of the protein of interest.

In parallel, to verify which incubation time was optimal for the binding of SIL1-TAT to the
affinity resin, we compared two incubation times: a 2-h incubation and an overnight
incubation. Western blotting (Figure 21, Panel B) revealed that the percentage of SIL1-TAT
protein that bound to resin after overnight incubation (lane 9, Figure 21, Panel B) was

significantly higher than the percentage bound after 2 h (lane 2, Figure 21, Panel B).
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The observation that overnight incubation increases binding is perhaps a consequence of
increasing the contact time between protein and resin to promote better interaction. These
results demonstrate that extended overnight incubation with increased amount of resin

enhances the binding of SIL1-TAT to glutathione Sepharose 4B resin.

4.3.2.3 Enhanced purification of SIL1-TAT via automated FPLC

To improve the purity and reproducibility of SIL1-TAT purification, the previously
optimized purification protocol was translated from batch purification to fast protein liquid
chromatography (FPLC) using an AKTA start system. To evaluate the purification efficiency
of SIL1-TAT protein using affinity chromatography, we performed Coomassie staining on

various fractions obtained during the purification process (Figure 22).

Lane 1. BL21(DE3)- SIL1TAT lysate
70kDa Lane 2. Not bound fraction

Lane 3. Wash column

Lane 4. Wash for equilibration

Lane 5. Eluition 1

Lane 6. Eluition 2

Lane 7. Eluition 3

55kDa

Figure 22. SIL1-TAT purification by affinity chromatography. Coomassie staining SDS-page of SIL1-TAT
purification by Fast Protein Liquid Chromatography.

In the total lysate of E. coli BL21(DE3) cells expressing SIL1-TAT(lane 1), the most
prominent band around 70 kDa confirms the successful expression of SIL1-TAT, although it
is difficult to specifically identify the protein of interest due to the complexity of the lysate.
In the "unbound" fraction (lane 2), a significant reduction in overall protein staining intensity
is observed compared to the total lysate (lane 1). This indicates that a substantial portion of
the proteins, including SIL1-TAT, has successfully bound to the affinity resin. Succefull
removal of unbound proteins from the wash steps (lanes 3 and 4) confirms the specificity of
the affinity purification through the evidence of low intensity of staining. The first elution

(lane 5) shows a prominent band at approximately 55 kDa, suggesting successful elution of
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the SIL1-TAT protein, after cleavage of the GST tag. The next elutions (lanes 6 and 7) show
extremely low intensity of staining, which suggests that most of the SIL1-TAT protein is
eluted in the first fraction of elution. The presence of the 70 kDa band and a less intense
band in the region below 55 kDa (lane 5) suggests possible presence of contaminants, partial

cleavage of the protein in-column, or possible presence of degradation products.

The transition to an automated system not only resulted in an improvement in purity, but also
a significant increase in the overall yield of purified SIL1-TAT protein. Further tests are

needed to identify the nature of the less intense bands present in the elution product.

4.3.3 Evaluation of SIL1-TAT purity by mass spectrometry

To fully characterize the recombinant SIL1-TAT protein and evaluate its purity, MS was
used. In fact, SDS-PAGE analysis of the purified SIL1-TAT protein (Figure 22, lane 5)
revealed the presence of additional bands beyond the expected ~50 kDa band of the target
protein, so the SDS-PAGE gel regions corresponding to the SIL1-TAT band and contaminant
bands (Figure 23, panel A) were excised and subjected to trypsin in-gel digestion. This
involved enzymatic cleavage of the separated proteins into smaller peptides, followed by
extraction of the peptides and preparation for MS.

The resulting peptide samples were analysed by nanoLC-ORBITRAP-MS/MS coupled with
a Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer. The acquired mass spectra
were searched against the Homo Sapiens and E. coli UniProtKB/Swiss-Prot database, using

the Sequest HT search engine within Proteome Discoverer software.
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Modifications 1

Q9H173 MAPQSLPSSR MAPLGMLLGL LMAACFTFCL SHONLKEFAL TNPEKSSTKE TERKETKAEE ELDAEVLEVF HPTHEWQALQ PGOAVPAGSH VRLNLOTGER
Modifications 101 o o o

Q9H173 EAKLQYEDKF RNNLKGKRLD INTNTYTSQD LKSALAKFKE GAEMESSKED KARQAEVKRL FRPIEELKKD FDELNVVIET DMOQIMVRLIN KENSSSSSLE
Modifications 201 =] c
Q9H173 EKTAALFDLE YYVHOMDNAQ DLLSFGGLQV VINGLNSTEP LVKEYAAFVL GAAFSSNPKV QVEAIEGGAL QKLLVILATE QPLTAKKKVL FALCSLLRHF
Modifications 301 o o c

Q9H173 PYAQRQFLKL GGLQVLRTLV QEKGTEVLAV RVVTLLYDLV TEKMFAEEEA ELTQEMSPEK LOQYRQVHLL PGLWEQGWCE ITAHLLALPE HDAREKVLOT
Modifications 401 c

Q9H173 LGVLLTTCRD RYROQDPQLGR TLASLOAEYQ VLASLELODG EDEGYFQELL GSVNSLLKEL R

Figure 23. Analysis of SIL1-TAT purification and peptide identification. (A) Coomassie-stained SDS-
PAGE gel of purified SIL1-TAT, showing representative gel bands excised for mass spectrometry (MS) analysis
(left). Corresponding representative mass-to-charge (m/z) spectra obtained from MS analysis are also shown
(right). (B) lllustration of peptide-spectrum matching (PSM). The fragmentation pattern observed by MS/MS
is compared to theoretical spectra derived from protein databases. This process generates PSMs, linking the
observed spectra to specific peptide sequences of SIL1.

In Figure 23, panel A, a representative mass spectrum (right) of the SDS-PAGE gel-excised
band for SIL1-TAT fusion protein is shown with specific peaks identified as corresponding
peptide fragments that were used to identify the protein. In Figure 23, panel B, green bars
indicate regions of the SIL1 protein sequence determined by mass spectrometry and
providing sequence coverage information and confirming its identity. The combination of
SDS-PAGE, mass spectrometry, and sequence analysis allowed for the identification of the
protein and determination of molecular weight and clarification of potential post-
translational modifications. In particular, analysis of the gel slice corresponding to the
expected SIL1-TAT band (~50 kDa, band 5) confirmed the presence of the human SIL1
sequence with 77% sequence coverage and 24 unique peptides identified. The band
migrating at ~70 kDa (band 2) also showed SIL1 as the top hit, but with a slightly lower
coverage of 74%, indicating, as suspected, the presence of a portion of uncut SIL1-TAT. This

suggests that some of the SIL1-TAT protein may not have been fully processed.
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MS allowed us to identify bacterial contaminants present. Additionally, the first protein
identifications for each excised gel band against the E. coli UniProtkKB/Swiss-Prot database
using the Sequest HT search engine within Proteome Discoverer are summarized in Table 4.
Interestingly, the beta subunit of E. coli ATP synthase was also identified as a significant
component in band 5, suggesting minimal co-purification with SIL1-TAT. The analysis also
showed identification of DnakK, the bacterial homologue of BiP, in the band migrating at ~70
kDa (band 2). In band 3 (~60 kDa), Chaperonin GroEL, an E. coli chaperone, was identified
with 66% coverage, suggesting potential interaction or co-purification with SIL1-TAT. A
number of bacterial proteins associated with membrane components were identified in the
lower molecular weight bands (bands 6, 7, 8 etc.), consistent with the presence of small
amounts of E. coli contaminants. These results demonstrate that while the purified SIL1-
TAT preparation contained the target protein as the major component, significant
contamination with E. coli proteins was observed, including ATP synthase beta subunit,
GroEL and membrane-associated proteins. These results highlight the need for additional
purification steps to remove these contaminating species before SIL1-TAT can be used in

downstream applications.

Sum #

. . Coverage # # .
Accession Description PEP o . Unique
Score [%0] Peptides  PSMs Peptides

MW
[kDa]

First gel band

Elongation factor G
POA6MS8 OS=Escherichiacoli  26.162 27 11 14 11 775
(strain K12)

Polyribonucleotide
nucleotidyltransferase
OS=Escherichia coli

(strain K12)

P05055 25.539 24 11 14 11 77.1

Outer membrane
protein assembly
P0A940 factor BamA 24.314 23 14 14 14 90.5
OS=Escherichiacoli
(strain K12)

LPS-assembly protein
P31554 LptD OS=Escherichia  18.85 23 13 15 13 89.6
coli (strain K12)

Chaperone protein
P63284 ClpB OS=Escherichia 18.317 21 11 12 11 95.5
coli (strain K12)
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Second gel band

Polyribonucleotide
nucleotidyltransferase
OS=Escherichia coli

(strain K12)

P05055

42.9 35 16

21

16

77.1

ATP-dependent zinc

metalloprotease FtsH

OS=Escherichia coli
(strain K12)

POAAI3

41.093 34 17

21

17

70.7

Chaperone protein
DnaK
OS=Escherichiacoli
(strain K12)

POAGYS8

23.048 33 12

14

12

69.1

Elongation factor 4
OS=Escherichia coli
ISC7

WI1F6ES5

29.742 32 15

16

15

66.8

Small ribosomal
subunit protein bS1
OS=Escherichia coli

(strain K12)

POAG67

29.155 32 12

13

12

61.1

Third gel band

Chaperonin GroEL
OS=Escherichia coli
(strain K12)

POAGF5

77.364 66 21

42

19

57.3

Succinate
dehydrogenase
flavoprotein subunit
OS=Escherichia coli
(strain K12)

POAC41

38.646 35 13

16

13

64.4

Periplasmic chaperone
PpiD OS=Escherichia
coli (strain K12)

POADY1

31.81 33 15

17

15

68.1

NADH-quinone
oxidoreductase
subunit C/D
OS=Escherichiacoli
(strain K12)

P33599

16.117 19 9

10

68.2

Chaperone protein
HtpG OS=Escherichia
coli (strain K12)

POA6Z3

11.913 15 7

714

Fourth gel band

ATP synthase subunit
alpha OS=Escherichia
coli (strain K12)

POABBO

25.068 30 11

12

11

55.2

Chaperonin GroEL
OS=Escherichia coli
(strain K12)

POAGFS

18.786 24 6

57.3

Fifth gel band

ATP synthase subunit
beta OS=Escherichia
coli (strain K12)

POABB4

58.205 67 20

38

20

50.3
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POA8J8

ATP-dependent RNA
helicase RhIB
OS=Escherichia coli
(strain K12)

18.038

35

12

47.1

P02930

Outer membrane
protein TolC
OS=Escherichia coli
(strain K12)

14.622

26

53.7

POAGH5

ATP-dependent
protease ATPase
subunit HslU
OS=Escherichia coli
(strain K12) O

16.99

25

49.6

AOA140NFO1

Transcription
termination factor
Rho OS=Escherichia
coli (strain B/ BL21-
DE3)

13.238

21

47

Sixth gel band

POAEOG

Multidrug efflux
pump subunit AcrA
OS=Escherichia coli

(strain K12)

35.889

66

16

20

16

422

POASAG

Cell division protein
FtsZ OS=Escherichia
coli (strain K12)

29.537

62

14

16

14

40.3

POA7G6

Protein RecA
OS=Escherichia coli
(strain K12)

21.305

49

10

11

10

38

D7Y694

Elongation factor Tu
OS=Escherichia coli
(strain MS 115-1)

32.552

46

12

17

12

44.9

P02931

Outer membrane
porin F
OS=Escherichiacoli
(strain K12)

22.273

46

17

39.3

Seventh gel band

P02931

Outer membrane
porin F
OS=Escherichia coli
(strain K12)

48.423

76

18

62

18

39.3

POA910

Outer membrane
protein A
OS=Escherichiacoli
(strain K12)

23.592

53

11

18

37.2

POABB4

ATP synthase subunit
beta OS=Escherichia
coli (strain K12)

21.989

29

10

15

10

50.3

POA903

Outer membrane
protein assembly
factor BamC
OS=Escherichiacoli
(strain K12)

16.099

38

36.8
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Outer membrane
protein assembly
factor BamB 15.538 48 10 10 10 335
OS=Escherichiacoli
ISC7

WI1EVD7

Eighth gel band

Beta-lactamase
OS=Escherichia coli

AOAOHIEUCY  Cooi’ i nRG 13964 85 25 04 25 315
857C / AIEC)
Outer membrane

P02931 porin F 31.013 69 13 23 13 393

OS=Escherichia coli
(strain K12)

Outer membrane
protein A
OS=Escherichia coli
(strain K12)

POA910 22.376 43 9 15 4 37.2

ATP synthase subunit
POABB4 beta OS=Escherichia  18.151 17 6 9 6 50.3
coli (strain K12)

Large ribosomal
subunit protein uL1
OS=Escherichia coli

(strain K12)

POATLO 15.254 34 6 7 6 24.7

Table 4. Top Protein Identifications in Excised Gel Bands. Proteins were identified by searching acquired
mass spectra against the E. coli UniProtKB/Swiss-Prot database using the Sequest HT search engine within
Proteome Discoverer.

4.3.3.1 Addressing GroEL contamination in SIL1-TAT purification

Lowering the E. coli expression temperature to 25°C was implemented to reduce bacterial
contamination and in particular chaperonin contamination®’. This strategy minimizes
cellular stress during recombinant protein production by slowing protein synthesis,
improving folding, enhancing solubility, and ultimately reducing the production of stress-

induced chaperones like GroEL.

To assess the impact of this change on the purification process of the recombinant SIL1-TAT
protein, a 2-liter bacterial culture purification was performed using the automated AKTA go
system (Cytiva) at Claude Bernard University of Lyon. Success of this lowering temperature
strategy was confirmed by SDS-PAGE analysis of various fractions achieved during the
purification process of SIL1-TAT (Figure 24).
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Lane 2. BL21(DE3)- SIL1TAT sonicate
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Lanel1s ti 21. SIL1TAT eluition fraction after protease cleavage

Figure 24. Reduced GroEL contamination and improved SIL1-TAT purification. Coomassie staining
SDS-page of the 2-liter purification of SIL1-TAT purification via AKTA go system.

The gel exhibited successful expression of SIL1-TAT, indicated by a dominant band in the
total lysate (Figure 24, lane 4) comparable to expression levels observed previously. This
indicated that lowering the expression temperature had no impact on the overall yield of the
recombinant protein. The presence of bands in the GroEL removal wash fractions (Figure
24, lanes 9-14) leads us to assume that some GroEL contamination was partially removed.
The elution fractions (Figure 24, lanes 15-21) show a band corresponding to SIL1-TAT after
protease cleavage, furthermore the bands corresponding to the GroEL contaminants (arrow
in Figure 24) are less evident. The findings show that lowering the induction temperature
had no effect on the yield of purification of SIL1-TAT but contributed to reduce the GroEL

contamination.

4.3.4 Structural and Biophysical Characterization of SIL1-TAT

To define the structural and biophysical properties of the SIL1-TAT protein, we performed
3D structural modelling, CD spectroscopy, and DLS analysis (Figure 25). This combined
DLS and CD analysis provided a comprehensive assessment of the protein's size,

aggregation propensity, and structural characteristics.
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Prior to biophysical characterization, the SIL1-TAT purified protein was concentrated and
dialyzed against 20 mM Tris-acetate, 200 mM NaF, pH 7.4. The chosen buffer, in the absence
of interfering detergents, provided an optimal environment for both protein integrity and
accurate CD analysis. Protein concentration was determined by measuring absorbance at 280

nm using a calculated molar extinction coefficient (g) of 34500 M'cm™ (Table 1).
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Figure 25. Structural Analysis of SIL1-TAT (A) In silico predicted three-dimensional structure of SIL1-TAT
generated using SWISS-MODEL, revealing a predominantly a-helical fold. (B) CD spectrum of purified SIL1-
TAT 14uM in 20 mM Tris-acetate, 200 mM NaF, pH 7.4 and relative (C) DLS analysis.

The secondary structure of the purified SIL1-TAT fusion protein was assessed using CD
spectroscopy (Figure 25, panel B). The observed CD spectrum showed a characteristic
profile of a predominantly a-helical structure with the distinctive peaks at 190 nm (positive)
and 208 nm and 220 nm (negative). These data indicate the correct folding of the protein and
are in agreement with our in silico prediction (Figure 25, panel A) and are further
corroborated by the structural homology observed with the deposited crystal structure of the
yeast homologue of SIL1 (PDB code: 3QML)*. The oligomeric state of SIL1-TAT was then
investigated using DLS (Figure 25, panel C). The DLS data yielded a hydrodynamic radius
(Rh) of 59.07 nm. Based on previously reported empirical predictions'®, this Rh value is
consistent with the protein existing as a tetramer in solution. DLS analysis also revealed a

minor population of aggregated protein with a larger Rh of 79.88 nm. These results provide
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valuable insights into the structure and biophysical properties of SIL1-TAT, suggesting that
it is a folded, stable, and potentially tetrameric protein.

4.3.4.1 Investigation of SIL1-TAT folding stability: buffer, thermal and

cryopreservation effects

In order to evaluate the impact of buffer composition on secondary structure of SIL1-TAT,
we performed CD spectroscopy in varied buffers (Figure 26). With Hepes-NaCl buffers, a
significant variation in CD spectra was observed based on protein and salt concentration.
Higher Hepes and NaCl concentrations showed a more intense a-helical signature of SIL1-
TAT (Figure 26, panel A). This effect was particularly significant at 220 nm, the negative
peak wavelength of the a-helical secondary structure. CD spectra measured directly after
dilution of the protein in KPi buffer (Figure 26, panel B), showed a dramatic loss of
secondary structure, as expected for rapid unfolding (blue). Subsequent efforts to restore
native folding of SIL1-TAT after exposure to suboptimal buffer conditions were
unsuccessful. Reincorporation of the 400 mM NaCl (green) and adding 20% trifluoroethanol
(TFE) (purple), a known a-helix stabilizer'®, were not sufficient to restore the characteristic
CD spectrum.
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Figure 26. Evaluation of the influence of the buffer on the secondary structure of SIL 1-TAT. (A) CD
spectra of SIL1-TAT in buffers containing 50mM Hepes 400 mM NaCl pH 7.4 (red) and 25 mM Hepes 200
mM NaCl pH 7.4 (blue). (B) CD spectra of SIL1-TAT in 50 mM KPi, 200 mM NaCl, 5% glycerol, pH 7.5
(blue), in 25 mM KPi, 100 mM NaCl, 2.5% glycerol, pH 7.5 (red), 25 mM KPi, 400 mM NaCl, 5% glycerol,
pH 7.5 (green) and 25 mM KPi, 400 mM NacCl, 5% glycerol, 20% TFE pH 7.5.

To assess protein stability and aggregation, thermal denaturation experiments were also
performed, monitoring changes in secondary structure at a fixed wavelength with increasing
temperature. These experiments not only followed the unfolding of the protein but also
assessed the reversibility of any observed conformational changes. Thermal melting of SIL1-
TAT, performed from 5°C to 60°C and then to 5°C, showed excellent thermal stability. This
reversibility, as shown by the CD melting curve in Figure 27, reveals that the secondary
structure of the protein is not significantly affected by thermal denaturation and subsequent
cooling. Minimal precipitation of SIL1-TAT in solution was observed after the thermal

denaturation experiment.
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Figure 27. Characterization of SIL1-TAT thermal stability by CD spectroscopy. (A) Melting curve CD
spectra of SIL1-TAT in 20 mM Tris-acetate, 200 mM NaF, pH 7.4 from 5°C to 60°C and back to 5°C.

To determine the optimal storage conditions that preserve the structural stability and activity
of recombinant SIL1-TAT, we examined the effects of various temperature and
cryoprotection conditions with circular CD monitoring the folding of the protein. Flash
freezing and storage at -20°C and -80°C caused partial unfolding and protein precipitation
(Figure 28, panel A). The unfrozen sample (blue, panel A) spectrum has normal minima at
208 nm and 222 nm, indicative of a-helical structure. The frozen samples' spectra have lost
the minima significantly, indicative of loss of a-helical content The sample frozen at -20°C
(red, figure 28, panel A) shows a more pronounced loss of secondary structure than the
sample frozen at -80°C (green, figure 28, panel A). To mitigate freezing-induced damage,
glycerol, a cryoprotectant, was studied (Figure 28, panel B). However, addition of even 20%
glycerol to SIL1-TAT solution disrupted the native folding of the protein (red, figure 28,
panel B), and subsequent freezing at -20°C resulted in complete unfolding (green, figure 28,
panel B). This indicates that glycerol, while often used as a cryoprotectant, may not be

sufficient to protect SIL1-TAT from freezing-induced damage under these conditions.
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Figure 28. Impact of freezing and glycerol on SIL1-TAT structural stability. CD spectrum of SIL1-TAT in
20 mM Tris acetate 200 mM NaF pH 7.4 (blue) A) snapfreezed and then stored at -20° (red), snapfreezed and
then stored at -80° (green) D) immediately after the addiction of 20% glycerol (red) and then freezed at -20°C

(green).

In contrast, storage of SIL1-TAT at 4°C for 72 h did not negatively impact protein folding
(Figure 29). However, a quantifiable decrease in protein concentration was observed,
suggesting a minor loss of soluble protein. We can therefore infer that while the overall
secondary structure of SIL1-TAT is stable at 4°C for 72 h, prolonged exposure to this
temperature leads to a partial loss of solubility, likely due to aggregation or precipitation.
These experiments together identified the optimal conditions for preserving the SIL1-TAT

fusion protein.
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Figure 29. SIL1-TAT fusion protein stability at 4°C. CD spectrum of SIL1-TAT in 20 mM Tris acetate 200
mM NaF pH 7.4 (blue) store at 4°C for 72 hours(red).

4.3.4.2 Structure determination of SIL1-TAT via X-ray crystallography

To determine the three-dimensional structure of SIL1-TAT, crystallization trials were
conducted using X-ray crystallography. Purified SIL1-TAT, dialyzed into 20 mM Tris-
acetate, 400 mM NaCl, pH 7.4, and concentrated to 12 mg/mL (250 puM), was subjected to
a systematic screening of crystallization conditions. Four commercially available
crystallization screening Kits (as detailed in the Materials and Methods section) were
employed. Despite extensive screening, only six wells yielded crystal were obtained via the
sitting-drop vapor diffusion method at room temperature. Of the six crystallization hits, only
one condition produced crystals suitable for X-ray diffraction analysis. Needle-shaped
crystals were obtained from a reservoir solution containing 20% (w/v) polyethylene glycol
monomethyl ether 2000, 100 mM Tris pH 8.5, and 200 mM trimethylamine N-oxide. These
crystals were subsequently subjected to X-ray diffraction analysis and diffracted X-rays to a
resolution of 3 A (Figure 30).
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Figure 30. Crystallization trials of SIL1-TAT. (A) SIL1-TAT crystals obtain with 20 % wi/v Polyethylene
glycol monomethyl ether 2,000 100 mM Tris; pH 8.5 200 mM Trimethylamine N-oxide as precipitant (B) X-
ray crystallography pattern of SIL1-TAT

2

The crystals were notably small, resulting in weak diffraction patterns characterized by
limited high-resolution data. Consequently, the acquired diffraction data proved insufficient
for de novo structure determination of SIL1-TAT. The 3 A resolution data did not allow for
unambiguous electron density map calculation required for accurate atomic modelling.
Given the limitations in crystal size and diffraction quality, further optimization of SIL1-
TAT crystallization conditions is currently underway. This optimization aims to improve
crystal size and morphology, ultimately enabling the collection of higher-resolution
diffraction data suitable for three-dimensional structure determination.

4.4 Structural integrity and stability studies of purified SIL1-WT protein

To provide a comprehensive and rigorous assessment and to rate the possible impact of the
TAT CPP on the folding of the protein, we purified the SIL1 WT protein using the same
production conditions as the fusion protein. The inclusion of the wild-type control was
essential to establish a baseline and discern the specific effects attributable to the

experimental modifications.
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SDS-PAGE analysis of various fractions obtained during the purification process (Figure
31), demonstrates a successful expression of SIL1 WT, as evidenced by the presence of a
prominent band in the elution fractions with the presence of minimal contamination bands

(Figure 31, lanes 13-19). However, the production yield was lower than that of the SIL1-
TAT protein.

1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17 18 19

F ¢ 20

Lane 1. BL21(DE3)- SIL1 WTnot induced

Lane 2.BL21(DE3)- SIL1 WT sonicate

Lane 3.BL21(DE3)- SIL1 WT pellet

Lane 4.BL21(DE3)- SIL1WT lysate

Lane 5.BL21(DE3)- SIL1 WT not bound fraction

Lane 6 to 12. Wash with GRoeL removal buffer

Lane13 to 19. SIL1 WT eluition fraction after protease cleavage

Figure 31. Evaluation of SIL1-WT expression in BL21(DE3). Coomassie staining SDS-page of SIL1-WT
purification by affinity chromatography.

Prior to biophysical characterization, the SIL1-WT purified protein was concentrated and
dialyzed against 20 mM Tris-acetate, 200 mM NaF, pH 7.4. Protein concentration was
determined by measuring absorbance at 280 nm using a calculated molar extinction

coefficient (¢) of 33015 M 'cm™* (Table 1).

To characterize the structural and biophysical properties of SIL1 WT, CD spectroscopy and
DLS analysis were performed (Figure 32). The resulting CD spectrum (Figure 32, Panel A)
showed the typical features of a mixed a- folding, revealing correct folding of the protein.
DLS analysis revealed a major population with a Rh of 43.68 nm, consistent with a
tetrameric oligomerization state. However, a minor population, representing less than 0.5%
of the total protein, with a Rh > 92.89 nm, which is indicative of the presence of aggregated

species, was observed. Besides, the proportion of this aggregated population was greater
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over time, indicating temporal instability of the purified SIL1-WT protein (Figure 32, Panel
B).

Thermal stability of SIL1-WT was assessed by thermal denaturation experiments followed
by CD spectroscopy. The protein was subjected to a temperature gradient from 10 °C to 60
°C and a subsequent cooling cycle to 10 °C. CD melting curve analysis (Figure 32, panel C)
showed relatively little irreversible unfolding of the protein. Similar to SIL1-TAT protein,
flash freezing and storage at -20 °C and -80 °C led to partial unfolding and precipitation of
SIL1-WT (Figure 32, panel D). The reduced production yield and increased thermal
instability of SIL1 WT suggest a potentially lower intrinsic stability compared to the SIL1-
TAT fusion protein. This comparative analysis led us to speculate that the presence of CPP

TAT within the fusion construct may exert a stabilizing influence on the recombinant SIL1

protein.
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Figure 32. Structural and biophysical characterization of SIL1 WT. (A) CD spectrum of purified SIL1-
WT 4uM in 20 mM Tris-acetate, 200 mM NaF, pH 7.4 and relative (B) DLS analysis. (C) Melting curve CD
spectra of SIL1-WT in 20 mM Tris-acetate, 200 mM NaF, pH 7.4 from 10°C to 60°C and back to 10°C. (D)
CD spectrum of SIL1-TAT in 20 mM Tris acetate 200 mM NaF pH 7.4 (blue), snapfreezed and then stored at
-20° (orange), snapfreezed and then stored at -80° (black).
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4.5 Assessing the therapeutic potential of SIL1-TAT: in vivo and in vitro

studies

Developing effective therapies often requires a multifaceted approach, including both in vivo
and in vitro investigations to thoroughly assess safety and efficacy. This section presents the
results of key experiments designed to assess the therapeutic potential of SIL1-TAT, focusing
on its biocompatibility, tissue distribution, and cellular uptake.

4.5.1 Preliminary tissue distribution of SIL1-TAT recombinant protein in

mice

To ensure the safety and efficacy of SIL1-TAT, particularly for in vivo applications,
endotoxin content in the purified SIL1-TAT eluate was measured by a chromogenic Limulus
Amoebocyte Lysate (LAL) assay, as described in the Materials and Methods.
SIL1-TAT elution contained 0.1 EU/mL of endotoxin. This is acceptable since the maximum
endotoxin concentration that is safe for a 20g mouse is 0.1 EU administered over a 1-hour
period®®,

Following endotoxin testing, the first in vivo study was conducted to establish SIL1-TAT
tissue distribution. A 31-week-old woozy mouse was given a single intraperitoneal injection
of SIL1-TAT at a dose of 3 ug/g body weight as treatment. The mouse was monitored during
and after treatment for any sign of distress. Six hours post-administration, tissue samples
(quadriceps, spleen, and cerebellum) were collected from the treated mouse as well as from
a control (untreated) mouse. Western blotting of the tissue samples confirmed SIL1-TAT

penetration in all the tissues analysed (Figure 33).
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Figure 33. Western blot analysis of SIL1-TAT tissue distribution. Western blot analysis and relative
quantification of SIL1-TAT in tissue lysates (cerebellum, spleen, quadriceps) from a 31-week-old woozy
mouse, 6 hours post-intraperitoneal injection, compared to untreated control mouse tissues and HF cell lysate
(control).

Western blotting revealed heterogeneous levels of SIL1 protein among different samples,
with the most abundant SIL1 in spleen (top panel, figure 33). The housekeeping protein
GAPDH was used as a loading control, depicting equal protein loading across lanes (lower
panel, figure 33). Densitometry of SIL1 bands enabled quantitative comparison of SIL1
expression levels. This initial in vivo experiment provided valuable information regarding
the tissue distribution of SIL1-TAT following intraperitoneal administration and offered

preliminary insights into the in vivo stability of the fusion protein.

4.5.2 In vitro studies on cytotoxicity and cellular uptake of SIL1-TAT

Along with the in vivo experiments, the cytotoxicity of recombinant SIL1-TAT was
evaluated in vitro by MTT assay. We evaluated the viability on patient cells (HF-MSS) and
control cells (HFCTRL), at different concentrations of SIL1-TAT (Figure 34). Cell viability
remained high (approximately 80-100%) at all concentrations of SIL1-TAT (0-1000 ng). No
dose-dependent decline in cell viability was observed, implying that SIL1-TAT is not toxic
to cells at the concentrations tested. In addition, no difference in cell viability was observed
between HF CTRL and HF-MSS. These results indicate that SIL1-TAT does not induce

significant cell toxicity at the concentrations tested.
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Figure 34. In Vitro Cytotoxicity of SIL1-TAT in HF and HF-MSS Cells. HF and HF-MSS cells were seeded
in 96-well plates (5 x 10”3 cells/well) and treated overnight with increasing concentrations of SIL1-TAT in 50

mM Tris-HCI, 400 mM NaCl, pH 7.5. Data represent cell viability mean + SD, of duplicate experiments.

Intracellular internalization of SIL1-TAT fusion protein in HF-MSS cells was analyzed by
immunofluorescence microscopy (Figure 35). SIL1-TAT was incubated for 4 hours with HF-
MSS cells at concentrations equal to those used in cytotoxicity assays. Localization of SIL1-
TAT (green, figure 35) was observed by immunofluorescence staining. We predicted that,
given the previously established localization of SIL1 in the ER, the SIL1-TAT fusion protein
would colocalize with the ER marker HSP47(red, figure 35). The result, however, was that
no entry of SIL1-TAT was observed in HF-MSS cells. Instead, the fluorescent signal
localized mostly in the extracellular space, indicating that the fusion protein was external to
the cells. Concurrently, increased signal intensity was detected with increasing SIL1-TAT
concentration. These data suggest that, under the conditions employed, the presence of CPP
alone was not sufficient to mediate cellular uptake. Further research is needed to identify the
reason for the inhibition of cellular uptake and to establish the conditions for efficient
delivery of SIL1-TAT into HF-MSS cells.
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Figure 35. Evaluation of intracellular internalization of SIL1-TAT fusion protein. Fluorescence
microscopy of HF-MSS (MSS) plated on glass coverslips, treated with increasing concentrations of SIL1-TAT
in 50 mM Tris-HCI, 400 mM NaCl, pH 7.5 for 4 hours, then fixed in cold methanol and processed for
immunofluorescence. Representative images from two independent experimental replicates (top and bottom
panels) are shown. Confocal images of cells stained for HSP47 (red) and SIL1 (green) are shown.
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4.6 Molecular and functional characterization of Marinesco-Sjogren

syndrome

Given the potential of PRT as a therapeutic strategy for MSS, this study employed a
comprehensive multifactorial approach integrating in vitro and in vivo models. Patient-
derived cellular models were also used to elucidate the molecular mechanisms underlying
the disease and subsequently validated in vivo. Concurrently, a woozy model was thoroughly
characterized to validate its representativeness of the human disease and to define key
parameters for assessing disease progression and treatment response, providing a robust
platform for preclinical validation of PRT. The results presented demonstrate the synergistic
value of combining these in vitro and in vivo approaches, ultimately accelerating the

development of effective therapies for MSS.
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4.6.1 Unravelling disease mechanisms through transcriptomic analysis

To investigate the pathogenic mechanisms underlying MSS, we performed a transcriptomic
analysis of skin fibroblasts derived from a young patient diagnosed with the condition®.
Total RNA was extracted from patient fibroblasts cultured under standard conditions, and

gene expression profiling was conducted using outsourced next-generation sequencing.

Differential gene expression analysis identified 664 differentially expressed (DE) transcripts
in patient fibroblasts compared to controls. The top 50 most variably expressed genes,
selected based on unbiased hierarchical clustering of log2 fold change (logFC) values, are

presented as a heatmap in Figure 36, panel A.

Gene ontology (GO) and pathway enrichment analysis of the DE genes revealed significant
disruptions in several key cellular processes. Notably, this analysis confirmed a significant
dysregulation of genes involved in membrane trafficking within patient fibroblasts.
Furthermore, a substantial number of DE transcripts, approximately 300, were associated
with the extracellular space/extracellular matrix (ECM) and cell adhesion machinery,

suggesting a profound impact on these processes (Figure 36, panel B).

To validate the transcriptomic data, we performed quantitative real-time PCR (gPCR) on a
subset of 13 DE genes, including SIL1 itself. These genes were selected based on a
combination of criteria: high logFC, low false discovery rate (FDR), and representation of
key functional categories implicated in the disease pathogenesis, including ECM
organization, cytoskeleton dynamics, vesicle trafficking, and endosome-lysosome-
autophagy pathways. Specifically, seven genes were confirmed to be upregulated in patient

fibroblasts, while five genes were downregulated (Figure 36, panel C).
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Figure 36. Differential gene expression in fibroblasts from MSS patients. (A) Heatmap of the top 50 most
variably expressed genes (based on log2 fold change) in MSS patient fibroblasts compared to healthy controls.
Upregulated genes are shown in red, downregulated in blue. (B) Bubble plot of enriched cellular component
Gene Ontology terms. Enrichment is represented by the ratio of observed to total genes associated with each
term, while strength reflects the log10 of the observed/expected gene ratio. (C) qPCR validation of 12
differentially expressed genes. Data are presented as fold change (mean + SEM, n=3 independent experiments
in triplicate). Statistical significance was determined by one-way ANOVA: p > 0.01, **p >0.001. From “Si/I-
deficient fibroblasts generate an aberrant extracellular matrix leading to tendon disorganisation in Marinesco-
Sjogren syndrome “Amodei L. et al.

To investigate the functional consequences of the observed gene expression changes in
patient fibroblasts, we performed a series of in vitro assays. These assays demonstrated a
reduced capacity for ECM remodelling, decreased cell motility, and slower cell spreading

during adhesion assays in patient fibroblasts compared to control cells (data not shown).

To investigate ECM remodelling in patient fibroblasts, metalloprotease activity was assessed
by measuring DQ-collagen digestion in conditioned medium. Significantly lower
fluorescence, indicative of reduced collagenolytic activity, was observed in patient-derived
medium, confirming impaired metalloprotease function. While this likely contributes to
observed defects in cell adhesion and motility, other intrinsic cellular factors, such as cellular

stress responses, may also be involved (data not shown).

To explore the potential consequences of altered ECM processing, we performed negative-
stained transmission electron microscopy (TEM) analysis in collaboration with Matteo
Ardini. Conditioned medium from control fibroblasts revealed a network of thin protein

filaments (11 £ 1.8 nm) (Figure 37, panel A). Medium from patient fibroblasts also showed
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a network, but with thicker, ribbon-like filaments (48.8 + 16.2 nm) that appeared to be
aggregated, forming primitive fibrils reminiscent of collagen organization (Figure 37, panel
B). These larger fibrillar aggregates were absent in control medium. These results suggest
that while control fibroblasts deposit immature ECM at 24 h, patient fibroblasts show
premature and potentially disorganized fibril formation, likely due to altered ECM
remodelling.

(A) HF-CTRL

(B) HF-MSS

Figure 37. TEM analysis of extracellular matrix. Negative-stained ECM from control (A) and patient (B)
fibroblasts, cultured in serum-free HBSS for 24 hours, was imaged by TEM (low and high magnification).
From “Sill-deficient fibroblasts generate an aberrant extracellular matrix leading to tendon disorganisation
in Marinesco-Sjogren syndrome “Amodei L. et al. TEM experiments were conducted in collaboration with
Matteo Ardini.

TEM, in collaboration with Laura Pietrangelo, also was used to examine the ultrastructure
of the myotendinous junction (MTJ) in the woozy mouse model of MSS and compare it to
control mice. Analysis of semi-thin sections stained with toluidine blue (Figure 38, panel A
and C) revealed a clear difference in the organization of the connective tissue at the Achilles
tendon-soleus muscle boundary. Control animals exhibited well-defined, darkly stained
regions indicative of organized collagenous fibres with a distinct striation pattern (Figure 38,

panels A and B). In contrast, the tendon matrix in woozy mice showed less organized fibrous
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connective tissue, with collagen fibres appearing less compact, as evidenced by the irregular

staining (Figure 38, panel C).

HOMO

Figure 38. Ultrastructural analysis of the achilles tendon in control and woozy mice. (A, C) Toluidine blue-
stained semi-thin sections of the Achilles tendon (T) and soleus muscle (mc) boundary from control (A) and
woozy (C) mice. Asterisks indicate the myotendinous junction (MTJ). (B, D) TEM images of the connective
tissue in control (B) and woozy (D) mice, showing tenocytes (Ten) among collagen fibrils (Coll). Mitochondria
(m), cell debris (black arrow), and areas of degeneration (open arrow) are indicated. From “Sill-deficient
fibroblasts generate an aberrant extracellular matrix leading to tendon disorganisation in Marinesco-Sjogren
syndrome “Amodei L. et al. TEM experiments were conducted in collaboration with Laura Pietrangelo.

Ultrastructural analysis at higher magnification using TEM confirmed these observations.
At the MT]J, control samples showed well-aligned collagen fibres (Figure 38, panel B), while
woozy samples exhibited a more irregular collagen fibre pattern (Figure 38, panel D),

indicative of disrupted ECM organization.
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4.6.2 Baseline motor function in the Woozy Mouse

To establish a baseline for evaluating potential therapeutic interventions for MSS, we
performed a comprehensive motor characterization of the Sillwz mouse model. Motor
coordination and balance were assessed using accelerating rotarod and beam walking tests.
The accelerating rotarod test revealed a significant and progressive decline in motor
coordination and balance in Sillwz mice compared to control mice (Figure 39, panel A).
Beginning at 9 weeks of age, Sillwz mice exhibited a statistically significant decrease in
latency to fall (p = 0.0112). This decline in motor performance worsened progressively
through week 14, at which point the average latency to fall for the Sillwz group was
approximately one-third that of the control group. These results demonstrate a clear and

progressive impairment of motor coordination and balance in the Sillwz mice.

The beam walking test corroborated the findings from the accelerating rotarod. Sillwz mice
displayed a significantly increased time to traverse the beam, starting as early as 7 weeks of
age compared to controls (p = 0.0135). This difference in beam traversal time continued to
increase throughout the 14-week testing period (Figure 39, panel B, left). Analysis of
contralateral foot slips during beam traversal also revealed a significant increase in the
Sillwz group, starting from the first week of testing (p = 0.0089) (Figure 39, panel B, right).
The increased beam traversal time and the elevated number of foot slips provide further

evidence of impaired motor control and balance in the Sillwz mice.
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Figure 39. Progressive motor deficits in the Sillwz mouse model. (A) Accelerating rotarod performance
(weeks 5-14), presented as a percentage of each individual's maximum time on the apparatus. (B) Beam
walking test (weeks 5-12), showing mean beam traversal time and mean number of missteps (n=3 trials per
mouse).
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In summary, both the accelerating rotarod and beam walking tests consistently demonstrate
progressive motor deficits in the Sillwz mice. These data provide a robust baseline for future

studies aimed at evaluating the efficacy of potential therapeutic strategies for this

neurodegenerative disease.
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5. DISCUSSION

Marinesco-Sjogren syndrome (MSS), a recessive autosomal disease, results mainly from
loss-of-function mutations in the SIL1 gene that lead to a deficiency of functional SIL1
protein®. The defect impairs its nucleotide exchange factor activity for BiP, a key ER
chaperone, resulting in ER stress, UPR activation, and degeneration of cells, particularly

cerebellar Purkinje cells and muscle tissue!?13,

While current treatments are aimed at supportive care and symptom relief, they do not
address the underlying cause of the diseasel. Protein replacement therapy (PRT) is a
promising strategy that would directly compensate for the SIL1 protein deficiency, restoring
normal BiP function, and avoiding the pathological cascade.

Clinical applications of PRT, and more specifically enzyme replacement therapy, have been
highly successful in the treatment of genetic and metabolic diseases 3. Furthermore, the
evidence of the ability to produce active homologs of yeast Sill in bacterial expression
systems has created a valuable precedent in considering E. coli as an expression system for
the production of recombinant human SIL1 protein*!t!2, As highlighted, the PRT is not
without its weaknesses. Immunogenicity due to immune responses against the therapeutic

protein and low tissue penetration are highly demanding®6-°.

5.1 Development of a robust purification protocol for SIL1: from

structural characterization to therapeutic interventions for MSS

This research aimed to address the challenge of intracellular delivery of SIL1 by employing
cell-penetrating peptides (CPPs), short fragments of a peptide capable of crossing a cell
membrane®®4%, The HIV-1 transcriptional activator-derived peptide TAT was evaluated for
its high cellular internalization capabilities*®“®. To counteract the sensitivity of TAT to
enzymatic cleavage by proteases, its synthetic analogue TATk was examined, featuring
targeted amino acid substitutions to abolish furin cleavage sites*. In addition to CPPs, the
potential to exploit endogenous cellular trafficking mechanisms, namely the KDEL receptor-
mediated retrograde transport pathway, was examined in this work®®5%. This physiological
cellular process suggests the potential to utilize exogenous KDEL-tagged proteins as a
means of intracellular delivery. The high expression of the recombinant protein and the
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extensive evidence for high internalization led us to choose to proceed with the CPP-
containing fusion protein TAT.

A critical aspect of this study involved the optimization of a robust and scalable purification
method for recombinant SIL1. Maximum protein expression levels were achieved through a
comprehensive optimization process using several important parameters: the selection of an
appropriate expression vector that offered tight transcriptional control, tight control of
induction parameters such as concentration and induction time, application of measures to

inhibit inclusion body formation, and elimination of bacterial impurities.

The initial purification of His-tagged SIL1-CPP presented significant challenges, prompting
a strategic re-evaluation of the expression and purification methodology. To overcome these
difficulties, improve protein yield and purification efficiency, the SIL1-CPP gene was
subcloned into the pGEX6P-1 vector, resulting in a GST-tagged fusion protein. This
transition was motivated by the well-established advantages associated with larger affinity
tags such as GST. These advantages include increased binding to the affinity matrix,
improved solubility and stability of the protein, and easier folding 1*3-1%°, Furthermore, the
removal of the native signal peptide was based on fundamental differences in protein
trafficking mechanisms between eukaryotic and prokaryotic cells. Human signal peptides
are integral to directing nascent polypeptides to the endoplasmic reticulum and Golgi
apparatus, organelles that are absent in E. coli*'®. Consequently, the presence of a human
signal peptide in a protein expressed in E. coli would not only render it nonfunctional but
could also lead to detrimental outcomes such as protein mis-localization, potentially leading

to cytoplasmic aggregation or rapid proteolytic degradation.

The importance of a well-defined purification protocol was further underscored by the need
to characterize the structural integrity and stability of SIL1-TAT. Through extensive
biophysical characterization with techniques such as DLS and CD, we evaluated the
structural stability and integrity of SIL1-TAT. The proper folding of SIL1-TAT was
confirmed by CD spectroscopy, where it showed an a-helical secondary structure in
agreement with our in silico predictions and with the deposited crystal structure of the yeast
homologue of SIL1 (PDB code: 3QML)®™. DLS confirmed that SIL1-TAT exists
predominantly as a tetramer under solution conditions and has a Rh of 59.07 nm. Thermal
denaturation measurements demonstrated significant thermal stability and reversibility of

unfolding, indicating a well-folded and stable protein. Determination of the correct
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secondary structure provides a background for determination of the protein's functional

behavior and potential interactions!!’.

In addition, the lower production yield of SIL1-WT compared to SIL1-TAT confirmed that
the TAT CPP is accountable for the overall stability and solubility of the recombinant SIL1
protein. The TAT CPP may promote the protein solubility and prevent its aggregation since

it has a cationic nature811°,

The elucidation of the three-dimensional structure of SIL1 was recognized as a pivotal step
in defining its functional mechanisms and assessing its therapeutic potential. However, the
pursuit of high-resolution structural data encountered significant challenges related to
protein crystallization. Initial crystallization trials, while yielding valuable preliminary
insights, consistently produced crystals of suboptimal quality. These crystals exhibited
characteristics such as limited size and poor morphology, resulting in diffraction data of
insufficient resolution for comprehensive structural analysis. Under these conditions, the
vapor diffusion method appears to be an appropriate technique for optimizing crystal growth.
This method, which is optimal for managing supersaturation, allows for a controlled balance
of crystallization conditions and promotes the development of larger crystals with a lower
level of structural defects '2°. Furthermore, optimization of crystallization conditions by
adjusting some key factors such as precipitant concentration, solution pH and addition of
additives is essential to manage nucleation and crystal growth rates 2,

Despite initial challenges, a robust reproducible purification strategy has been developed for
human SIL1 protein using a GST-tagged fusion protein and optimized expression
parameters. As crystallization efforts continue, the development of a purification method
that can be consistently applied to both fusion proteins and wild-type SIL1 recombinant

protein, will facilitate the development of effective therapeutic interventions for MSS.

5.2 Preliminary evaluation of the safety and efficacy of SIL1: insights from

in vitro and in vivo studies

The therapeutic potential of recombinant SIL1 protein required a comprehensive evaluation
of its safety and efficacy. In this study, endotoxin level assessments were performed to ensure
the purity of the protein and minimize the risk of adverse inflammatory responses. In

addition, MTT assays were used to assess cell viability, providing crucial data on the limited
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cytotoxicity of the protein. The preliminary in vivo treatment revealed promising results in
terms of protein distribution in peripheral tissues, particularly spleen and muscle. The
presence of CPP TAT probably facilitated this distribution by increasing the ability of the
protein to cross cell membranes in this tissue*>!°, However, the limited penetration into the
cerebellum highlights a persistent challenge in the delivery of therapeutic proteins to the
central nervous system (CNS). This observation, coupled with the unexpected finding of
predominantly extracellular localization of SIL1-TAT fusion protein in HF-MSS cells by
immunofluorescence microscopy, prompts critical questions about the efficacy of our current

delivery strategy.

The discrepancy between in vivo tissue distribution and in vitro cellular uptake underscores
the fundamental differences between these experimental paradigms. In vivo, protein uptake
is influenced by complex physiological processes, including blood circulation, lymphatic
drainage, and tissue-specific barriers, whereas in vitro assays simplify these processes, often
relying on direct cell exposure to the protein'?>!23, In particular, the mechanism of TAT
uptake in vivo is complex and influenced by the physiological environment, with possible
differences in the administration route and tissue-specific factors *°. TAT-mediated delivery
the Brain-blood barrier (BBB) appears to have yielded positive results in models of ischemia
and seizures has shown promising results 24125, A recent study have shown that using the
TAT peptide, frataxin can be delivered to the brain, where it can combat the oxidative stress
that contributes to Parkinson's disease, ultimately protecting neurons affected by the

disease!?.

Furthermore, previous in vitro transcellular delivery studies have shown limitations in the
crossing of cell layers by CPP due to entrapment in endosomes 27, In one study they
investigated the mechanism of cellular uptake of a TAT-derived cell-penetrating peptide
(CPP) into fibroblast cells, revealing a complex interplay of internalization pathways and the
critical role of heparan sulphate (HS), a glycosaminoglycan found in the ECM. In essence,
CPP utilizes multiple uptake pathways, with HS playing a central role in mediating both
direct and aggregation-dependent internalization °.

The limitations of our study are obvious. Preliminary in vivo evaluation provides a snapshot
of tissue distribution, but did not provide us with specific information on the tissue
localization of the recombinant protein. This limitation highlights the need for more specific
methods, such as immunohistochemistry and confocal microscopy, to detect precise tissue

localization. In contrast, in vitro uptake suggests that the current SIL1-TAT construct may
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require optimization. To improve intracellular delivery, several strategies could be explored.
First, alternative CPPs with improved CNS penetration capabilities could be investigated?.
Second, liposomal encapsulation of SIL1 could be considered to protect proteins from
degradation and facilitate cellular uptake via endocytosis'?®. In particular, PEGylated
liposomes have been shown to improve circulation time and enhance drug delivery to target
tissues!?. These findings highlight the complexity of therapeutic protein delivery and
underscore the need for a comprehensive approach integrating in vitro and in vivo studies to

optimize treatment strategies for MSS.

5.3 Towards a complete characterization of Marinesco-Sjogren syndrome

In this study, we also aimed to investigate the molecular mechanisms underlying MSS, using
both patient-derived cellular models and an animal model. Transcriptomic analysis of patient
fibroblasts revealed significant perturbations in gene expression, particularly in membrane
trafficking, ECM organization and cell adhesion. These data were further validated by TEM
analyses, which revealed disorganized ECM structures in both patient fibroblasts and the
mouse model. In muscle skeletal tissue, differential collagen gene expression is in agreement
with the established function of the ECM in muscle homeostasis and regeneration3013,
Similarly, disruption of the ECM has been implicated in cataract'® and skeletal
malformation formation'**!34 We propose that aberrant ECM remodelling can be a critical

pathological mechanism underlying the heterogeneity of MSS's clinical manifestations.

The observed discrepancy between SIL1-TAT uptake in vitro and in vivo may be related to
the ECM abnormalities identified in patient fibroblasts and in woozy mouse. In particular,
the impaired organization of the ECM in HF-MSS cells may hinder TAT-mediated
internalization!!®. The ECM acts as a dynamic reservoir for growth factors and signalling
molecules, and its integrity is critical for proper signalling and cellular uptake

mechanisms®,

Finally, to establish a functional baseline for therapeutic evaluation, motor function was

assessed in the woozy mouse model, with significant and increasing motor impairment, thus

confirming the value of this model for the evaluation of future therapies, such as SIL1-TAT

administration. Future studies should incorporate additional tests, such as the pole test and

the inverted grid test, to better evaluate motor parameters, including balance, coordination,

and muscle strength®*%137. These tests have demonstrated high reliability and sensitivity in
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assessing motor deficits in various neurological disorders. In addition to motor function,
cognitive deficits are increasingly recognized as a significant component of
neurodegenerative diseases, including MSS. Therefore, future studies should incorporate
cognitive tests, such as the nesting test and the novel object recognition (NOR) test, to assess
cognitive function in the woozy mouse model 313%, The nesting test evaluates nest-building
behaviour, which is sensitive to cognitive decline, while the NOR test assesses recognition
memory. These tests are widely used in preclinical studies of neurodegenerative diseases and

can provide valuable insights into the cognitive impact of MSS.
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6. CONCLUSION

This project aimed to develop a protein replacement therapy (PRT) strategy for Marinesco-
Sjogren syndrome (MSS), a debilitating autosomal recessive disorder mainly caused by

mutations in the SIL1 gene.

We developed a robust, scalable and reproducible purification protocol for the recombinant
human SIL1 protein, using a GST-tagged fusion protein and optimized expression
parameters. Comprehensive biophysical characterization confirmed the structural integrity
and stability of SIL1-TAT, demonstrating its correct folding and tetrameric state in solution.
Preliminary in vitro and in vivo studies provided valuable insights into the safety and
distribution of SIL1-TAT. Furthermore, insights into the molecular pathogenesis of MSS
revealed significant perturbations in gene expression in patient fibroblasts, particularly in
membrane trafficking, ECM organization and cell adhesion. These findings suggest a crucial

role for aberrant ECM remodelling in MSS pathogenesis.

Despite the remarkable progress made, several challenges remain. Continued optimization
of crystallization conditions is essential to determine the three-dimensional structure of
SIL1, which is critical to understand its function. Future studies should focus on evaluating
the ability of SIL1-TAT to restore normal BiP function and alleviate ER stress in MSS cells
and animal models. In this regard, it is crucial to address the limited penetration of SIL1-
TAT into the cerebellum and the predominantly extracellular localization observed in vitro.
Future efforts should explore alternative CPPs, liposomal encapsulation, and other strategies

to improve delivery to the CNS.

By addressing these future goals, this research may lead to the development of effective

therapeutic strategies for MSS and for other genetic diseases.
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ABBREVIATIONS

AMP: ampicillin

ATF®6: activating transcription factor 6
BBB: brain-blood barrier

BiP: immunoglobulin-binding protein
CD: Circular dichroism

CHL.: chloramphenicol

CNS: central nervous system

CPP: cell-penetrating peptides

DE: differentially expressed

DLS: dynamic light scattering
DMSO: dimethyl sulfoxide

ECM: extracellular matrix

ER: endoplasmic reticulum

ERAD: endoplasmic reticulum-associated degradation
ERT: Enzyme replacement therapy
FDR: false discovery rate

FPLC: fast protein liquid chromatography
GO: gene ontology

GST: glutathione S-transferase

HF: human fibroblast

His: Histidine

HS: heparan sulphate

IEC: lon exchange chromatography

IMAC: metal ion affinity chromatography
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IPTG: Isopropil-p-D-1-tiogalattopiranoside

IRE: inositol-requiring enzyme 1

LB: Luria Bertani broth

MS: Mass spectrometry

MSS: Marinesco-Sjogren syndrome

MTJ: myotendinous junction

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MW: molecular weights

NEF: nucleotide exchange factor

NMR: nuclear magnetic resonance

PERK: endoplasmic reticulum kinase-like PRK
PRT: Protein replacement therapy

PTMs: post-translational modifications

gPCR: quantitative real-time PCR

Rh: hydrodynamic radius

SDS-PAGE: denaturing protein gel electrophoresis
SEC: Size-exclusion chromatography

TEM: transmission electron microscopy

TFE: trifluoroethanol

UPR: unfolded protein response
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